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Figure 5.18: The temperature stratification in water during the reduction in radiation

With the reduction in the energy input along with the increase in height, the maximum temperatures for the
various depths based on the previous experiment (Figure 5.6) were reduced by approximately 10°C (Figure
5.18). The range between the temperatures at different depths was much smaller than in the previous
experiments. The surface temperature of the water was probably influenced by the ambient temperature.
The changes in the ambient temperature clearly have an effect on the water temperature (Figure 5.18). The
reduction in the energy from the IR bulbs caused the water surface temperature to be more dependent on
the ambient temperature of the room. The lower part of the water in the container responded more slowly to

these moderate changes.

Figure 5.19: The temperature stratification during the experiment with reduced radiation.

The ambient temperature of the room on the air above the container had a range between 24°C and 25°C. In
contrast to the previous experiments (Figure 5.6 and 5.12), the ambient (air temp) temperature fluctuated
more vigorously (Air temp) in Figure 5.19. This fluctuation coincides with the temperature of the sensor at 25
mm depth in the water (Temp1 in Figure 5.18). The ambient temperature had a major effect on the energy
input from the radiation source. The dissipation of the energy was reduced as the depth of the water
increases. The highest temperature was significantly lower in relation to previous experiments in Figure 5.6
and 5.12.
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Figure 5.20: The relative humidity during the reduced radiation.

The humidity above the water surface of the container (Figure 5.20) had a range between 47 and 60%. The
humidity of the room was higher than the humidity of the air above the container. This was the same effect

the IR bulbs had on the humidity above the container as discussed earlier (Figure 5.15 and 5.16).
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®  RH of the room
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Figure 5.21: The relative humidity after the reduction in radiation input

The humidity starting point in Figure 5.21 was much lower than anticipated despite the increase in the
temperature of the water and the room. The humidity sensor recorded a steady climb after 10 h. The reading
was steady in the 50% range for another 15 h. The peak range between 32 to 36 hours of the experiment
correlated with the temperature graph in Figure 5.19. It had a sudden reduction in the ambient temperature
and surface temperature for the same period.

70



INDUSTRIAL BRINE MINIMIZATION

------- radiation without
wind

Radiation with wind

— — —Linear (radiation
without wind)

1

i

l . ‘ ' Linear (Radiation with
0O 5 10 15 20 25 30 35 40 45 50 wind )

time (hrs)

Figure 5.22: The radiation over a 48 hour period without wind when the radiation was reduced from
250 Watts to 175 Watts.

The radiation graph without the wind (Figure 5.22) showed a steady decline over the 48 hours of the
experimental period. The graph had a linear representation which was illustrated by the trend line in Figure
5.22. This was linked to a steady decline in the water volume of the experiment. With a range of
approximately 10 Watts in decline it was a direct result of the low volumes being evaporated as the radiation
sensor was physically mounted on a floating system that fluctuated with the water level. A very similar
pattern occurred for the experiment which was wind aided (radiation with wind). Furthermore, this was

confirmed with the evaporation losses for both the experiments (Figure 5.23).
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Figure 5.23: The experiments with and without the wind assistance with reduced radiation.

In Figure 5.23, both the curves showed reduction in water level decrease as a result of the input energy from
the IR bulbs. The difference in evaporation rate between the two experiments cannot be clearly distinguished
before 30 hours at which point there was a clear separation between the two trend lines. The inclusion of the
wind was highly effective in this experiment when the radiation energy was previously at 250 Watts. The two
curves in Figure 5.23 separated after about 25 hours as an indication that the evaporation rates changed. In
the previous experiments (Figure 5.10), the radiation from the IR bulbs had a greater effect on the

evaporation rate. In the experiment without the wind the total loss of the water volume was 2.7 litres. The
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wind increased this volume by 18% as it played a greater role in the experiment. The reduction in the energy

input reduced the volume by 67% compared to the initial experiment in Figure 5.14.

5.2.4.4 Discussion

The rate of evaporation can be quite complex to predict as it is caused by a number of variables. It was
evident that the applied factors such as wind, humidity and temperature can each have a substantial impact
upon the water being evaporated from the container. The air above a free standing water body has a direct
effect on the evaporation rate along with the surface area, when subjected to moving air. The rate at which
the saturated air is being replaced, governs the rate at which water is transformed to vapour. There is
substantial evidence that the constant wind generated at 2 m/s increased the evaporation rate by more than
10% as shown in Table 5.1. The saturated pockets of air in the boundary layer above the water surface were
being replaced at a higher frequency when the wind currents were applied. The humidity graphs illustrated
more aggressive peaks when the wind element was added. The humidity in general was quite unpredictable
under these experiments. With minor variations in the ambient temperature one can expect the humidity to
fluctuate as well. There was a relationship between the ambient temperature and the peak temperatures of
the experiments. The ambient temperature of the room was not constant and the operating temperature
range was between 17-25°C. This affected the peak temperatures. The effective optimum temperature
occurred after 5 hours for the first experiment as temperatures were raised and the evaporation process
accelerated.

Table 5.1: Volume losses for all the experiments over a 48 hour period

Experiments Radiation | Initial Height | Vol. loss | Vol. loss | Vol. Loss

over 48hrs energy radiation | from estimated by | with wind | increase
input at water | energy | evaporation assistance | with wind
(Watts) surface source | (cm?) (cm?) assistance

(Watts) (m) (%)

Maximum input | 250Watts 450Watts/ | 100 mm | 9045 10401 15%
X2 m”2

Distance 250Watts 350Watts/ | 200 mm | 7585 8722 12%

increased x2 m”"2

With reduction | 175Watts 88Watts/ 400 mm | 2985 3672 23%

in energy input | x2 mA2

and distance

increased

The humidity of the room appeared to have no constant range. Although the supply range was set at 60%,
the control of humidity had a working range of 35-75%.The temperature was indirectly proportional to the
humidity. With the increase in temperature, the humidity decreased. The humidity of the room was slightly
higher than the humidity near the container when the IR lights were switched on. The heat generated by the

bulbs affected the reading of the humidity sensor where the humidity was lower in comparison to the room.
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A reduction in the evaporation rate (Table 5.1) was observed in the case where the distance between the
energy source and the water surface was increased. This reduced the intensity of the IR bulbs which also
reduced the total volume of water being evaporated. The distance between the lights and the water
potentially caused the variations but it was mainly affected by the temperature and the humidity of the room.
During the experiments it was suspected that the vapour from the water being evaporated might affect the
humidity of the room as the evaporated water becomes part of the room’s moisture content. The wind had
played an important part in these experiments while the temperature governed the degree of wind impact in

terms of the effectiveness for most of the experiments.

The wind had a greater impact when the water temperatures were higher than the ambient temperatures in
terms of the water volume loss from the container. The initial role of the wind was to remove the saturated air
where it enhances the process of changing water to vapour. With the reduction in the radiation the wind had
a greater impact when the energy input was reduced by changing the IR bulbs. The wind speed was
probably not effective enough to be regarded as the sole contributor to increase the evaporation rate by a

larger margin.

Finally the depth of stratification in temperatures illustrated the energy dissipation, which demonstrated the
delay in energy transfer from the water surface to the deepest part of the water. The total distance between
the first temperature sensor and the last sensor was 75 mm. The delay in the temperature was visible in
Figure 5.8 when the surface temperature sensor (Temp 1) recorded a temperature of 21°C within 2.5 hours
while (Temp 4) recorded the same temperature approximately 17.6 hours later. The humidity closer to the
tank did not increase as expected during the experiment. In reality the evaporation of water raises the
relative humidity above the water surface. From another perspective the humidity sensor could have been
mounted closer to the water surface. Most of the experimental conditions applied have far exceeded the
normal evaporation rate for what is physically possible in the real world. The experiment with the lower
radiation input (Figure 5.23) was within range with a total 9.4 mm level drop (without wind) over a 48 hour
period. Based on the annual evaporation data for the Witbank area this particular experiment was within
range. In the real world, the variations with regard to the applied parameters might have a greater range. To
improve the data simulation, day and night simulation of the water temperature would have provided a better

estimate to express the evaporation rate as mm per day.

5.2.5 Effect of climatic parameters on water and NaCl solution

5.2.56.1 Temperature of the NaCl solution and H,O at different depths

Figures 5.24 and 5.25 below show the temperatures of the NaCl solution or distilled water at different depths
down the evaporation pans. This experiment was designed to give an insight into the possible change in the
temperature of the solutions in the evaporation pan at different depths, and also to understand the difference

in the internal temperature of water vs the NaCl solution compared to water over time.
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The results of the evaporation experiments in Figures 5.24 and 5.25 showed that the temperature of the
surface of the NaCl solution was about a degree higher (27 'C) after 20-40 hr than the distilled water (~26
‘C). The temperature of the solutions was observed to decrease with an increase in the depth of the
solutions but over time the deeper layers increased in temperature. These differences were attributed to the
thermal heating capacity of the salt solution compared to the water as well as to the progressive transfer of

heat to the deeper layers over time.
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Figure 5.24: The temperature of the NaCl brine at various depths over time
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Figure 5.25: The temperature of the distilled water at various depths over time

The two containers had similar water depths when the experiment started. Both graphs have very similar
patterns (Figures 5.24 and 5.25). The temperature at 25 mm within the NaCl solution was slightly higher than
that of the water with similar depth. A similar trend was observed for the temperature of the NaCl and water
at 50 and 75 mm depth, as the temperatures of the NaCl solution at these depths were higher than those of
the distilled water. The temperature of the NaCl and the distilled water at 125 mm depth was almost the
same. The difference in the temperature of the NaCl solution and the distilled water show that the solute in
the NaCl solution could increase the temperature of the solution. This in turn could indicate that the solute in
the solution could lead to an increased rate of evaporation of the solution. The NaCl in Figure 5.24
consistently had 0.5-1.0°C higher temperatures than the water as shown in Figure 5.25. Over the 72 hours of

the experiment, the sensors close to the surface had shown a gradual decrease in the temperature, while the
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lower sensors at 125 mm (Figures 5.24 and 5.25) showed a steady increase in the temperature. As the
water and the NaCl solution evaporated during the experiment, the distance between the Infra-red (IR) lamps
and the liquid surface increased. This subsequently relates to the temperature close to the surface of the
water and the NaCl solution decreasing. With the sensors situated at the deepest part of the NaCl solution
and the water containers, the temperature had a reverse effect in comparison to the sensors close to the
surface. During the experiment the brine and the water temperatures of the deepest part had shown a
gradual increase in temperature. This was the result of the efficient heat storage of the insulated containers

along with the energy input during each cycle.

5.2.5.2 Humidity and surface temperature of the NaCl solution and H,0

The humidity and the surface temperature for both the containers were recorded by humidity and
temperature sensors, 10 cm above the containers. Note the differences in the temperature scale bars
between Figures 5.26 and 5.27.
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Figure 5.26: The relative humidity and air temperature fluctuations of the NaCl.
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Figure 5.27: The relative humidity and air temperature variation of the distilled water container.

With each 12 hour cycle of the experiment, the temperature rose by 2°C and decreased again. On the whole
an air temperature fluctuation ranging between 21.0 and 24.8°C was recorded 10 cm above the water
container over the 72 h duration of the experiment with a decreasing trend. The humidity in both the graphs
(Figures 5.26 and 5.27) did increase briefly by about 10% when the IR lamps were switched off after each
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12 h daylight cycle, but even a fairly large decrease in relative humidity did not affect the temperature above

the containers significantly.

5.2.5.3 Comparison of the evaporation rate of NaCl solution and distilled water

The evaporation rate of the NaCl solution compared to the distilled water was calculated by recording the
volume lost during each experiment. A pressure transducer was placed at the bottom of each of the two
containers to determine the evaporation rate. The distilled water and the NaCl had the same volume to start
with, of 115 L, although the density of the brine was higher than the distilled water. This however equates to

the brine volume appearing as a greater volume because of the greater pressure exerted on the pressure

transducer.
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Figure 5.28: The variation in the surface temperature and the changes in the volume of the NaCl brine
solution; Lvl = level

The temperature of the brine close to the surface (about 25 mm) and the rate of evaporation are shown as
trend lines in Figure 5.28. During each 12 hour cycle the brine temperature rose by more than 4°C. This
enhanced the evaporation rate. The total volume loss over the 72 hour period from the brine container was
1.875 litres.
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Figure 5.29: The variation in the surface temperature and the changes in the volume of the distilled
water
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The trends shown in Figure 5.29 resembled those of the brine container. The experiment had the same 12
hour cycle which resulted in the fluctuation of the evaporation rate. The total volume which evaporated from
the distilled water container over the 72 h period was 1.6 litres, confirming that the evaporation over the brine
solution (1.875 litres) was greater than that achieved over the water solution. The difference appears to be

mainly due to the greater heat transfer into the brine solution over time.

Several further experiments were conducted as the previous experiments had some anomalies. To address
these, the wiring of the pilot plant was rechecked for defects and rewired. Furthermore, the output energy
from the IR lamps for both the systems was the same after testing. The evaporation rates for both containers
were lower than previous experiments. The previous experiments had a greater volume loss for the same
period without day and night simulation. With the exposure of the brine and water to the IR lamps with day
and night simulation, the brine volume was reduced to half and resulted in less water being evaporated. The
extractor fan which removes the saturated air from the room was switched off and could have played a major
role in the lower evaporation rates. It was also expected that the distilled water would have a greater volume
loss than that NaCl brine. The angle of the IR lamps was adjusted to synchronise the energy (in Watts)

output for both containers.

5.2.5.4 Effect of wind on the loss of water

The experimental setup was modified to provide an airflow which is consistent with the same height above
the water as well as NaCl brine surface. The wind was generated using a fan and funnelled through a heliflex
pipe which was connected to a solid 40 mm PVC pipe. Evenly spaced holes were drilled into the PVC pipe (8
mm) to provide an even distribution of air flow over the water or brine surface. The wind was generated by
an electric fan with a speed controller to simulate the wind speeds of an actual site (2 m/s). The wind was
generated at a constant height above the water surface (approximately 15 mm). This ensured the wind effect
was constant over the water and brine surface of the experiment even if the water or brine evaporates. A
total of 3 cycles was completed where the two systems were subjected to 12 hours of day and 12 hours night

by exposing the containers to IR-lamps in 12 hour cycles.

Figure 5.30 shows the level change of the systems. A total volume of 2.48 litres was evaporated for the
water while 2.57 litres was lost in the case of the NaCl brine. This result provides some evidence that the
density of the solution might affect the evaporation rate (Al Shammiri, 2002).
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Figure 5.30: The change in the volume levels of both the distilled water and the NaCl over time under
a windy condition.
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Figure 5.31: The temperatures at different depths of the NaCl brine with the wind blowing over the
surface area at 2m/s.
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Figure 5.32: The temperatures at various depths of the water with the wind blowing over the surface
area at 2 m/s.

The results of the systems shown in Figures 5.30 and 5.31 had greater variations in the temperature trends
compared to the results shown in Figures 5.24 and 5.25. The temperature of both systems showed a

decrease in the maximum temperatures. The system evidently took more than 30 hours to reach the
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maximum surface temperature whereas without the wind factor both tanks had reached their maximum at the
surface after 12 hours. Moreover the temperature of the surface layer was nearly 8°C lower overall with than
without the wind factor. The differences were not so pronounced in the deeper layers but these layers were
approximately 5°C cooler in the wind exposed tanks than in the case of the experiments done without the
wind factor. Hence, a wind factor is expected to delay the evaporation rather than enhance the evaporation
rate due to its effect upon the thermal transfer of heat into the pond. The decreases in the water levels are

shown in Figures 5.33 and 5.34.
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Figure 5.33: The evaporation of the water with the 2 m/s wind factor affecting changes in the surface
temperature.
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Figure 5.34: The evaporation of the NaCl brine with the 2 m/s wind factor affecting changes in the
surface temperature.

The effect of the 12 h thermal cycle increase of the surface temperature was evident in both systems
(Figures 5.33 and 5.34). The water container was observed to have a lower temperature after each 12 hour
cycle than the NaCl solution under the same environmental conditions with the wind factor and overall the
evaporation rate over the NaCl solution was again greater than that over the water filled container. Since the
wind factor was similar in both cases, the difference is again ascribed to the capacity of the NaCl to absorb
the radiative heat more effectively than water on its own despite the wind chill factor incorporated. However,
the input energy from the IR lamps with the wind experiments was lower than the experiments without the
wind. An average of 20 Watts in energy input was the difference between the experiments with and without

wind.

79



INDUSTRIAL BRINE MINIMIZATION

5.3 EMPIRICAL AND THEORETICAL MODELLING OF INDUSTRIAL BRINE SYSTEMS

This section presents the empirical models developed to determine evaporation processes of industrial
brines under controlled laboratory conditions

Modelling is regarded as a vital tool to expose geochemical processes, analyse laboratory experiments and
use as a mechanism to predict unfolding events and monitoring plans for future. Geochemical modelling
remains a tool to predict the chemical interaction of species in the brine solution. However, the calculation for
brine solution requires a different approach from the conventional Penman method (Akridge, 2008). Oroud
(1999 and 2000) developed an energy balance model for hyper-saline solutions like the Dead Sea, this
model was more appropriate for this study as it incorporates the salinity aspect. The model was derived from

the Penman equation.

5.3.1 Model description

g o BoH

Bea—eq
= Ba+y +Uf(w)——+ (20)

BA+Y

Where BA is referred as the change in the activity coefficient, H is the energy input, ¥ is the psychometric
constant, f(u) is the wind speed. ¢ Is the saturated air above the brine and e, is the vapour pressure of the

room.

Relationship with activity coefficient

! dP (21)

Calder and Neal

The conventional Penman (1948) and the Furguson (1952) equation (equation 22) was designed to calculate
the evaporation over an open water surface. The equation incorporates the energy budget as well as the
thermodynamics method of an environment to account for the loss of evaporation. The equation was tested
on the hydrology of the Dead Sea as a case study. Penman (1948) and Furguson (1945) incorporated four
meteorological variables in the initial equation to determine the evaporation loss, this include the wind speed,

humidity, air temperature and net radiation (Calder, 1984).

-4 v -
E = yw Rn + A+yfu)(es e) (22)

The method was deemed insignificant to quantify the evaporation rate for saline lakes. The Penman method
required an interactive approach and the Furguson a graphical solution to determine the evaporation rate of
the saline lake (Calder, 1984; Bonython, 1965). According to Habeck (1955), the effect the temperature had
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on the coefficient was rather trivial for seawater at 35% salinity. A temperature range between 10 and 35°C

only produced a difference of less than 1% for seawater.

H+ PCp es(Taj—e/a
YOI (23)
dTq a
Pitzer
Gex
war =T+ X XA OMM; + XX Yk 6 MiM; M (24)

Where G is the free Gibbs energy that is available as per 1 kg of solution, M is the molality of the ions, f(u)
is the Debye-HUckel,A is dependent on the ionic strength of the species.§; i is referred to as the respective

third vital coefficient while 4;; is the second within the species (Sandler.S, 1989).

5.3.2 Activity Coefficient

The activity coefficient is referred to as a thermodynamic notion for liquid mixtures which is governed by
temperature, pressure and composition (Sandler, 1989). The activity coefficient is related to what extent a
system deviates from the actual system. The activity coefficient is regarded as a limit of an equation derived
for an activity which is a factor with no units. It has been suggested that the activity coefficient plays a
significant role in the temperature, radiation and evaporation of saline solutions which subsequently affects
the boundary layer (Oroud, 1999).

5.3.3 Model selection

A large number of models exist and it is rather important to validate the appropriate model based on the
assumptions when the model was developed (Crawford, 1999). The activity coefficient of the Emalahleni
brine is a multi-component electrolyte solution which may not be easily determined. The Pitzer model is
highly used and recommended to determine the activity of mixed brines (Krumgalz, 1997; Harvie, 1984). The
ratio for combining different species in a multicomponent electrolyte is greater than isolated ions. Hence is
more convenient to calculate as a collective for all the ions (Krumgalz, 1997). With the aid of database model
Pitzer and PhreeqC, geochemical modelling software was used to determine the speciation of the
Emalahleni brine. The solubility of the major ions played a significant role as the individual ions had different

solubility characteristics. The major ions been investigated were Mg**, Na*, K*, Ca*, CI', SO,*,NO5".
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5.3.4 Brine analysis
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Figure 5.35: The major ions of the Emalahleni brine which was analysed in 2013 using an Inductive

Coupled Plasma with a mass spectrometer.

The brine from Emalahleni was analysed and the results (Figure 5.35) showed that the concentrations of Na
and SO, in the brine were high indicating that the brine is mainly Na,SQO, brine. The brine was closer to basic
at a pH of 7.23. The initial pH of the water was predominantly acidic due to the generation of sulphuric acid
as a result of oxidation of pyrite (Bell, 2001). However, the use of chemical such as a lime by the treatment
plant raised the pH level (Du plessis, 2006). Apart from the pH of the brine, the chemical composition of the
brine has a significant effect on the evaporation rate of the brine. It is important to develop a model to predict

evaporation rates of brine considering the solute effects and the associated changes in the chemical

composition when the water mole fraction decreases.
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5.3.5 Emalahleni brine comparison

Nitrate < 1%

lons Concentration (mg/€)
Sodium 4862
Calcium 928
Magnesium 67
Potassium 1144
Magnaslam = 1% Chloride 1360
Sulphate 11680
Nitrate 96
Dama-Fakir .,et al 2012
Nitrate
1% -i
lons Concentration (mg/€)
Sodium 5386
Calcium 1106
Magnesium 446
Magnesium Potassium 692
Potassium 2% Chloride 949
3%
Chloride Sulphate 15893
4%
Nitrate 184

This study (2013)

Figure 5.36: The analysis of Emalahleni brine based on the previous and the current study.

The analysis of the brine in both charts indicated that the Emalahleni brine is Na,SO,4 brine. The comparison
of the pie charts in Figure 5.36 shows that Emalahleni brine composition changed slightly over the last few
years. The brine analysis by (Dama-Fakir, 2012) was presumably analysed in 2010 while the current study
analysed the brine in 2013. In the current study, the brine composition showed a slight change, in particular
an increase in sodium and a decrease in sulphate. Other notable change is the increase in the concentration
of magnesium. The 6% sulphate increase and 2% decrease in sodium is likely to improve the evaporation
rate, since calcium sulphate is suspected to be the first salt to precipitate out in the sequence of
crystallization. A speciation analysis using PhreeqC suggested that the ionic strength of the (Dama-Fakir,
2012) brine is lower than that of the study done in 2013. This trivial change of the brine composition could

have a greater impact over a longer period.

The analysis of brine using PhreeqC indicated a trivial change in certain parameters, in particular the ionic
strength of the brine solutions. The previous study by Dama-Fakir was poised slightly towards a cation side
while this study shown a balance towards the anion. This study has a marginal higher ionic strength than the
brine solution from the Dama-Fakir study. The analysis of the brines suggested a small change in the
composition and a very similar ionic strength which relates to a very similar evaporation rate under

equivalent environmental conditions.
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Table 5.2. The output file of the Emalahleni brine in PhreeqC

Parameter This study Dama-Fakir
pH 7.32 7

pe 4 4

Specific Conductance (uS/cm,25°C) 23656 21566
Density (g/cm°) 1.01979 1.01506
Volume (L) 1.00604 1.00585
Activity of water 0.992 0.993

lonic strength 4.19E-01 3.466e-01
Mass of water (kg) 1.00E+00 1.00E+00
Total carbon (mol/kg) 7.00E-03 7.50E+00
Total CO, (mol/kg) 7.00E-03 7.50E+00
Temperature (°C) 25 25
Electrical balance (eq) -1.25E-02 3.05E+00
Percentage error 100*(Cat) -2.2 0.62
Interactions 7 8

Total H 1.11E+02 1.110190e+
Total 0 5.62E+01 5.602906e+

5.3.6 Model validation

In the following results (Figure 5.37) the change in Emalahleni brine levels over time under natural

convection are compared with a control experiment.
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Figure 5.37: The change in brine levels over time of the Emalahleni brine under natural convection.

The overall graph (Figure 5.37) of the experiment appeared to be linear but under finer scrutiny subtle

changes resonated with the energy input into the system. The pressure change suggests that the first 12
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hours was relatively linear during the period when the Infrared lights were scheduled to be on. The first
elapsed 5 hours, indicated that the control pond had exceeded the Emalahleni brine pond by 2 mm in water
level changes. Over the experimental period of 72 hours, the difference between the water level of the
control and the brine was less than 2 mm with the control experiment having the greater change.

The change in temperature at specific depths during the Emalahleni brine experiments under natural

convection is shown in Figure 5.38.
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Figure 5.38: The change in temperature at specific depths during the Emalahleni brine experiments

under natural convection.

The temperature stratification of the pilot plant (Figure 5.38) demonstrated the effect of the IR lamps on the
system. As the energy penetrated the brine, it dissipated with depth. As shown in Figure 5.38, the bottom
sensor recorded the lowest temperature while the sensor near the brine surface recorded the greater
temperature. The initial impact on the humidity by the IR lamps as shown in the graph indicates the heating

effect generated by the lamps. The humidity was being suppressed by nearly 5% due to the heating effect.

The level change of the Emalahleni brine under forced convection is shown in Figure 5.39 and Figure 5.40

shows the temperature stratification under forced convection.
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Figure 5.39: The level change of the Emalahleni brine under forced convection

A greater angle in the first 12 hour (Figure 5.39) indicates the influence of the wind on the system as a
greater volume loss was achieved during the same period under natural convection. A similar volume loss

occurred during the period when the lights were switched off. A very similar trend occurred at 36 and 60 hour

period.
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Figure 5.40: The graph indicates the temperature stratification of the Emalahleni brine during forced

convection.

In contrast to the natural convection (Figure 5.38), the temperature stratification lines (Figure 5.40) appeared
more compressed which indicates that the temperature stratification during forced convection was smaller in
comparison with the natural convection temperature. The temperature near the surface of the brine was
diffused to the deeper levels where other sensors were located. The peak temperatures of the brine were
lower than the natural convection experiments as shown in Figure 5.38. The wind cooled the air above the

container by connecting the air flow.
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Table 5.3: Comparison of the actual measurements of the Emalahleni brine and the modelled brine
evaporation for the same period.

Emalahleni no | Oroud Emalahleni Oroud wind | Projected Projected
wind Model with wind model monthly  (no | monthly  (with
wind) wind)
Avg 5.33 5.33 6.5 6.003 159.90 180.10
mm/day

As is shown in Table 5.3, the daily average evaporation of the Emalahleni brine under natural convection
was 5.33 mm/day. The Oroud (1999; 2000) model suggests a very similar figure over the same period.
Under the forced convection, the model was a bit lower than the actual recorded evaporation. The model

also projects 11% increase in evaporation with wind being applied at 2 m/s every 12 hour cycle.
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Figure 5.41: The mean monthly and annual A-pan equivalent potential evaporation annual
evaporation of the relevant secondary catchment in the Olifants Catchment (Schulze et al., 1997).

In Table 5.3, the daily average of the Emalahleni brine under natural convection was 5.33 mm/day. The
Oroud model suggested a very similar figure over the same period of time. Under the forced convection, the
model was lower than the actual recorded evaporation. The experiments which incorporated the wind
increased the evaporation rate to about 20%. The modelled data also projected an 11% increase in
evaporation under forced convection applied at 2 m/s during the energy input. This data generated is in line

with Figure 5.41 September forecast of the Olifants Catchment.
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Figure 5.42. The average minimum temperatures of the relevant secondary catchment of the Olifants
Catchment over the last four years (Courtesy of SAWS 2013)

The minimum temperatures of the secondary catchment in the Olifants Catchment ranged between 3 and
18°C over the last four years. The lowest temperatures occurred during the June and July period which
signifies the winter period. The highest temperatures occurred in the January and December period where

the temperatures exceed the 14°C mark. The higher temperatures contributed greatly to the evaporation

rate.
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Figure 5.43. The monthly average maximum temperatures of Emalahleni area over the last four years
(Courtesy of SAWS 2013)

The data from the South African Weather Service proposed that the average maximum temperatures of the

Emalahleni area are portrayed as a moderate physical environment. In relation to Figure 5.43, the highest
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temperatures occurred in the summer period with the highest rainfall in the same period as Figure 5.44

suggests. In relation to the laboratory experiments the maximum temperature was achieved.

H2010 ®2011 2012 ®2013

250

200 +— —

150

mm

100

50 1

o 1.

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
period (months)

Figure 5.44. The monthly rainfall of the Emalahleni area over the last four years (Courtesy of the
South African Weather Service, 2013)

The study area is situated in a summer rainfall region in particular the Highveld region (M.Van Veelen.,
2011). The rainfall varies between 550 and 750 mm/annum in the Highveld and Eastern Lowveld (M.Van

Veelen., 2011). In Figure 5.44 the highest rainfall occurred during the December and January period for the
past four years.
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Figure 5.45. The temperature and the humidity of the Emalahleni area for 3 days (17 to 19 February
2009).
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Figure 5.46. The temperature and humidity of the experimental results during the Emalahleni brine
conducted in 2013.

The temperature and humidity of the lab experiments showed similar patterns to the real environmental
conditions. However, the similarity between the mediums, the laboratory experiments was restricted to
certain seasons of the eMalahleni area as the control of parameters was limited. The insulated containers
from the laboratory experiments delayed the energy loss enough to be compared to a real environment. The
data collected in the laboratory resonated well with real data although its changes were smoother and
conformed.

5.3.7 Energy balance

The energy of the system was calculated for 12 hour per cycle according to the different temperature
variation. The first segment of the energy was used to elevate the temperature and the second part to
change the phase (Young, 1947). Evaporation is an endothermic process which requires energy to conduct
the phase change. The dissipation of energy indicated that the surface level of the brine in the container

absorbed a greater amount of energy than the substrata.
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Figure 5.47. The thermal energy distribution during the Emalahleni brine experiment.

The thermal stratification level was calculated using the following equation (equation 25);

Qtotar = mCAL (25)
T4=25mm from the surface
T,=50mm from the surface
T3=75mm from the surface
T,=125mm from the surface
Ts= bottom of the container
Q1= 8.6%

Q2= 8.62%

Qr3=7.26%

Q4= 9.69%

Q5= 65.89%

AU=Q+W (26)

AU= total energy

Q= temperature change

W= evaporation+ condensation

The total energy absorbed by the container was calculated for a 3 day cycle. The combination of
evaporation, temperature change and condensation energy constituted towards the greater energy utilised of

the experimental setup.

The wind input was calculated using the following equation (equation 27);
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P= %pAv3 (27)

Where P= the power, p=the density of the air, A=the surface area exposed and v=the velocity of the wind
force.

The wind energy was calculated for a 3 day cycle at 12 hour intervals. The wind energy was produced from
the electric fan propagated through the ventilated air pipe. The distribution of energy showed that a greater
amount of energy was absorbed by the lower section of the container as result of the temperature gradient
and the larger volume. In addition, the upper section of the container reached a higher temperature but
transferred a significant amount of energy to the lower section of the container. Approximately 27% of the
energy from the system was absorbed by the surrounding area and expelled though the ventilation system.
This loss of energy was a secondary effect in order to maintain the temperature of the experimental area
during the experimental setup.
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CHAPTER 6: ADSORPTION OF Ca*, Mg?*, K* AND Na* ON
PAN+TiO, AND PAN+ZEOLITE NANOFIBRES

6.1 INTRODUCTION

This section presents and discusses the results of novel materials, namely PAN-TiO, and PAN-Zeolite
nanofibres synthesised to adsorb cation components from brine in order to simplify brines and enhance brine
evaporation. There are various methods that have been used to recycle and remove heavy metals from
aqueous solutions. These methods include; electrochemical treatment, adsorption, membrane separation,
ion exchange and chemical precipitation amongst others. (Miretzky et al., 2006; Shoushtari et al., 2006; Shi
et al., 2004; Tahaei et al., 2008). Among all these, adsorption is one of the most common and simple
methods. The adsorption of metals or ions can be achieved by employing polymer materials containing
functional groups, for example, amidoxime, tetrazine, phosphoric, carboxyl and amino (Neghlani et al.,
2011), to form strong complexes with metal ions through the coordination reaction. Adsorption of metals onto
these materials is dependent solely on the functional groups present on the adsorbent surfaces. Zeolites and
TiO, are often used in powder form for ion-exchange purposes but this form causes separation challenges of
the particulates in water. This proof of concept study was performed to show the possibility to enhance
removal of divalent cations from brine with composite nanofibres containing these known

adsorbents/ionexchangers to overcome separation challenges.

Recently, the electrospinning technique, a simple and versatile method, has been widely applied to produce
polymer based nanofibers. The electrospun nanofibers possess numerous interesting characteristics such as
high porosity, small interfibrous pore size, and most importantly much larger specific surface in comparison
to conventional fibres (Fenglin Huang et al., 2013). The high specific surface makes nanofibres better
adsorbents (Ma et al., 2006), which have higher adsorption rates and capacities than other types of materials
such as conventional fibres, foams and resins, etc. (Saeed et al., 2008). Thus, nanofibers, modified by
introducing functional groups on their surface or by incorporating ionexchangers into the fibre could be
applicable for the removal and recovery of cations and heavy metals from aqueous solutions. Therefore, the
general objective of this section of the study is to develop an adsorption material to address the Ca*" and
Mg®* ion contaminants in brine as these could affect the crystallization of NaCl during the eutectic freeze
crystallization process in the treatment of brine and also, slow down the evaporation rate of brine from the

evaporation pond.

6.2 CHARACTERIZATION OF PAN-TIO, AND PAN-ZEOLITE NANOFIBRES

Poly acrylonitrile (PAN) nanofibres prepared by electrospinning methods were loaded with titanium dioxide or
zeolite Y. The structure of PAN, PAN+TiO, and PAN+Zeolite nanofibers were analyzed using FTIR and
SEM. The modified nanofibers were subsequently applied to adsorb calcium, potassium, magnesium and

sodium ions from model salt solutions as set out in Chapter 3.
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6.2.1  Fourier Transform Infrared Spectrometry (FTIR)

Figures 6.1, 6.2 and 6.3 show the FTIR spectra of the PAN, PAN+TiO, and PAN+Zeolite nanofiber mats
respectively. The FTIR spectrum of PAN exhibited the characteristic bands of nitrile (2250 cm™), carbonyl
(about 1725 cm'1) and this indicates that PAN is a copolymer. The FTIR of the PAN doped with TiO, also
exhibits the characteristics of PAN but with a major reduction in the magnitude of the peaks and an

incorporation of the peak for TiO,. The same applies to the incorporation of zeolite into the PAN structure,

with a broad peak at around 1000 cm™ signifying that zeolite was incorporated into the fibre.
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Figure 6.1: FT-IR Spectrum of PAN
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Figure 6.2: FT-IR Spectra of PAN and PAN+TiO,
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Figure 6.3: FT-IR Spectra of PAN and PAN+Zeolite Y

6.2.2 SEM images of raw PAN and PAN+TiO,

The SEM images of raw PAN and PAN+TiO, are shown in Figures 6.4 and 6.5. The morphologies are similar
to each other, hence incorporating the nanoparticulate powder TiO, did not disrupt the nanofibre morphology
excessively. Figure 6.5 shows how the modified PAN nanofiber surface became somewhat roughened and
undulating compared to the raw PAN nanofibres. The roughness can be attributed to the TiO, present in the

structure, which was not evenly distributed on the PAN surfaces.

EHT = 5.00 kv Signal A= SE2 Date :25 Sep 2014
WD = 8.0mm Mag= 30.25 KX Time :9:38:03

Figure 6.4: SEM image of PAN nanofibre
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EHT = 5.00 kv Signal A= SE2 Date :25 Sep 2014
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Figure 6.5: SEM image of PAN+TiO; nanofibre

6.3 EFFECT OF CONTACT TIME ON ADSORPTION OF METALS

Contact time is an important parameter because it is a factor that determines the adsorption kinetics of an
adsorbate at a given concentration. The effect of contact time on calcium, magnesium, potassium and
sodium metal ion uptake by PAN+TiO, and PAN+Zeolite nanofibers was investigated over 8 hours (Figures
6.6 and 6.7). The kinetic studies were carried out for different initial concentrations of 100, 200, 300, 400 and
500 mg/L for Ca?*, Mg®*, Na* and K" ions uptake on PAN+TiO, and PAN+Zeolite nanofibers at 298K.
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Figure 6.6: Effect of contact time on adsorption of metal ions on PAN+TiO, nanofibre
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Figure 6.7: Effect of contact time on adsorption of metal ions on PAN+Zeolite nanofibre

6.3.1 Effect of contact time on adsorption of calcium ca®

Figure 6.6 shows the amount of Ca*" ions adsorbed on PAN+TiO, nanofibre as a function of time at 298 K. It
was observed that the uptake amount of Ca** ions on the PAN+TiO, nanofibre increased rapidly from 0.25
mg/g to 0.75 mg/g with an increase in the contact time from 0 to 180 min. Thereafter, the concentration of Ca
adsorbed did not increase with an increase in contact time. The initial rapid adsorption of Ca on the
PAN+TiO, nanofibre was attributed to the presence of many exchange sites, which resulted in a rapid
increase in the concentration gradient between the adsorbate in solution and the adsorbent surface. At 240
min, the concentration of Ca adsorbed on the PAN+TiO, nanofibre did not increase with an increase in the
contact time due to the accumulation of calcium ions on the vacant sites, and ion-exchange capacity of the
fibre being reached, leading to a decrease in gradient in the adsorption rate after 180 to 480 minute. The
uptake of Ca®* ions on the PAN+Zeolite nanofibre as shown in Figure 6.7 followed the same trend but with
increase in the concentration of Ca adsorbed (1.75 mg/g) at 240 min. This is an indication that the adsorption

capacity of PAN+Zeolite nanofiber for Ca was higher than that of PAN+TiO, nanofibre.

6.3.2 Effect of contact time on adsorption of magnesium Mg2+

Figure 6.6 shows the adsorption capacity of PAN+TiO, nanofibre for Mg. It was observed that the Mg ions
gradually adsorbed on the fibre from 0.5 to 1.25 mg/g with an increase in the contact time. The adsorption
capacity was at equilibrium for Mg at 240 min. As shown in Figure 6.6, the trend was similar to that of
calcium. Moreover, the uptake was greater than that of calcium. Meanwhile, Mg ions adsorption onto the
PAN+Zeolite nanofibre was also favourable as a gradual increase in the concentration adsorbed was
observed as the contact time increased. Similar to what was observed in the trend of Mg adsorbed on
PAN+TiO, nanofibre, the equilibrium was reached at 250 min for PAN+Zeolite nanofiber.

97



INDUSTRIAL BRINE MINIMIZATION

6.3.3 Effect of contact time on adsorption of potassium K*

The effect of contact time on the adsorption of K™ ion on PAN+TiO, and PAN+Zeolite was investigated at 298
K. Figures 6.6 and 6.7 showed the results of the adsorption of K on the nanofibers. As shown in the Figures
6.6, K" ions were gradually adsorbed by PAN+TiO,, and reached equilibrium at 240 min. In Figure 6.7, it was
observed that K* ions were also adsorbed gradually by PAN+Zeolite in a trend similar to that of PAN+TiO..
Moreover, the concentration of K* ions adsorbed on PAN+TiO, nanofibre was significantly greater than
PAN+Zeolite. This is an indication that the adsorption capacity of PAN+Zeolite nanofibre for K was less than
that of PAN+TiO, nanofibre. The adsorption of K on PAN+TiO, nanofibre was at equilibrium at 240 min while

its adsorption on PAN+Zeolite was at equilibrium at 120 min.

6.3.4 Effect of contact time on adsorption of sodium Na*

The effect of contact time on the adsorption of Na* ion at different concentrations and temperatures on
PAN+Zeolite and PAN+TiO, nanofibres are presented in Figures 6.6 and 6.7. In Figure 6.6, it was observed
that Na* ions were gradually adsorbed by PAN+TiO, nanofibre and then reached equilibrium at nearly 250
minutes. The concentration of Na adsorbed by the TiO, nanofibres is significantly higher than the
concentration adsorbed for other cations. In the case of PAN+Zeolite, Na adsorption increased gradually with
increase in contact time and equilibrium was reached around 200 minutes, but a lower amount was
adsorbed than in the case of the TiO, loaded nanofibres.

6.4 EFFECT OF CONCENTRATION ON ADSORPTION OF METALS
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Figure 6.8: Effect of concentration on the adsorption capacity of PAN+TiO, nanofibre

Figure 6.8 shows that the quantity of metal ions adsorbed from the solution increased with an increase in the

concentration of all metals ions, with magnesium having the highest quantity adsorbed on PAN+TiO,. In
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Figure 6.8, the situation is similar to that of the PAN+TiO, nanofibre, but the PAN+Zeolite showed an

improved adsorption for all metal ions.
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Figure 6.9: Effect of concentration on the adsorption capacity of PAN+Zeolite nanofiber

In both cases (Figures 6.8 and 6.9), divalent cation Mg was better adsorbed from the solution followed by
Ca. The concentration adsorbed for other monovalent metals (Na and K) was lower. Consequently, the

quantity of adsorption increased with increase in the concentration of metals in the solution.

6.5 DETERMINATION OF RATE PARAMETERS

The adsorption kinetics of Ca**, Mg®*, K" and Na* ions were modelled by using the pseudo first order and
pseudo second order equations. Lagergren’s first order rate equation is one of the most widely used for the

adsorption of solute from a solution.

6.5.1 Pseudo-first order

A kinetic model for sorption analysis is the pseudo first order rate expression of Lagergren in the form
described in equations 28 and 29:
d .
7q = k: (.QQ -q]

' (28)

log(g, ) = logg, | 5o |t

(29)
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where ge is the amount of metal ion (M"™) sorbed at equilibrium (mg/g), q; the amount of metal ion sorbed at
time t (mg/g) and, k, the rate constant of pseudo-first order sorption (1/min). The value of k; can be obtained

from the slope of the linear plot of log (ge-q) vs. t.

6.5.2 Pseudo-second order

In a situation when the amount of metal ion sorbed at equilibrium (mg/g) obtained from the first order
reaction is not the same as the one derived experimentally, the second order equation is applied in order to
obtain k, (Ho and Mckay, 1998):

% _ kg, -qf

at (30)
The integrated form of the equation (30) under the boundary conditions of g = 0 and q; = q; at t = t in the

linear form (shown in Equation 31) makes it possible to obtain g, and k, from the plots of t/q; vs. t.

g k,q. q. (31)

Table 6.1: Rate constants for first and second order adsorption on PAN+TiO, and PAN+Zeolite.

ADSORBENT | Solution First Oder Rate Expression | Second Order Rate

Conc Expression

100mg/L Ky (min™") R’ kz (min™) R?
PAN+TiO, ca”’ 0.002303 0.4439 9.25x10° 0.9358
PAN+ZeoliteY 4.60 x 10™ 0.0421 5.09 x 107 0.9153
PAN+TiO, Mg”* 1.842 x 10° 0.3099 0.018 0.7599
PAN+ZeoliteY 9.21x10* 0.2494 46x10° 0.909
PAN+TiO, K 3.2x10° 0.536 0.0327 0.9967
PAN+ZeoliteY 1.84x 107 0.333 0.131 0.9991
PAN+TiO, Na* 0.0253 0.4821 477 x10° 0.1973
PAN+ZeoliteY 6.91x 10" 0.5714 0.0103 0.9254

It was observed that the Lagergren model fits suitably at the early stage of the adsorption for both
nanofibers, but at the later stage of the adsorption process, the results deviated from the theory. Therefore,
the model represents the initial stage where adsorption takes place rapidly but cannot be applied for the
whole adsorption process. Similarly, the first order equation did not apply well throughout the contact time in

this adsorption process. But as it was observed in Table 6.1, the correlation coefficient of pseudo-second
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order was superior to the pseudo first order reaction. This indicates that the adsorption process is not a first

order reaction and therefore, pseudo second order fits best.

6.5.3 Adsorption equilibrium isotherm

The Langmuir and Freundlich model equations were applied to the adsorption isotherm study of the metal
ion solution involving calcium, magnesium, potassium and sodium. In the Langmuir model, it was assumed
that the uptake of metal ions occurred on a homogenous surface by monolayer adsorption without any

interaction between the ions adsorbed. This model was expressed in the linearized form as shown equation

29 below:
[
g |\kg.J\C.)| |4.
) (32)
where q is the amount adsorbed on the resin at equilibrium (mg/g), C. is the equilibrium concentration of the
adsorbate (mg/L), and k;is the equilibrium constant related to the affinity of the binding sites for the metals or

the Langmuir constant; q,, is the adsorbent capacity (maximum possible amount of metallic ion adsorbed per

unit mass of adsorbent).

Langmuir theory suggests that adsorption takes place at specific homogenous sites within the adsorbent. It
is then assumed that when a metal ion occupies a site, there cannot be any further adsorption taking place
at that place. Whereas, in the Freundlich model, it is assumed that the uptake or adsorption of metal ions
takes place on a heterogeneous surface through monolayer adsorption. Equation (33) describes the
Freundlich model:

1

g = ;r_.‘“ [:(-‘:- ]; (33)

i 1 \
Ing, = ! — l InC, + Ink,
\n) ) (34)
Where g, is the amount adsorbed (mg/g), C. is the equilibrium concentration of the adsorbate (mg/L), K;

((mg/g)*(mg/L)") and n are the Freundlich constants related to adsorption capacity and adsorption intensity,

respectively (Freundlich, 1926).

Plots obtained from the equation (31) which was the linearized form of Freundlich equation. In g, versus In
C. linear plots would give the value of 1/n as slope and kr as an intercept. The value of k; can be used as

alternative measure of adsorption capacity, while 1/n determines the adsorption intensity.
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Table 6.2: Plot of Freundlich Isotherms vs Langmuir Isotherms

Adsorbent Solution | Freundlich Isotherms Langmuir Isotherms
Conc n K R an ke R
100mg/L
PAN+TiO, Ca2+ 1.259 0.4093 0.8127 0.316 2.901 0.8069
PAN+ZeoliteY 1.224 0.478 0.909 0.909 4.463 0.8562
PAN+TIO, Mg2+ 1.263 0.469 0.8714 0.3104 3.729 0.7831
PAN+ZeoliteY 1.362 0.665 0.9289 0.909 4.463 0.887
PAN+TIO, Na+ 2.899 2.076 0.1257 0.314 0.393 0.812
PAN+ZeoliteY 1.294 0.479 0.8535 0.49 3.906 0.8891

According to the results in Table 6.2, it was observed that calcium and magnesium adsorption on the
nanofibers displayed a heterogeneous adsorption by fitting best to the Freundlich model, while the
adsorption of sodium on the nanofibers fitted well to Langmuir model according to the results of their

coefficient values.

6.5.4 Summary

The application of composite cation exchange material such as PAN+Zeolite Y and PAN+TiO, nanofibres is
promising in the adsorption of major cations from model salt solutions. The application of these nanofibres is
efficient considering the fact that the PAN nanofibre composite was able to adsorb alkali and alkaline earth
metals from the solution with the inclusion of either TiO, or zeolite Y nanoparticulates. This implies that the
added sorbent improves the performance of the nanofibres. Furthermore, the incorporation of inorganic
materials such as titanium dioxide and zeolite onto the PAN contributed to the increase in the adsorption of
metal ions from the solution. The PAN zeolite Y composite was found applicable to remove divalent cations
from solutions, thus would aid in the simplification of brine streams. Calcium and magnesium adsorption on
the nanofibers displayed a heterogeneous adsorption by fitting best to the Freundlich model, while the

adsorption of sodium on the nanofibers fitted well to the Langmuir model.
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CHAPTER 7: CONCLUSIONS & RECOMMENDATIONS

7.1 CONCLUSIONS

Reverse osmosis plants are increasingly being deployed to deal with waste waters from industry and mining
in South Africa, and the brines produced by these plants constitute a residual challenge for waste disposal
because the most economical way of dealing with them is to construct evaporation ponds. How much
volume reduction can be achieved in these ponds depends on climate and may also be affected by the type
and concentration of salts dissolved in the brine. It was the perceived need to assess the importance of
these factors locally that prompted this study, which is a sequel to an earlier Water Research Commission
project (Dama-Fakir et al., 2012) that attempted to address this objective but was insufficiently conclusive
because field testing was hampered by the difficulty of controlling individual determinants of evaporation

accurately for their relative importance to be assessed.

This report has summarised the issues relating to industrial brine generation and disposal in South Africa
and has reviewed the literature on brines with particular emphasis on the water treatment processes that
produce brines as a waste, the chemistry of brines and the factors which influence evaporation and
determine brine evolution. The experimental focus has been on assessing the effect of salt concentration
and composition on brine evaporation rate, and on developing a laboratory facility for testing the relative
effect of different environmental parameters (wind speed, humidity, temperature, irradiance) on evaporation

of water from brines of different composition.

The present study focused on the brine produced at the Emalahleni water treatment plant, and a section of
this report summarises the different stages of brine development associated with the treatment process.
Analysis of the stage 3 reject brine collected from the plant revealed that it is a Na-SO, type water although it
does contain significant concentrations of other major ions, namely Ca, Mg, K and Cl. Seventy-one percent
of the cation mole charge is accounted for by Na*, and the remainder by Ca** (15%) K* (9%) and Mg** (4%).
In the case of anion charge, S0,* accounts for 88% and CI (10%) and HCO3™ (1%) for the remainder. The

brine has a near-neutral pH.

It was this analysis that prompted the choice of salts for the small scale evaporation study designed to find
out whether the type of salt has any effect on evaporation rate. The literature review indicated that it is
salinity per se which has the most important effect on evaporation rate rather than the type of salt. This is
because the effect of salt manifests itself primarily through control of vapour pressure which is a colligative
property of solutions, implying that it depends on concentration rather than the nature of the dissolved
species. Nevertheless there are situations in which the composition of the brine in its final stages can be
expected to influence evaporation rate, simply because as the brine evolves through evaporative
concentration, the less soluble species will precipitate leaving dissolved species which are typically the most
hygroscopic or, as is the case with Ca and Mg chlorides for example, deliquescent. This phenomenon is well

known in commercial salt production from sea water, where the residual bitterns, after fractional
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crystallization of gypsum (CaS0,4.2H,0O) and halite (NaCl), consist largely of MgCl, which cannot be

evaporated to dryness even in the driest of earth climates.

The small scale evaporation experiments confirmed that an effect of salt type (single, binary and ternary
solutions of Na,SO,, NaCl, KCIl, CaSQO,, and MgSO, were studied) was sometimes discernible but not
statistically significant, probably in part because while the effect of salt is generally to reduce evaporation the
presence of salt also gives rise to greater heating of the solution by absorbing radiant energy. This latter
effect seemed most discernible with CaSO, although establishing its magnitude was not possible because
the concentration of this sparingly soluble salt could not match that (0.5M) of the other salts studied. There
also seemed to be a solution heating effect leading to a higher evaporation rate (again not significant) in the
case of those solutions dominated by divalent as opposed to monovalent cations, but again there could have
been confounding by an anion effect since the Ca- and Mg-dominated solutions were also dominated by
sulfate rather than chloride. In retrospect it might have been instructive to include chlorides of Ca and Mg in
these experiments (or at least solutions containing higher concentrations of chloride relative to sulfate) so
that the deliquescence of these salts (essentially terminating the evaporation) could have been observed
during the last stage of brine evolution. Despite these uncertainties the overall effect of salts on evaporation
rate was confirmed in both the small scale study as well as the subsequent pilot scale study to be essentially
one of concentration, inhibiting evaporation as expected. The whole effect of salts on evaporation rate can
probably best be viewed as a special case of the law of diminishing returns, according to which the rate at
which water will separate from a salt solution declines in proportion to the amount of water which has already
been evaporated. Comparison of the actual measurements of the Emalahleni brine and the modelled brine
evaporation for the same period showed that the daily average of the Emalahleni brine under natural
convection was 5.33 mm/day. The Oroud (1999; 2000) model suggests a very similar figure over the same
period. Under the forced convection, the model was a bit lower than the actual recorded evaporation. The
model also projects 11% increase with wind being applied at 2 m/s every 12 hour cycle. Based on the salinity
experiments, all the synthetic salts exposed to various conditions had shown different volume loss. The
results indicated that the greatest volume loss was obtained for the least soluble salt amongst the synthetic

salts while the more highly soluble salts had the lowest volume loss.

Disassociation of ions will ultimately lead to a greater solubility of the brine. The activity coefficient increased
which subsequently led to the lower evaporation rates as a result of the ion-ion bonds. Reducing the amount
of salts with high dissociation prior to their disposal in the ponds will increase the evaporation rate by
promoting precipitation and increase the endothermic ability of the ponds and serve as a secondary heating

source.

The pilot scale study also involved making in duplicate a modified copy of the WAIV apparatus for brine
evaporation which has been described in the literature, using infrared lamp-heated Perspex tanks 0.5 m
square and 0.5 m deep fitted with accessories for generating wind and intensifying evaporation on a square
mesh which can be used for testing novel materials that enhance evaporation by allowing the solution to
spread by capillarity over a greater surface area. The novel high surface area materials developed, namely

composite nanofibres comprised of PAN loaded with Zeolite Y nanoparticulates were shown to significantly
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remove divalent cations from model brine solutions, allowing for brine simplification. The PAN TiO,

nanofibres showed a high Na cation adsorption. These fibres in future could be applied for the WAIV system.

This study has been concluded successfully in terms of construction and testing to demonstrate a sensitive
response of evaporation to parameters such as salt concentration, wind and irradiance, but forms part of a
postgraduate research project which is still in progress and so substantive data will only be available later in

the form of a dissertation.

In terms of taking this research further, perhaps the most interesting prospect based on what was learned
from reviewing the literature is the potential for generating products of value from brine management that
could help to offset costs of storage and disposal. In the case of the Emalahleni brine the dominant product
would be sodium sulfate assuming it could be separately cleanly by fractional crystallization (assisted if
necessary by sequestration of alkali earth cations using a conditioner such as sodium carbonate). Sodium
sulphate has use as an additive in detergents although the demand for it is unlikely to be high. Gypsum has
uses in agriculture but again the quantity of by-product gypsum generated from making phosphate fertilizers
is large, although in some parts of South Africa stockpiles of waste gypsum have already been consumed
due to agricultural demand. Potassium salts (either sulfate or chloride) will always fetch a high price because
of the role of K as a major ingredient of fertilizers. Once all of these salts have been removed through
crystallization, the residue of probably mainly Mg chloride (since although Ca is more abundant it will
probably separate out as gypsum at an earlier stage of evaporation), which is usually referred to as bitterns,
can have certain specialised uses as a desiccant, dust suppressant and fire retardant. Bitterns are also of
value as a neutralising agent of caustic residues and can be reacted with sodium aluminate to form

hydrotalcite, a layered double hydroxide (LDH) with a variety of uses.

7.2 RECOMMENDATIONS

It is recommended that the follow-on research could include:

e Scaling up of the composite nanofibre fabrics and studying their efficiency and durability under
working conditions

e Larger scale WAIV experiments comparing the nanofibre composite fabrics developed in this study
to enhance evaporation whilst simultaneously simplifying the brine stream by removal of divalent
cations.

e Include chlorides of Ca and Mg in future experiments (or at least solutions containing higher
concentrations of chloride relative to sulfate) so that the deliquescence of these salts (essentially
terminating the evaporation) can be observed during the last stage of brine evolution

e Recovering of sodium sulfate by fractional crystallization (assisted if necessary by sequestration of
alkali earth cations using a conditioner such as sodium carbonate).

o Establish the potential for generating products of value from brine management that could help to
offset costs of storage and disposal

o Further investigation of the effect of temperature and salinity on absorption could be carried out to

interpret the measured absorption values Cp. In addition to rectify the thermal stratification of a
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traditional pond, a layer of coal cinder can be placed at the bottom of the pond to increase the

temperature at the bottom of the pond and subsequently increase the evaporation rate.
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Stiff Diagram
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Figure A2: Experimental and theoretical volume loss for double salts
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Figure A3: Experimental and theoretical volume of water for single salts (Na,SO, MgSO, KCI, and NaCl)
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Figure A4: Experimental and theoretical volume loss of water for double salts (NaCl: CaSO,4, NaCl: Na,SOy,,
NaCl: MgSO, and NaCl: KCI)
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Figure A5: Experimental and Theoretical volume of water loss for triple salts (NaCl: Na,SO,: KCI, MgSQy:
Na,SO,4: KCI, Na,SO,4: CaS0O4: NaCl and MgSO,: NaCl: CaSOQ,)

124



