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EXECUTIVE SUMMARY

BACKGROUND

The prnapal objective of the rescarch project was to mvestgate the Slurry Preapitation and
Recycle Reverse Osmosis (SPARRO) process from a crystallisaton perspective. To achieve this
objective, the following aims were idenufied:

1. To expand both the fundamental and practical understanding of the operation of the Slurry
Preapitanon and Recycle Reverse Osmosis (SPARRO) system;

2. To develop design specifications relating to the crystalisanon parameters of the system and
the control of the desupersaturation reactor based on the cntical operating parameters for the
SPARRO system;

3. To develop design specifications relanng to membrane sclection and treatment in the
SPARRO system;

4. To define the cnncal operanng parameters for the SPARRO system,

OVERVIEW

Tasks relating to the crystallisation aspects of the project are complete and considerable success
has been achieved i this area. Detailled mnformavon can be found in the MSc thesis of Shilpa
Seewoo (Seewoo, 2003). Tasks relating to the membrane aspects of the project are also complete.
Two dedicated process systems and associated equipment have been designed and commissioned
dunng the course of this project: the Sparro Membrane Test Rig (SMTR) muni-plant and the
Directed Slurry Spraying Technique (DSST).

Considerable progress has been made in addressing the central question of this research project,
which 1s: To what extent do the crystallisation parameters affect membrane damage in
the SPARRO system?

Aim 1: To expand both the fundamental and practical understanding of the operation of
the Slurry Precipitation and Recycle Reverse Osmosis (SPARRO) system

Fundamental and pracucal understanding of the SPARRO system has been expanded through
the literature review and the expenmental program, as well as through interacton with industnal
partners in the project. These aspects are presented in more detail in the body of the report.

Aim 2: To develop design specifications relating to the crystallisation parameters of the
system and the control of the desupersaturation reactor based on the critical operating
parameters for the SPARRO system;

The crystallisation aspects of the process have been thoroughly nvestgated and an extensive
understanding of gypsum crystal behaviour developed. Design speaificanons relating 1o the
crystallisanon parameters of the system and control of the desupersaturation reactor have been
developed based on the cntcal operating parameters for the SPARRO system.

The conclusions from the erystallisanon aspects of the work are as follows:

e Rate of consumption of supersaturation is significantly increased by the use of seeds as a
source of sccondary nucleanon;



Needle-hke sceds were produced under condinons of low supersaturanon and were
charactensed by a long inducnon ume;

®  Plate-like seeds were formed at high supersaturanon, with a significanty reduced inducnion
penod;

o Igal image processing could be used 10 quanuuauvely disunguish between gypsum
morphologies;

NRD analysis showed similar traces for all morphologies and analyucal grade gypsum;

e Sulphate to calcium rato and pH extremes affected the solubthty of gvpsum and thus the
rate of desupersaturation by the common 1on effect and influence on the speciaton of SO,
and Ca™';

e Sced morphology controlled the morphology at equilibnum under the batch condinons
nvesngated;

e At low seed concentrations, the plate-like sceds significantdy reduced desupersaruranon times
due to higher speaific surface area;

e The kinetic rate constant for growth was affected by seed quanurty (due to available surface
arca);

® Increased agitanon reduced desupersaturanon ume and relaove increase of seed size,
sugpesung attnuon under condinons of high wrbulence;

e Sunsucal analysis confirmed that, of the four factors tested, the seed quanury had the most
significant effect on all three response vanables;

® A ser of operanng condinons were denuficd 1o mimimise desupersaturanon nme, while snll
maintaining a plate like precipitate morphology

Aim 3: To develop design specifications relating to membrane sclection and treatment in

the SPARRO system;
The following progress has been achieved with this rask:

In the carly stages of the project, it was established that the only locally manufactured
membranes are cellulose acetare (CA) and thus it was deaded to resinet the membrane
nvestigation to these

\ sangle membrane module, the SPARRO Membrane Test Rig (SMTR) through which feed
slurry with specific crystal charactenisucs 15 recvcled in a closed loop crcunt under specified
operatng condinons was constructed. Commussioming problems and difficulues i inflicung
significant membrane damage hampered progress i membrance tesung with the SMTR
Modificauons 1o the test work mcluded operaung the system at the highest possible bneas

velocy (2.44m/s) and with an increased concentranon of gypsum crystals in the feed. Based on
this method of expenmentation, the following conclusions can be drawn

e For intermittent SMTR operanon over a total operanonal ame of 200 hours, the needle type
morphology had a greater detnmental effect on both salt rejectuon and membrane flux, with
the system taking up to 8 hours to rerum to the opumal performance levels subsequent to a

shut down.
e For conanuous SMTR operagon with a sceds concentratnon of 2.14g/l., over a towl

operanonal ume of 160 hours, it 1s evident that the needle morphology shows a greater
degree of vanability in salt rejecnon and membrane flux when compared to the platelets.
¢ For connnuous operation, with a seeds concentranon of 14g/1. over an opcranonal ame of

180 hours, there was no significant vananon in the sale rejection over nme, when compared




to the results of the standard salt test, which would be mdicauve of membrane damage
having occurred for cither a needle or platelet type morphology.

The following conclusions can be drawn with regards to the expenmentanon using the novel
Directed Slurry Spraying Technique (DSST) that was developed dunng the course of the project:

® It is clear that, for both morphologices, the extent of damage due to scouring 1s significantly
less at a spraying angle of 45", which would be more representauve of the angle of impact of
the crystals with the surface in normal operational mode.

¢ When companng the membrane surfaces that were sprayed with the two different
morphologies, the damage caused by the needle type morphology was significantly more
pronounced than that of the platclet type morphology. This compliments the results
obtained using the SMTR by demonstranng that the crystal morphology does have the
potential to play a significant role in membrane damage. Conclusive evidence was gencrated
that the needle type morphology has a significant impact on membrane damage compared 10
the platelet type morphology under these testing conditions.

® The implicanons of this work are that, if the platelet morphology of the crystals in the
SPARRO process 1s mamtamed, membrane damage 15 expected to be reduced.

Based on the DSST expenmental work that has been carnied out, it is apparent that, although
there 1s evidence that gypsum crystal morphology of a needle type does have the potennal to
nfluence membrane damage through scouring, under typical SPARRO operanng conditions,
simulated by the SMTR-muni plant, the evidence that the diffesent morphologies acrually damage
the membranes 1s inconclusive. This therefore shifts the focus onto membrane fouling as the
predominant membrane damaging mechanism and as the reason for the failure in the SPARRO
process.

Aim 4: To define the critical operating parameters for the SPARRO system.

This aim depended on the crystallisaton and membrane aspects of the work being integrated and
was addressed in the latter stages of the project.

Aqueous chemistry modelling was carned out using predicuve thermodynamic software in order
to ascertain how the complex aqueous chemistry of the real waters under consideration would
affect the findings of this rescarch which, of necessary, 15 based on synthetic waters. It was found
that:

e For the selected mine waters, a water recovery of approximately 6076 1s achsevable before the
supersaturation increases to the scaling level. The Grootvlel phase 1 and phase 2 waters are
both supersaturated with respect to AI(OH), which 1s responsible for the fouling mennoned
in Juby's (Juby, 1994) report. The Grootvlel phase 2 water is also supersaturated with respect
to CadO.2H 0,

The implicatons of the two modelling exercises for the complex mine waters under
consideration are contradictory:

e On the basis of water composition, the scaling potennal of the complex mine waters 1s
increased compared to the pure solution;

e  On the basis of 1onic strength, the scaling potennal of the complex mine warters is decreased

compared to the pure solution;




More detaled modelling and expenimental studies would need to be camed our in order o
establish the net result of these two counteractive effects.

Based on the findings of the membranc aspects of the rescarch, 1t 1s clear that membrane fouling
as a result of the feed being supersaturated with respect to Al{OH), was the predommnant cause
for membrane falure i the SPARRO process. However, whilst the evidence s imnconclusive wath
regards to crystal morphology categoncally causing membrane damage, there 1s evidence of
morphology having an influence on membrane performance. Consequendy, from the SPARRO
Membrane Test Rig (SMTR) muni-plant studies and the Directed Slurry Spraying Technique
TISST), 1t 1s clear thar, besides aqueous chemustry, control of crystal morphology is essenual i
order to mumimise membrane damage in the SPARRO process. In this process there are three
paramcters that can be used ro control morphology

Supersaruranon to control nucleanon
Supersaturation to control growth
Seed volume to conrrol mulplu nlou_\

® If heterogeneous nucleation in the membrane is to be avorded, the supersaturaton must be
controlled. This can be manipulared by adjusung the water recovery.

e [If sufficient seeds are provided, the nlur‘phnlng} of the gypsum crystals can be controlied o
the platclet shape, even in regions where the needle morphology 18 dominaat. Thus, the
membrane damaging needle-ike morphology can be avonded

Model design charts that relate seed volume and supersaturaton or sulphate: calaum rano to

gvpsum morphology in pure solunons have been developed
RECOMMENDATIONS

The major recommendation arising from this work is related to the level of understanding of the
chemustry of the mine waters beng rrcared using the SPARRO process. It s recommended thar

full analvses should always be carned out on waters of 1nterest

It 1s also recommended that furure work focus on the aqueous chemustry of real mine waters,

and the implicatons of that agqueous chemistry for interacnons 1n the aqueous phase as well as

for scaling species
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Figure 1: Gypsum crystals of needle (left) and plate (right) type morphology
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established that there is an insignificant difference berween the hardness values of the two
morphologies. Gypsum is used as a reference in the Mohs Hardness Scale and has a value of
2 on a scale of 0 (chalk) to 10 (diamond).

The intention was to test specific gypsum crystal morphologies and different system
operating conditions in the membrane process in order to relate membrane life expectancy
to specific crystal charactenstics. Once established, it was intended thar this informanon be
used to modify the SPARRO process operating conditions: in terms of membrane selection,
sceding and control of the desupersaturation reactor to improve membrane performance
and life expectancy.

It was imtally proposed to revisit the problem using thin-film composite membrancs,
possible membrane pre-coating as a membrane protection mechanism and to investigate the
cffect of temperature adjustment on membrane performance and seeded crystal behaviour.
However, given that the only locally manufactured membranes are cellulose acetate (CA) and
thus 1t was decided 1o restrict the membrane invesnganon to these. Temperarure adjustment
was not considered 1o be feasible for the large volumes involved and this parameter was thus
not invesngated.

2. OBJECTIVES

a) To expand both the fundamental and practical understanding of the operanon of the
Slurry Precipitanon and Recycle Reverse Osmosis (SPARRO) system;

b) To develop design specifications relating to the crystallisation parameters of the
system and the control of the desupersaturation reactor based on the criucal
operating parameters for the SPARRO system;

¢) To develop design specificauons relatung to membrane selection and treatment in the

SPARRO system,

To define the cntical operating parameters for the SPARRO system.

’

3. BACKGROUND

3.1. South African mine waters & scaling
Most South Afncan gold mune service waters have high calaum and sulphate concentranons,
the source of sulphate 1ons beng oxidanon of pynte ores present in gold beanngs. The
presence of caloum is as a result of addinon of lime to mine waters for ncutralisaton
purposcs. (Juby et al, 1985) Typical compositions and quality of mine waters are given in
Table 1.




Table 1: Quality of mine service water from two different South African mines (Juby,
1994)
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recycle slurry stream contains approx 41g/1. of gypsum crystals in suspension whilst the
mixed stream (stream 3) contains approx 18g/1. of gvpsum crystals in suspension

Stream 3 is passed through the tapered membrane modules at a gauge pressure of 4000kPa
and a total dissolved solids (TDS) concentragon of 7500 mg /1.

The SPARRO process 1s based on Sceded Reverse Osmosis (SRO), which involves
circulanng the slurry of sced crystals within the reverse osmosis (RO) system. As the
solubility product is exceeded because of the concentranon effect, preapitaton of the
CaSO, is initated. Instead of the CaSO, forming scale on the membrane, the sced crystals
provide preferennal growth sites for the CaSO, to grow, thus minimising the problems
associated with membrane scaling. The membrane scparates stream 3 into a purified effluent
stream (permeate product) and a stream (reject) more concentrated in solute, the crystals that
are too larpe to pass through the membrane pores.

The membrane reject (stream 4) 15 delivered at a pressure of 2500 kPa and has a TDS of
approx 15 000 mg/1. and 36.5g/1. gypsum crystals in suspension. Concentration effects
within the membranes are the cause of increase in the TDS. The pressure of the stream 4 is
reduced to 510 kPa by passing 1t through a pressure reducing onfice plate. The stream is
then split into a controlled volume (stream 5), which is sent to the hydrocyclone, and the
remainder (stream 6) is sent to the reactor

A controlled volume (stream 8) of the overflow of the hydrocyclone is retumed directly to
the reactor. The remainder, waste bnne (stream 7), 1s disposed of. Seed blowdown (stream
9) 15 removed from the underflow while the bulk of the underflow of the hydrocyclone 1s
sent to the reactor. Stream Y mamtans the required suspended solids concentranon in the
system.

In the reactor, mechanical sumng ensures complete mixing dunng the ime required for
desupersaturation of the supersaturated solutions, which retum to the reactor from the
membrane module. The product (stream 10) is the permeate from the membrane module
and has a TDS of approx 900 mg/L.

*  SPARRO Process Operating Conditions
Operaung pressure: A000KPa
Lincar veloaty through membrane: 1.25ms
41g/L. gypsum in slurry recvele stream
18g/L. solids in stream entenng membrane module
7500mg /L TDS in stream entering membrane module
200mg/L TDS in permeate from membrane modules

3.3. The desupersaturation reactor
The desupersaturanon reactor acts as a storage buffer for the seed crystals that are required
in the feed stream to the membranes. It provides suffiaent residence time to allow the
supersaturated brne solunon that exits the membrane stack to retum to equilibnum
conditions. This is achicved by allowing the excess CaSO, to precipitate on the seed crystals
present in the slurry. A mechanical stirrer cnsurcs complete mixing during the tme required
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4. THEORY AND LITERATURE REVIEW

4.1. Calcium Sulphate
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Table 3: Physical propertics of forms of calcium sulphate (Kirk Othmer,1995)
*r Property Dihydrate, Hemihydrate, Anhydrite,

. CaSO,.2H. 0 CaSO0.5H,0 CaSO0,
Molecular weight 172.17 145.15 136.14
Transinon point, 0C 128 1 163° | ]

Melangpoint 0C_— [ 1450° T 1450° 1450° ]
Speafic Gravity | 2.32 1296

| Solubility at 25°C, g/100g | 0.0151*

2o R . R———— | I Ses—
a Hemihydrate form
b Anhydrous matenal is formed
¢ Compound decomposes
* Chnstoffersen ¢/ a/ (1982)

Chastoffersen of a/ (1982) expenmentally determined the solubility of gypsum. Some growth
expenments were conducted in a dosed system and contnued untl a constant concentratuon
of calaum was measured by an EDTA utravon method. The solubility it obtaned for
gypsum was C =0.0151 £ 0.0001 M. This is in agreement with the solubility value of gypsum
of 0.015M obtained expenmentally by Lash o o/ (1984)

4.2. Gypsum Crystal Synthesis

Lash & Bums (1984) produced both needle and platelet gypsum (CaSO,2H.0) crystals at
room temperature by varying the iminal reagent concentratons. The needle morphology was
produced from solutions whose mninal concentranion was greater than 0.4M in CaSO, whilst
the platcdder morphology was produced from solunons whose minal CaSQO, concentranon
wis less than 0.25M. Converscly, Chnstoffersen of o/ (1982) found thar low concentrations
(0.3M CaSO,) favoured the needle-like morphology, whereas high reagent concentranons
(0.725M CaSO,) produced smoother surfaces. Liu & Nancollas (1969) added seed crystals 1o
stable supersaturated solutions and formed needle-like monoclinic crystals 80-120um long in
0.1M gypsum solutions and 30-50um long in 0.6M solutions

4.3. Precipitaton Theory

Supersaturanon is the thermodynamic dnving force for any preapitaung process and 1s the
key vamable in scinng the mechanisms and rates of the steps involved in preapitanon
Mullin, 2001). Supersaturation, S, of a solubon is given by the normalised difference
berween the concentration of the solution, C, and the solubility limit, C', as given in
equation (1) (Sohnel & Garside, 1992) although a number of different definitions exist in the
litcrature.

o (1)

C

Precipitanion involves a number of pnmary kinctic processes such as nuclcanon and crystal
growth and secondary processes such as ageing and agglomeration. (Sohnel & Garside, 1992)
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Figure 3: Individual steps involved in precipitation (Sohnel & Garside, 1992)

Physical aspects of precipitation

*  Effect of ionic concentration on precipitanon product

In any preapiation process, it is very unlikely that there wall be a uniform stoichiometric
distnbunon of the amons and canons. The level and rano of the 1on concentranon determune
the crystallisanon mechanism and thus the nature of the preapitanon products (Gosele &
Kind, 1991). This is as illustrated in Figure 4.

<
R
c 1: Undersaturated
E 3 6 2: Secondary nucleanon
S 5: Heterogeneous nucleabion
- 4 4: Homogeneous nucleanon
.3 1 5: Collowd formation
- 6 Gel formaton
)
Solubility -~
Curve Anson Concentration

Figure 4: Effect of ionic concentration on nucleaton (Gosele & Kind, 1991)

*  Partcle Size Distribution

Franke & Mersmann (1995) studied the continuous preapitation of gypsum using the
rcagents calaum nitrate and sodium sulphate. They found that the median crystal size 1s
predominantdy affected by praimary nucleation, which increases strongly with supersaruranon
and 1s a very rapid mechanism.

Chastoffersent of o/ (1982) and Liu & Nancollas (1970) prepared gypsum sced crystals using
sodium sulphate and calaum chlonde. Both studies showed that high concentrations result
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Liu & Nancollas (1970) studied the crystallisanon of gypsum by the additon of sced crystals
to stable supersaturated solutions at vanious temperatures between 15 and 45'C. The seed
crystals that were prepared by the dropwise addiion of CaCl, to Na SO, resulnng in a 0.1M
gypsum solution, were needle-hke monochnic crystals that were 80-120 um in size. Other
sced crystals prepared using (0.6M solunons were 30-50 um in length.

Seeded Precipitaton

Precipitation at low supersaturation levels is relatively slow and can be induced by seeding
the solution. Kinetic relations for the growth of sced crystals from solution are fairly well
established:

dac,
at

=kr(C,-C")’ 2

where:

k is a constant (1."/(mol 's))

r 1s the number of seed crystals

:’_(I\—(I': 1s the excess solute concentranon ‘mol /L),
n1s the order of growth,

The number of seed crystals affects the growth rate either through the:
e Total surface arca as in a surface- reaction phenomenon, or
o Surface-actuve sites as with screw dislocanons

Bremere ef af (1999) stated that desupersaturanon i1s a decrease from mfluent concentranon
to a lower effluent concentration and that this can be achieved m a desupersaturanon unit
using sced erystals. Once the supersaturated solution is introduced mnto the unit, spanngly
soluble salts automatcally precipitate on actuve centres of the erystal lartice and create new
active surface area. Supersaturation will dictate the rate of crystal growth and also the surface
arca and reactivity of the sceds. Obviously, changing the volume of sceds added will alter
the total surface area of seed crystals and thus the global growth rate. Reactivity of crystals
also depends on key growth sites on the surface, for example flat terraces and kink sites
formed from mcomplete regions on steps. Rough surfaces lead to faster growth rates. On
the other hand, adsorption of impunties, antiscalants and organic matter, even at low
concentranons, can inhibit ervstal prowth kinenes

Verdoes & Hanemaaijer (1996) found that, at low supersaturanion, sceded preaipitanon
resulted in large crystals. Sceds can be cither from the same matenal as the preapitate or
from a foreign matenal. When sceds are from the same precpitate matenal, then
precipitaton occurs mainly by growth of the sced crystals, one disadvantage being that
preapitavon happens only on the acuve growth sites of the sceds and thus the acuve surface
arca avalable for preapitanon is relanvely small. When foregn seeds are used, preapitason
s domunated by heterogencous nucleanon. The encrgy bammer for this process at low to
mtermediate supersaturation is lower than for homogencous nucleanon, which becomes
dominant at higher supersaturation. Foreign seed precipitation has an advantage of the
ability to control the active surface arca available for preapitation by means of the partcle
size and the surface roughness of the seeds. In their rescarch, Verdoes & Hanmaatjer (1996)
studied the effect of seed size on crystalisavon kinetics for the preapitanon of calaum
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increased agitanion increases local mixing with the available bulk soluton. Increased
propeller agitation provides more bulk solution to the feed point region, which can be mixed
with the feed.

Wong ¢ a/ (2001) found that the impact of agiaton speed on the precpitation had a
generally small impact on the mean crystal size distnbution of the barium sulphate size
distribution. Only when badum chlonide solution was fed at total molar ratios dose to
stoichiometnic, the crystals became larger and ther mean size was reduced by increased
mixing intensiry.

*  Reactor design

To achieve good solid-hquid suspension in a reactor, and hence provide cfficient
precipitation process, a reactor has to be carcfully designed. Physical aspects of the reactor
can enhance solid-liquid suspension, including impeller type and tank geometry.

Impeller Type

Oldshue (1983) stared that for most effective solid suspension, axial-flow impellers are best
to use amongst the impeller types. Less impeller speed 1s required to drag the parocles off-
bortom of the reactor for suspension when axial impellers are used. Axial impellers induce
axial flow, which induce high fluid flow rate with lower shear rate. The fluid flows in cither a
top-to bottom pattern for down-pumping impellers or bortom-to-top pattem for up
pumping impellers. He also stated that muluple impellers should be used when liqud heght
is larger than the tank diameter, to maintain a full top-to-bottom flow pattem, thus utilising
the full depth of iqud. Hamby o &/ (1992) stated that axial flow impellers require the least
power input compared to the other mmpcller types. For a maximum flow to shear rano,
Oldshue (1983) stated that the impeller diameter should be one third of the tank diamerer.
The clearance from the bottomn to the impeller should also be a third of the hiquid height.

Tank geometry

Turbulence i1s important to achicve good mixing, Vanous geometnc improvements of the

internals of the vessel help to break up arculatory flow to produce turbulence and reduce

the formanon of vortex. The following are the parameters studied:

e Baffles. These interrupt the flow arculaton and create turbulence in the fluid
Convennonal design states baffle widths at 1/10-1/12 of the tank diameter are usually
enough to generate top-to-bottom mixing to reduce vortexing and switding (Doran,
1995). Nagara (1975) stated that the verncal arculatory flow in a baffled tank is four
umes as larpe as that in an unbaffled ank.

® Draft tubes. These improve axial flow movement from the impeller. Because of the
mcreased volume of re-arculaung down-pumping flud, the mpeller is subjeer 10
mncrease of veloary heads (Uhl and Gray, 1966). Oldshuc (1983) states that draft rubes
ensure top-to-bortom flow for all ranks wath height of liquid larger than rank diameter,
and also decrease the tendency of solid deposition by sweeping the solids away from the
draft tube. Hamby ct al (1992) found that care should be taken with the position and size
of the draft tube. Ideally, the flow area in the core, in the annulus, between the bottom
of the tube and the base and between the top and the iquid surface should all be equal.

e Bottom geometry. For flat-bottomed vessels, with down pumping impcllers, it has been
scen thar solids form dead zones in the comers of the vessel. To ciminare filler
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Reynolds number is less than or greater than 10° the flow is considered to be laminar and
turbulent respectively.

rd

The second group in equanon(5), _, , 1s the Froude number, N, and represents the
2

rano of incrnal to gravitational forces. This term can be unimportant in flow problems, but
in the case of unbaffled tanks where vortexing occurs, the shape of the vortex represents a
balancing of gravitanonal and inernal forces.

P
The third group in equation(5), —V’LD’ , is the Power number, N, and represents the rauo
P

of pressure differences producing flow to inerual forces. (Uhl & Gray, 1966)

*  Mixing time scale analysis

The complex process of turbulent mixing can be broken down into simpler mixing steps,
macro mixing, meso mixing and micro mixing. Macro mixing the process of mixing thar
takes place on the scale of the whole vessel. Macro mixing defines residence ome
distnbunons and determines the environment concentrations for meso mixing and macro
mixing. It also conveys fluids that are undergoing meso mixing and micro mixing through
environments where turbulence properties (such as the rate of energy dissipation, €, and the
scale of turbulence, A) vary. Meso muxing represents the coarse-scale turbulent exchange
between the fresh feed and its surroundings. This can be explained by the concept of a fast
reaction whereby the reaction is localised near the feed point, forming a plume of fresh feed.
This plume 15 coarse-scale relative to the micro mixing scales and 1s of fine-scale as
compared to the scale of the system. Micro mixing happens on the molecular scale and can
thus directly affect chemical reactnon, nucleation and crystal growth, which are essennally
molecular-level processes (Baldyga & Boume, 1999). It has been expenmentally found that,
for a well-baffled tank and fully developed rurbulence, the macro muxing nme, 1, 1s between

3 and five umes the arculation ume, T,

r, =4r, (6)
For a vessel using an impcller with four pitched blades the mixing rate determining

arculanon time, T, which is the macro mixing ume, can be expressed as follows (Roclands of
al, 2003):

4
T, = — @
9.
Where:
V = vessel contents (m”),
q, = pumping capacity of the impeller (m'/s).
The pumping capacity of the impeller is given by (Roelands of &/, 2003)
ge =1.5ND3 ®
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4.4. Membrane Technology Review




this stream mto a punfied cffluent stream (permeate) and a stream  (retentate) more
concentrated i solute, the jons of which are oo large 10 pass through the membrane pores

+ Retentare

Feed ——)
——— Permcarte

Figure 5: General Membrane Process

Industnal membrane processes may be classified according to the driving force used in the
process and the size range of matenials 1o be separated. Both ultrafiltration (UF) and Reverse
Osmosis (RO) membranes use pressure gradient as the dnving force. The typical operaung
pressure and size range of matenals separated for vanious membrane processes are shown 1n

Table 4:
Table 4: Typical operating pressure and size range of maternials separated for UF and
RO systems
Membrane process Pressure range | Size range of particles removed
[Bas] () |
| Reverse Osmosis (RO) 3469 [ 0.0001 — 0.001 i
Nanofiltravon  (NF) 2.0-40 0.0005 - 0.005
Ultra filtration (UF) 0.7-6.9 0.005 — 0.05
Microfiltration (MF) 0.3-1.7 0.1-10

Membranes used for the pressure driven processes, microfiltration, ultrafiltradon and reverse
osmosis are most commonly made of polymenc matenals such as polyamide, polysulfone
and polycarbonate. Ultrafiltravon and reverse osmosis membranes are charactensed by an
asymmetnc structure with 2 1-2 um thick top layver of finest pore size supported by a
100 pm thick, more openly porous marnx.

4.5. Reverse Osmosis

Reverse osmosis (as illustrated in Figure 6) processes operate at clevated pressures.
Thermodynamucally, for solunons on cither side of a membrane to be in osmone
cquilibrium, their chemical potennals must be equal. Pure water has a higher chemical
potential than a solution, indicating that a system consisting of pure water on one side of a
membrane and a solution on the other will result in the transport of the pure water through
the membrane into the solution 1.e. in the direction of lower chemical potental. Increasing
the pressure on the soluton side would increase its chemical potential and restore the
osmotic potential whilst at higher pressures: it would force the water to flow through the
membrance. This process is called reverse osmosis. (Seader and Henley, 1998)
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Figure 6: Pnnciples of Reverse Osmosis
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Figure 7: Concentrauon polansanon at a membrane surface (Coulson & Richardson,
1997)
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Recovery - the rauo of permeate rate to feed rate.

amfy,f?’;"&g”ﬂ“f=g: (13)

5. SCOPING STUDIES

Prelimunary rescarch work focussing on producng gypsum crystals of predictable size and
morphology mnvestgated the effect of changing sdected processing condinons on parude
size distnibunion and crystal morphology.

It was possible to consistently produce both “platclets™ and “needles™ in an expenimental
situation where all parameters except the initial reagent concentration were kept constant
The effect of changing sclected processing conditions (reagent concentration, reagent feed
rate and stirrer speed) on partdle size distnbution and morphology was also examined. For
the parucle size distnbution, a 2' factonal half replicate senies of nine experiments was
carmed out and a first order model fited to the results. It was found that reagent
concentratnon had the greatest effect on the parucle size distnbution of the crystals obtaned.
A further nine expenments were carmed out to examune the effect of the same processing
paramcters on morphology. Visual observanons showed that reagent concentranon also had
the most sigmficant effect on crystal morphology, with high reagent concentranons
(equivalent to 14700mg /1. gypsum) forming platelets and low concentrations (equivalent to
5880mg/L gypsum) forming ncedles.

The concentration of caladum (400mg/L) and sulphate (1850mg/L) in the raw mine water
previously tested on the SPARRO process (Juby of o/ 1994) suggests that gypsum crystals of
needle type morphology will predominate. For the purposes of this investigaton, it is
necessary to be able 1o control both the crystal morphology and thus size, in order to be able
10 1solate the effects of these parameters on the process.

After the scoping studies, the investigation was divided into two parallel and interacnve

rescarch thrusts:

®  Design, bullding and commissioning of the SPARRO Membrane Test Rig (SMTR) mum
plant and the Direct Slurry Spraying Technique (IDSST) - this aspect of the rescarch
focussed on aspects of operation and control for the SPARRO process.

e Control of the desupersaturanon reactor - this phase of the research focussed on the
crystallisation aspects of the process.
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6. DESIGN, BUILDING AND COMMISSIONING OF A REVERSE OSMOSIS
MEMBRANE TEST SYSTEM

The SPARRO Membrane Test Rig (SMTR minuplant, shown in Figure 8 and Figure
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Figure 9: SPARRO Membrane Test Rig (SMTR) photograph




The aims of the SMTR were to invesugate the effect that the different gypsum crystal
charactensucs, under condivons of turbulent flow within the membrane, have on membrane
damage from a crystallisanon perspective and the impact of slurry veloaty on membrane

damage from an opcrational perspectve.

The system’s performance was continually monitored by measuring the pressure and
temperature normalised salt rejection based on the difference berween the feed and permeate
conducuvites and permeate flux over ume. Once a significant decrease in the membrane
performance was detected, based on the permeate flux or conductivity based salt rejection,
the membrane was removed and the surface analysed for damage using membrane staining
techniques and differential interference contrast (DIC) reflected hight microscopy or
scanning electron microscopy (SEM).

A set of statsucally designed experiments based on a response surface methodology (RSM),
1o ascertain the response of the system (system performance) as a result of changing
partucular system operating parameters was initated. The experimental program involved
varying the feed crystal morphology, slurry velocity and pH at the three levels shown in
Table 5 below:

Table 5: Levels of factors varied in the staustcal design

Factor [ Level 1 | Level2 | Level3
__ Crysalshape | Needles | Needle-plates |  Plates |
| Linear veloaty [m/s] 0.70 T 1.25 | 1.80

After operating the SMTR for over 700 hours under operating conditions most likely to
nflict membrane damage 1.¢. a feed slurry containing only crystals of needle morphology at
the highest incar veloaty of 1.80m/s, no significant decline in the membrane performance,
that would be considered to be a devianon from normmal performance levels, was detected
As a result, in line with suggestions proposed at the inaugural steering committee meeting,
the following strategies were adopred in an artempt to accelerate the process.

6.1. Increased lincar velocity and gypsum crystal concentration through
membrane

In order to accelerate the cffect of membrane damage and to obtain meaningful data within
the ume frame of this project, the lincar veloaty within the membrane was increased to a
maximum of 2.44 m/s. This value was constrained by the pumping capabilines of the SMTR
mini-plant. In addinon, feed slurmes contaming higher seed crystal concentranons compared
to those used in the 700 hour run were invesngated in both contunuous (24 hours/day) and
intermittent (B hours /day) operaung mode

Intermittent operation
Operating the SMTR m mntermuttent mode provided valuable informanon on the system
performance subsequent to regular shur downs by allowing the membrane to remain n

contact with sceded slurry duning the shut down. Both scts of interminent expenments (the
first which involved a feed slurry containing gypsum crystals with a needle type morphology
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Figure 10: Effect of needle type morphology on salt rejection and membrane flux
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From the results above, it is clear that the needle type morphology has a greater detrimental
effect on both salt rejection and membrane flux, with the system taking up to 8 hours to
retumn to the normal performance levels subsequent to a shut down. Furthermore, the
corresponding decrease in salt rejection as a result of a higher permeate flux is consistent
with membrane theory. On the other hand, the platelet rtype morphology exhubited a lower
detrimental effect on the performance of the system, with the system reaching normal
performance levels within the first 2 hours of restarting the system in addiion to
maintaining relauvely consistent salt rejection and permeate flux.

The negative effect of the needle type morphology is further evident in Figure 12 below,
which shows the average salt rejection values obtained for the two types of morphologies for
cach 8 hour period for the duranon of the expenment.
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Figure 12: Effect of platelet and needle type morphology on average salt rejection

In conclusion, with regards 1o membrane damage and system performance when operanng
n intermittent mode, this mode of operanon has provided some data on the effect of plant
shurdowns on recovery ume as well as conductivity based salt repeenon and permeates flux.
Although the process may not be shut down during normal operanon with the same
frequency as in this expeniment, it is clear that the recovery time for the process to reach
optimal operating specification in terms of salt rejection and permeate flux are significantly
greater in the presence of needle type morphology as compared to platelet type. However,
no significant conclusions can be drawn from these findings with regards to any of the two
morphologies having a sigmficant influence on membrane damage.

Continuous operation

Three sets of continuous expenments were performed: two with feed slurnies containing
gypsum crystals of needle type morphology and the third with platelet morphology. All
expenments were operated at 4000kPa, a incar veloary through the membrane of 2.44m/s,
a feed temperature of 22°C and a sced concentration of 2.14g/L. The effect of gypsum
morphology on salt rejecnon and membrane flux for connnuous operation are shown below
for needle rype morphology (Figure 13 and Figure 14) and platelet morphology (Figure 15).
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Comparning the results shown in the graphs above, it is evident that the needle momphology
shows a greater degree of vanability in salt rejection and membrance flux than the platclers,
which gave a salt rejection consistently at or around 96%5, except for a bricf period after the
twenty first and ecighticth hour of operation, when the SMTR mini-plant had to be
temporarily shut down for mamntenance.

Though the conunuous mode of operation does give some indication that the needle type
morphology 15 more detnmental to membrane performance in terms of operavonal
vanability, the evidence 1s not conclusive.

Continuous operation with high seed concentrations

This final phase of the work was aimed at investigating the cffect of an cven higher sced
concentranon (14g/1), similar to the concentrations found further down the SPARRO
modules during normal operanon with the continuous removal of water along the length of
the module.

Ininally, a standard salt test was performed so as 1o obtamn a rypical performance reference
curve for the cellulose acetate membrancs, which provided a base line against which any
varatons as a result of the different morphologies could be measured for this phase of the
work as well as the previous expenmental work described above. The standard salt test
expenment was carried out with NaCl, at an operating pressure of 4000kPa, a lincar velocity
through the membrane of 2.44m/s, a feed temperature of 22°C and a feed conducuvity of
14mS/am. The results of this test are shown in Figure 16 below:

Page 24




100

A et »w T

’ a5
™ @Al rajaction T 2 permeats MNux =
T -
z W e

0 " O v, c0 15

y= ! b
0 g
0 20 40 60 & 100 120 140 160
time |

Figure 16: Standard salt test = effect of NaCl solutnon on salt rejection and membrane

flux for a cellulose acetate RO membranc




Salt Rejection [%)

85

70 |

25

© Skt Rejection © permwate M 20

15

- . - : - 10
100 150 200

time [h)

Flux [1/m2h)

Figure 17: Effect of needle type morphology, high seeds concentration on salt

100

95

= %0
-
Q

i 85
&

- 80
A

7S

70

20

40

rejection and flux,

- * *
@ salt rejection X O permeate flux
“
o
60 80 100 120 140 160
time [h)

30

15

20

15

10

Flux [L/m*2.h)

Figure 18: Effect of platelet type morphology, high sceds concentration on salt

Companng the salt rejection pxnﬂics in Figures 17 and 18 with the standard salt solution

profile in Figure 16, 1t can be scen that there 1s no noticeable significant vanaton in the salt

rejection and flux.
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6.2. Directed slurry spraving technique (DSST)

Figure 19: Schemauc diagram of directed slurry spraving apparatus




The feed shurry is dosed with a small quanuty of Congo Red indicator, which serves to stain
the membrance surface at any pomnt where damage occurs, providing a simple method for
determining when the membrane should be removed for damage analysis.

Feed slurnies of cither a needle or platclet type morphology were synthesised in accordance
with conditions specified by Lewis o @/ (2002). In each case, 18 litres of feed slurry were
prepared in batch mode by contnuously adding equimolar quanones of CaCl,and Na SO, 10
a stirred tank maintained at 2 temperature of 25°C. A 0.04M solunon of CaSO, produced a
feed slurry contaiming crystals of needle type morphology, while a 0.5M solugon of CaSO,
produced the plateler type morphology. In cach case, the residence ume in the reactor was
16 hours

The concentration of crystals in the slurry feed was 6.2g/L. In the case of the feed
containing needle morphology, due 1o the significantly lower CaS0, concentration, the
required mass of crystals was accumulated by prepanng a number of batches and combining
them in a 0.04M mother liquor soluton.

After exposure to the slurry spraying for the required ome, the membranes were removed
and immediatcly soaked in deionised water to minimisc any possibility of membrane
hydrolysis through dechydration. Before observing the membranes under a scanning electron
microscope (Leica S440), 1em” of the cxposed membrane surface, encompassing the
epicentre of the region of contact berween the slurry stream and the membrane was cut,
plzccd on the stub and lmmcdn!cly submctgtd mnto bquad nirogen o preserve the
membrane surface charactenisucs and avoid membrane hydrolysis.,

The expenments were camed out at spraying angles of 90" and 45°. Twelve sets of
expenments were carned out as outhined in Table 6 below:

Table 6: Experimental operating conditions

Expeniment Crystal Linear Spraying Nozzle to Mass of  Duration of
no morphology velocity angle membrane  Congo Red  experiment
through distance indicator
nozzle
1 Control - 4.5ms’ on- 4cm 0.22g 70 hours
water only
2 Control - 4.5ms’ on- 4cm 0.22p 70 hours
water only
3 platclets 45ms’ 20" 4cm 0.22p 70 hours
1 platelets 45ms’ 920" 4cm 0.22¢ 70 houss
5 needles 4.5ms’ 920" 4cm 0.22¢ 70 hours
6 needles 4.5ms’ 920" 4cm 0.22g 70 hours
7 Control - 4.5ms’ 45° 4cm 0.22g 70 hours
water only
R Control - 45ms’ 45" 4cm 0.22¢ 70 hours
water only




0 nlatelers 45ms’ 15 em 0.22¢ T0 hours
10 p'. atelets 4 5ms’ 15 fem 0.22¢ O hours
11 needles 45ms’ 15 fcm 0220 "0 hours
12 ncedles  45ms 45 2 dem 022  70hours

a) Effect of deiomised water and Congo Red on membrane damage: conuol
experiment

1

nts was carged out as a control, Figure 20 shows an SEM of a new,

sef Of eXpeame

unused membrane s

irtace and Figure 21 shows the results of the control expenment

Figure 21: Control experiment: Membrane surface spraved at 907 (left) and 457 (nght)
with only deionised water and Congo Red

{Scale bar=10um)




b) Effect of platelet type morphology on membrane damage

Figure 22 and Figure 23 show SEMs of the most damaged region within the 1om® epicentre
of contact berween the slurry spray and the membrane surface from experiments 3, 4, 9 and
10 indicating the impact of the platelet type morphology on membrane damage at spraying
angles of 90" and 45" respecuvely

Figure 22: Most damaged membrane surface as result of being sprayed at W with
feed slurry containing platelet type gypsum morphology

(Scale bar=10um)

Figure 23: Most damaged membrane surface as result of being sprayed at 45" with a
feed slurry containing platelet type gypsum morphology

(Scale bar=10am)

The results of spraying the membranc surface with a feed slurry containing the platelet type
morphology crystals at a spraying angle of %0
spray, the membranes do «

'

, shows that after 70 hours of cXposure to the

10t show signs of major damage. In addinon, it 1s clear that there 1s
significantly less damage at a spraying angle of 45
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¢) Effcct of needle type morphology on membrane damage
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Figure 24: Most damaged membrane surface of the most damaged region within the
lem’ epicentre of contact between the shurry spray and the membrane surface as
result of being spraved at % with a feed slurry containing needle type gypsum

morphology

(Scale bar=10um)

ire 25: Most damaged membrane surfaces as result of being spraved ar 45" with a
feed slurry contaiming needle tvpe gvpsum morphology

(Scale bar=10um)
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Based on the results shown above, it is clear that for both morphologies the extent of
damage due to scouring is significantly less at a spraying angle of 45”. This angle would be
more representative of the angle of mmpact of the crystals with the surface in nomal
operation. Figure 24 and Figure 25 show that, the damage caused by the ncedle type
morphology is significant compared to the platelet type morphology.

The results presented above show that this novel accelerated approach o invesugaung the
effect of gypsum crystal morphology on membrane damage in the SPARRO process
provides uscful qualitauve information. The major conclusion is that crystal morphology has
the potential to play a significant role in membrane damage, with the needle type
morphology having a significant impact on membrane damage compared to the platelet type

morphology.

The implications of this work are that, if the platclet morphology of the crystals in the
SPARRO process 1s maintained, membrane damage is expected to be reduced.

6.3. Testng of membranes from Sasol Secunda’s RO plant

In an artempt to investigate the effect of gypsum scaling on a full scale reverse osmosis
plant, a batch of used membranes from Sasol’s Sccunda RO plant were obtained with the
assistance of Weir Techna. A module from the back end of the process was tested. This is
where the greatest extent of damage to the membrane surface would be expected due to the
concentration of the suspended solids being the highest at this point. Scanning electron
microscopy failed to reveal any signs of membrane surface deterioration due to scouring on
all the membranes tested

6.4. Pump performance related issues

According 1o Juby (1994), the high pressure mulostage centnfugal pumps used in Phase T of
the previous work failed after 600 hours as a result of extreme weanng down of the plastic
impellers. These pumps were unsuitable for pumping slurnes and consequently replaced in
Phase 11 by triplex plunger pumps which performed satisfactorily cxcept for poor sealing
between the plunger and the packing with ome

After consultanon with Weir Techna (Membratek) (Paard), it was established that the taplex
plunger pumps ¢.g. Hydracell Model D10, which was used for this rescarch, funcnon
opumally with sced concentrations up to 6g/litre and exhibit poor sealing charactensucs at
higher concentrations such the 18g/1. used in the previous SPARRO work. Altemanves to
the Hydracell D10 pump are currently under investiganon,

6.5. Conclusions on the experimental results to determine the effect of gypsum
crystal morphology on membrane damage

Based on the expenmental work that has been camed out, it 1s apparent that although there
1s evidence that gypsum crystal morphology does have an influence on the performance
charactenstcs of cellulose acetate membrancs, there is no conclusive evidence that the
different morphologies actually damage the membranes.
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7. CONTROL OF THE DESUPERSATURATION REACTOR IN THE SPARRO
PROCESS

7.1. Reactor design

The 5 L. lab-scale desupersaturation reactor was designed based on the literature review with
the am of achieving good solid-liquid suspension. Table 7 gives the specificatons of the
tank and impeller. Figure 26 shows the schemanc of the tank and Figure 27 shows the details
of the impeller. The tank diameter could not be set to the haght of the liqud, due to
avallability of Perspex only in standard diameters. The highest possible rato of liquid height
to tank diameter of 0.773 was used

Table 7: Tank geometry and impeller specifications

' Number of baffles | 4, 90° to each other

' Tank diameter, T [m] [ o2}
Baffle width [ oear
Draft tube diameter - oesr
Draft tbe height | ) 0.57 |
Tank bottom geometry ? Rounded bottom
Height of liquid | 0773 1
Matenal of construction | Perspex |
Impeller type ' Axial, 4-pitched-blades
Pitch | 45°
Impeller diameter, D | 0337
Blade width | 02D
Impeller clearance ' 033 H

- Maternial of construction T Stinless sted |
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Figure 27: 4-pitched-blade impeller used in the expenments

7.2. Expernnmental design




Thus two half replicates of 2' factonal design expenments were carned out for needle and
plate-like crystals. The continuous factors were vaned at levels given in Table 8

Table 8: Levels of factors varied in experiments

Factor\Level | -2 1 | 0 1 | +2
$Q, Seed quandty [% by volume] N/A 1 4 7 10
pH 1 |4 7 10 N/A |
"N, Impeller speed [rpm] N/A | 300 500 | 700 900 |
' SCR, Sulphate to calcium molar rago | N/A 1 1 7 10 |

! i

Some levels were not feasible due to negative values (e.g. -2 %6 by volume of seed crystals is
impossible for =2 level) or because of physical constramnts (e.g. impeller speed could not be
sct at 100 rpm for level =2, the minimum speed of the motor being 300 rpm). In these cases
the +1 or -1 levels were used.

Table 9 lists the levels of the factors in the expenments camed out for the half-factonal 2°
designs cach for the needic and plate-like sced crystals.

Table 9: Half-replicate of 2* factorial design for needle and plate-like sced crystals
" Experiment for needle | Experiment forplate | SQ | pH | N | SCR |
Bl 1 1 1

Al | 1
A2 =it B2 -1 11 (-1 |1
A3 ' B3 | 0 0 0 0
A4 B4 1 1 E
[ A5 B5 0 0 0 o
A6 B6 4 11 11 L
A7 . B7 0 0 0 0
A8 B8 1 (111 11 |
I EINSEN USRNSSR I — T | —
A10 | B10 0 0 o 1o |
All | Bl1 1 1 1 X
A2 B12 1 1 1 1

To fit the second order model, axial point expenments were camed out. The levels ar which
the factors were vaned in the expenmental runs are given in Table 10.

Table 10: Axial point experimental runs for plate-like seed crystals

| Experiment number | pH | N | SCR |
| Cl1 -1 0 0 0|
| Cc2 | +2 0 0 0 .
o 0 | 2 0 0 l
| C4 I Y T 0 |
. cs | 0 | 0 1 o0 |
[ C6 0o | 0 +2 0
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When the readings from the conductvity meter stabilised, samples were withdrawn from the
sample port using a synnge. For all the expenments, the samples were taken from the same
position in the reactor. The particle size distnbution of the sample was measured using a
laser diffracnon techmique (Malvemn Mastersizer, model MAM 5002). Samples of crystals
were filtered through a Millipore 0.45um filter using a vacuum pump and left to dry for 96
hours for scanning clectron microscopy.

7.4. Seed preparation

Preparation of needle-like seed crystals

Needle-like seed crystals were prepared by pumping (Masterflex penstaluc pump, model
7521-47) 0.08 M sodm sulphate solunon at 9.5 ml/s mnto a 0.08 M calaum chlonde
solunon. Analyncal grade chemicals (Merck) and disnlled water were used 10 prepare these
reagents, which resulted in a weakly supersarurated solunon (0.04 M, supersaturation ratio of
2.27) of calaum and sulphate ions. Therefore, a long inducnon ome and large volumes of
reagents were required to produce a small amount of sced crystals. A 15 L tank was used as
the reactng vessel and a 4-pitched blade impeller, identical to that used in the
desupersaturation reactor, was used to agitate the reagents at 500 rpm. Each batch of the 15
L preparation was left for 24 hours and yielded 200 ml of crystals (4% by volume in the 5L
desupersaturation reactor). These crystals were filtered for use in the batch desupersaturanon
expenments.

Preparation of plate-like sced crystals

Plare-like seed crystals were prepared by direct addinion of 0.4 M sodium sulphate solution to
0.4 M calaum chlonde solunon. These reagents resulted in a highly supersarurated solunon
02 M, supersaturation ratio of 10.86) of caladum and sulphate jons. Therefore, a shornt
induction ume and small volumes of reagents had to be used to produce a large amount of
sced crystals. A 250 ml beaker was used as the reacting vessel and a magnetic stirrer at 500
rpm was used for mixing the reactants. Each batch of the 250 ml preparation was agitated
for 1 munute and yielded 25 ml of crystals (0.5% by volume in the 51 desupersaturanon
reactor). These crystals were filtered and used in the desupersaturanon reactor. Dry samples
of the seed crystals were ground and analysed by powder X-Ray Diffracoon (Philips, model
PW1050).

7.5. Responses and methods of analysis

The three responses that were measured were the time to reach equilibrium, °o growth in the
crystal size, and the crystal morphology.

Tume to reach equilibrium

The conducnvity meter provided an accurate and online measurement of the conducnvity of
the solution. When the conducavity meter readings were fully stabilised, the system was
considered to have reached equilibrium. Reaction between the calcium and sulphate jons to
form solid gypsum caused a decrease in the conductivity of the solution duc to reduced ion
concentration. The system volume and performance are affected when there is constant
withdrawal of samples from the reactor whilst online measurements obwviate the need o
remove samples.

Page 38




Percentage crystal growth

'he mean parncle size of the inital seed crystals, denoted by D[4.3] ., and the me
size of crysrals withdrawn from the equilibaum solunon, denoted by D[4.3
Weee usea m culare the percentag rstal growth
(D[4,3]) (D[4,3]
% crystal growth — — e TR *(100)
- (D[4,3])
. | | J—

An average of three readings taken trom the Malvem Mastersizer tor h Ccryvstal
d for the mean par ¢. Crystal samples were placed inoar rason
model CPR23 for 3-5 mir 25 “C. at POWEr PROF T S12¢ MCASUremes
argocic aggion cragon 'ropanol wa sed as the me r | t act 1 r pood d
KiPrsure ‘ mac i muunim M T ;'f ; 10l :\ vn dispenser

Malvern Masrersizer wa cd
Percentage edges detection
| cr mormhology was expressed as d cdges d cd ove dignt
st ATy \ ! il ( A A lel S444)) was u
biintal images. Dr ' t e CS re 1 A
andd ated wath gole : alle Mg r 1 A e
y iral image v r ng M; )5 mage Proce g 1
Ugonthm goenerated g mag t th iy {ce ( r ' cr
ctecred. 1o record the crror in n irement, 10 pictur f ¢ wer
in d the lage an in crage taken .\ comprehensen ap
Ugontiun can be found o N
7.6. llvdrodynamic expenments
t s important ate muxing and rea et t deter !
¢ of | ersanse rcactor. | reactor ! ! i
‘ roar r r ed T wller h
P 3y I \ Ir 2 ¢ Cete r R T v
phate f ¢ r g a svnang 1 pHl meter readings were rab
- X ol . - i ‘

Table 12: Expenments for hvdrodvnamic studies

Experiment sumber
E1l
E2
T E3

__Impeller speed (rpm)

k4 7 7 7 :
ES 100

£y oy
'
| Y
1
v i
g
recl
U
[} { m
vers
Ca LNl
|




7.7. Aqueous chemistry modelling

OLI Systems Inc. (Stream Analyser 1.2) was used to mode the gypsum preapitating system

and investigate the cffect of varving pH and sulphate to calaum ranos on the solubility of

gypsum and for supersaruranon rano calculatons
7.8. Results and discussion

Seed marterial

The needle-ike morphology  (Figure 28) was gencrated under condinons of low
supersaturation (supersaturanion rato 2.27) and was charactenzed by a lengthy inducnon
ame, prnor to nuclcation. The average length of the crystals was in the region of 100 um
The plate-like sceds (Figure 29) resulted from condinons where the supersaturanon ratio was
higher, 10.86. This resulted in a sipnificantly reduced inducnon nme and a larger number of
~11:;11:rr + 25 um) crystals \ relaovely l.lr.:('f -,pccﬁc ~u!f'.|< ¢ arca charactenzed the _:1'..1(('

hike mi -.’1\:".‘ ke gy

Figure 29: SEM image of plate-like seeds. 1 000x magnification. Scale bar 10 um
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Figure 30: XRD traces companng the composition and punty of ncedle- and plate-
like sceds

Quanuficauon of gypsum morphology



Figure 31: Processed image for needle-like seed crystals

Figure 32: Processed image for plate-like seed crystals

A\ toral of 30 images of cach morphology were analysed.  The results (Figure 33) show that
there was no overlap between the t.l,'_('\ detected for needle-like and p:.ux ike crysrals,

confirmung that two distinct morphologes have been idennfied and appropnatcly quannfied
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Figure 33: Percentage edges detected for needle- and plate-like seed crystals
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Figure 35: Effect of sulphate to calcium ratio on the solubility of gypsum, modelled

using OLI Systems StreamAnalyser

* Effect of pH

Extremes of pH have an effect on the solubility of gypsum by affecting the speaation of the

sulphate and calaum 1ons. Figure 36 illustrates this
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Figure 36: The effect of pH on gypsum solubility, modelled using OLI Systems,

StreamAnalyser

Under aadic condinons, a significant pornon of the sulphate 1ons may occur as the HSO,
speaies.  As the concentranon of H™ ions increases, the sulphate speaes equilibnum s
s reduces the concentranon of SO, ions In

shifted toward the formagon of HSO,

solution, mncreasing the solubility of gypsum.
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Figure 39: Crystals from experiment Bl at 1 000x magnification. Scale bar 20 ym

Image analysis of Figure 38 viclded a low perecentage edges detected of 4.75 + 1.02, while

analysis of Figure 39 generated a higher percentage edpes detected of 1516 £ 2.06. Ths
g 3 t k ¥

quanutatve analysis also shows that the final crystal morphology remains simalar to that of

the seed crystals used in the process

Based on the companson of results presented above, the choice of an appropnate seed
rystal has implicanons for the kinenes of gypsum preapitanon and the final morphology of
the crystals. When Juby (1994) developed the SPARRO process, insufficient emphasis was
placed on the size and morphology of the sced crystals. An analysis of the sced particles
showed that on average the partides were of similar shape and dimensions, roughly 100 pm
in length and 20 pm wade. This descnption cleardy fits the features of needle-like crystals
With preapitaton occurnng in the desupersaturanon reactor, the needle-like morphaology
would have been mamnmmed. Also, the use of needle-hike seed crystals would have slowed
the gypsum precipitation due to their lower specific surface arca relanve to plate hike crystals
These aspects were not explicitly examined 1n previous work
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Figure 40: Determinauon of rate constants for expeniments D1-3




Table 13: Rate constants obtained from experiments D1-D3

Experiment | Sced quantity [volume %] Rate constant, P [cm(mS min) ']
D1 1 0,039
D2 4 10273
D3 17 - — 0704

The plots are lincar for n = 2, confirming that the growth is second order. This result
corresponds with those of Liu and Nancollas (1970, 1973, 1975), Brandse et al. (1977),
Chnstofferson et al. (1982) and Ceun et al. (2001).

The sced quantity was also shown 1o have an effect on the morphology at equilibrium.  As
the sced concentration increased, the avallable surface area for precapitation increased,
resulting in a smaller amount of precipitation on cach seed and a smaller potental for a
change in morphology. Table 14 shows the rclationship between the amount of gypsum
precipitated from solution and the quantity added as sceds.

Table 14: Comparison of mass of gypsum precipitated out of solution and mass of

seed crystals
1% by volume of 4% by volume of | 7% by volume of
sced crystals seed crystals seed crystals
Sulphate to | Mass of | Mass of gypsum  Mass of gypsum | Mass of gypsum
calcium gypsum precipitated/Mass | preapitated/Mass | precipitated/Mass
molar ratio | precipitated | of seed crystals of seed crystals of seed crystals
&l I % %]
1 7.90 30.76 7.83 4.66
2 1372|5342 13.61 | 8.10 ]
3 1539|5992 15.26 o
1 16.00 1 62.29 15.87 1 9.45
5 16.25 6325 16.11 1959
6 16.32 63.52 16.18 965
7 11630 6346 16.16 19.62 B
B 16.23 63.19 16.09 9.58
9 16.13 62.80 16.00 9.52 |
| 10 16 | 62.29 15.87 9.45

In previous rescarch conducted on the SPARRO process, 1.76% by volume of sceds was
added 10 the reactor (Juby, 1994). While this amount would be sufficient 1o result in
precipitanon on the sceds, the control of the morphology would be reduced.

*  Effect of agitation

The macromixing times in the reactor at different impeller speeds was tested using the
addition of NaOH as a tracer and measuring the time required for the pH to equilibrate.
The dara for macromixing tme against agitatuon (Figure 41), represented by Reynolds
number, are presented below.

Page 48







23 B . 20
g - P
2 17— Roces weerinzes i) B
‘gz" © Tume to reach equilibnium 10 ?
g 3»_ 0 % crystal growth B 5
L * :
20000 30000 40000 S0000 60000 TO)
Reynolds number

Figure 42: Effect of agitation on time to reach equilibrium and % crystal growth

These results can be discussed according to two hypotheses:

The first hypothesis is that there are to two zones that can be present in the surred tank
reactor (Pohorecki and Baldyga, 1988 and Chen of 2/, 1996):

Zone 1: regions in the reactor where high supersaturation prevails
Zone 2: regions in the reactor where low supersaturation prevails

Regions described by zone 1 are a result of micromixing and lead to high nucleanon rates.
Regrons descnbed by zone 2 dilute any supersaturanon in the bulk regrons of the reactor and
as a result, crystals growth overtakes nucleation. In the expenmental results, an increase in
impeller speed reduced the crystal growth. This suggests that with an increase in impeller
speed, the area of influence of zone 1 increases (Pohorecki and Baldyga, 1988 and Chen o
al, 1996). The reaction spreads in regions of zone 1. With htghcr supcrsaturation prevailing,
the dnving force for preapitanon increases and equilibnum is reached faster. Also, with
higher supersaturation profiles, primary nuclei are formed, which reduces the percentage
crystal growth.

It can be questoned whether the model of the reactor presented by Chen ef ol (1996) and
Baldyga and Pohorecki (1988) can be applied to this case of gypsum preapitaton. The
following are key differences between the system studied by Pohorecks and Baldyga (1988)
and Chen o al (1996) and the system investigated in this rescarch project:

® BaSO, was the precipitated product, which Pohorecki and Baldyga (1988) and Chen et
al. (1996) studied. In this project gypsum is under investigaton. The solubility product of
BaSO, and gypsum are 1.1 E-10 and 2.4 E-5 respectively. This means that at the same
concentration, the supersaturation of BaSO, would be significantly higher than thar of

£ypsum
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Table 15: Notation and units of responses used in models

| Response Notation | Unit

Time to reach equilibnium w | Minutes
| Percentage crystal growth % growth -
Percentage edge detected . “oedge -
Table 16: Notation and units of factors used in the models

[Factor - Notation | Unit
Seed quandry SQ “ovolume
PH B o pH - o -
Surrer speed N pm
Sulphate to calcium ratio SCR e L

*  First order models

Effect of process parameters on time o reach equilibrium
The cffects of the process parameters on the tme to reach equiibrium using needle-hike and
plare-like sced crystals are given by the best-fit models n Table 17 and Table 18 respecnvely.
The standard errors (SE) and the p-values are also given.

Table 17: 1" order model for time to reach equilibrium using needle-like sced crystals

Y- 286.6250 -25.1667(SQ) -0.66667(pH) - 0.06125(N) -14.4167(SCR)
SE 64.33 538 5.38 0.08 538
"P-values  0.0030 0.0023 0.90 0.47 0031 -

Table 18: 1" order model ume to reach equilibrium using plate-like sced crystals

T 179.3750 13.9167(SQ) - 1.0833(pH) - 0.03125(N) -12.250(SCR)
SE 53.76 4.49 149 0067 449
‘ P-values 0013 0.017 082 066 0.029

The models in Table 17 and Table 18 account for 80.9% and 71.2 %6 of the vanaton in the
ume to reach equilibrium respectvely. The p-values idenofy seed quanuty and sulphate to
calaum rano as the most significant factors affecung the ume required to reach equilibnium

i both of the first order models.

Effect of process parameters on percentage crystal growth
The cffects of the process parameters on the percentage crystal growth using needle-like and
plate-like sced crystals are given by the best fit models presented in Table 19 and Table 20

respecuvely
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Table 19: 1" order model for %6 crystal growth using needle-like seed crystals

_f‘/ogrowth ' 38.0990 i38‘71(iQ) _!.7.04958(9’1_) _9.01497(N)* 1.46542(SCR)_‘
SE 13.55 1.13 1.13 .02 !

P-values 0.0261 ) OOOS ().3%4Y ).41 (

-

10 =

4

Table 20: 1" order model *s crystal growth using plate-like seed crvsuals

% growth 72,1827 5.7071

(SQ) - 1.0579(pH) 0.012056(N) 1.9096(SQR)
SE 11.87 P 15

) { 4 10/

P-values TR 07 ). 3215 1).4445% 0096

[he modcls in Table 19 and Table 20 account for 83 4 nd R4 of the vanation in the

percentage crystal growth respecuy elv. Seed quanary s the most significant factor affecung

percentage ervstal growth in both the models as can be seen by the corresponding p-valucs
Effect of process parameters on gypsum cryvstal morphology

Ihe cffects of the process parameters on gypsum crvstal morphology as measured b

t.i".' ,';-.Tn Yt.f Ising ",:I.;.:'\ Vlb. H'l;, ,"" .:0I seoa i"‘.‘-.'.'-.' Are Ve ';‘\ .IH 3 1 ,’: Mmoo

presented in Table 21 and Table 22 respectvel

Table 21: 1" order model for *5 edges detected using necdle-like seed crystals

%edge- 299750 -0.11750(SQ) -0.00250(pH) -0.00390(N) - 0.26500(SCR)
SE 13.55 1.13 1.13 1.13

P-values 0.0261 (INNIS 1849 1 41 024

Table 22: 1" order model for %% edges dewected using plate-like sced crystals

%edge 5388 -0.43750(SQ) -0.04417(pH)  0.000538(N) - 0.4741(SCR)

N » §9 ' 21 |




Comparison of first order models using needle and plate-like crystals

A test was carned out to find whether a single first order model 1s approprate for both
needles and plate-like seed crystals. The discrete factors (plate-like and needle like seed
crystals) were included in the model and given values 0 and 1 respectively. From the analyses
of vanances for cach of the response vanables, it was evident that different models needed
to be fited for plate and needle-like seed crystals. The p-values for the t-stansoes were all
less than 0.05, confirming that the responses obtaned using plate and needle-hke seed
crystals were significantly different. The seed crystal morphology affects both the kinenes of
gypsum precipitaton and the final crystal morphology. Kinenes are faster when plate-like
seed crystals are used because they provide a larger surface arca for gypsum preaipitation as
compared to when the needle-like sced crystals are used. Maintenance of the plate-like
morphology is possible by sceding with plate-like sced crystals

*  Second order models for plate-like seed crystals

Second order model for ime to reach equilibrium

Table 23 summanses the second order model fitted to the response of ome to reach

cquilibrium.
Table 23: 2* order model for T using plate-like seed crystals

. Parameter = Parameter estimate | Standard error p-value
Intercept 331.573820 31.934005 0
SQ 47.375184 | 5.6274% 0 ]
SCR -39.026347 3.635723 0
pH 8824100 4503383 00857
N 0.202148 0.085261 00452 ﬂ
5Q) 2218246 0.324207 0.0001 |
_(SQ)SCR) _ 2.388889 0418687 005
C(SCR)” 2101967 0.324207 0.0002
(SQ)(pH) 0.666667 o 0418687 045
e 0414628 0.324207 0.2368 _
SQIN) 0.003333 - 0006280 e |
[ (N’ 0.000152 0.000072947 0.0707 ]

This best-fit model accounts for 97.84 %6 of the vanation in the tme to reach equlibrium
The cnncal point 1s a mimmum, which occurs at a sced quantty of 6.33% by volume, a
sulphate to calcium ratio of 5.68, a pH of 5.54 and a Reynolds number of 4.5 x 10° (595
rpm). According to the model, at the cntical point, it takes <14 minutes for the reacung
gypsum system to reach cquilibnum. Even though this resulr is physically impossible, the
modecl provides the operaung region at which the ume to reach equilibnum can be
minimised. The sced quantty and sulphate to calaum ratos are the most significant
contnbutors in the second order model. Keeping the least significant factors, pH and
mmpeller speed, constant at 7 and 500 rpm (Reynolds number of 3.7 x 10°), Figure 43 shows
the 3-d surface of the model. The corresponding contour plot is shown in Figure 44 and the
corresponding response values are shown on the contours.
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Figure 43: 3-D surface plot for ime to reach equilibrium, factors pH and N constant
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Figure 44: Contour plot for ume to reach equilibrium, factors pll and N constant




Second order model for percentage crystal growth

Table 24 summanscs the sccond order model fitted to the response of percentage crystal

growth

Table 24: 2* order model for % growth using plate-like seed crystals
[ Parameter | Paramcter estimate |  Standard error | p-value ]
Iy |

| Intercept 102.006560 25062063 0.0036 ‘
SQ _-14763188 | 4.416486 0.0102 |
| SCR 6.189756 2.853336 100619 i
pH -3.583593 7 | 3.534281 7 0.3403
N 0.037686 0.066914 | 0.5887
QT 10558443 | 0.254440 00595 3
(SQ)(SCR) (.388472 | 0.328588 02711 |
(SCR)® | 0.361350 10254440 | 0.1933 4
SQ)pH) [ 0487361 | 0.328588 0.5842
_(pHl)” 0.195226 0.254440 | 04650 o
SQ)N) [ 0.004881 0.004929 0.3510 ]
| (N)* 0.000003676 0.000057249 | 09504

— —

This best-fit model accounts for 84.99 % of the vanation in the percentage crystal growth, A
cnncal point, a minimum, occurs at a sced quanuty of 8.06 % by volume, a sulphate 10
calcium ratio of 4.54, a pH of 5.39 and Reynolds number of 3.7 x 10° (496 rpm). A 9.08 %
increase in crystal growth can be achieved at that entical minimum point. Seed quantry and
sulphate to calcium rago are the most significant contributors in the second order model
Keeping the least insignificant factors, pll and impeller speed, constant at 7 and 500 rpm
Reynolds number of 3.7 x 10%). Figure 45 and Figure 46 show the surface of the model and
the cotresponding contour plot respecavely
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Figure 45: 3-D surface plot for *% crystal growth, factors pH and N constant
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Figure 46: Contour plot for %4 crvstal growth, factors pH and N constant

Second order model for percentage edges detected
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Table 25: 2* order model for % edge detected using plate-like seed crystals

Parameter | Parameter estimate | Standard error | p-value
Intercept 9.791481 4.30667 | 0.0526
SQ -1.364805 | 0.0758930 0.1098
| SCR 0.536837 L 0.490318 L 0.3054
H 0.2536860 0.607331 | 06871
IN 0.000184 0.011498 0.9877
SQF Toossos T 0.043723 [oo8s0
(SQ)(SCR) 0.169167 0.056465 0.0172
'SCR)" 0.049975 0.043723 (.2861
SQ)pH) 0.001944 0.056465 | 09734
‘pH)” 0.020064 0.043723 1 0.6585
'SQIN) 0.001137 0.000847 02161
N) 0.000002680 0.000009838 | 0.7922 o

This best fit model accounts for 89.06 % of the vanatnon in the percentage edges detected
The interaction parameter between the seed quantity and the sulphate to calaum rato, AD,
significantly affects the crystal morphology. The higher the sced quandty and sulphate o
calcium ratio, the higher is the percentage edges detected. The crtical point for the
percentage edges detected lies outside the expenmental region. Figure 47 and Figure 48
show the 3-d surface and corresponding contour plot at pll 7 and mmpeller speed of 500 rpm
(Reynolds number of 3.7 x 10%). A ndge analysis reveals that a percentage edge detected as
high as 22° can be achieved by using 9% by volume of seed crystals, 8.23 sulphate 1o
calaium rano, a pH of 5.5 and a Reynolds number of 4.8 x 10° (644 rpm).
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Figure 47: 3-D surface plot for % edges detected, factors pH and N constant
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Figure 48: Contour plot for °% edges detected, factors pH and N constant

7.9. Locauon of the ideal operaung condiuons for the desupersaturauon reactor
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® A minimum time required for gypsum solution to reach equilibrium,

® A minimum crystal growth to occur,

e A maximum possible percentage edges detected - 1o maintain the morphology of the
crystal to the plate-like morphology.

The sccond order models obtained when plate-like seed crystals were used show that

regions of minimum for the nme 1o reach equilibdum and percentage crystal growth were

located. By fixing the pH and impeller speeds at 7 and a Reynolds number of 3.7 x 10* (500

rpm), the contour plots Mlustrated in Figure 49 and Figure 50 were generated. Figure 49

shows the two contour plots supenimposed. The region shaded 1in green is the region where

the two responses are at 2 mummum. This area defines the operanng region, which can

smultancously sansfy a munimum for ome 1o reach equilibnium, and percentage crystal

growth.

Seed quantity [volume %)

Figure 49: Contour plots of time to reach equilibrium and % crystal growth
overlapped

The third cnitenon that needs to be achieved in the SPARRO desupersaturation reactor is
the crystal morphology to be kept as plate-like as possible. The higher the percentage edges
detected, the more plate-like the crystal is. It was beyond the scope of this project to carry
out test on the membrane modules. An invesugaton into the cffect of crystal morphology
on membrane damage in the SPARRO process can establish the size and morphology of
gypsum crystals, which cause least damage to the membranes. The percentage edges detected
for those parucular crystals can then used to determine the ideal operatng conditions for the
desupersaturation reactor. The contour plot for the percentage edges detected is overlapped
on the Figure 49 1o gve Figure 50,




Sulphate to calcium ratio
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Figure 50: All three contour plots overlapped
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8. CRITICAL OPERATING PARAMETERS FOR THE SPARRO SYSTEM

The final mim of the research project is achieved by integrating the crystallisation studies with
the membrane studies and developing a design basis and understanding for the SPARRO

process.
8.1. Aqueous Chemistry Analysis

One of the recommendations ansing from the second Steening Commuttee meeting was to
carry out some agueous chemistry modelling in order to ascertain how the complex aqueous
chemustry of the real waters under consideranon would affect the findings of this rescarch
which, of necessity, 1s based on synthenc waters. The scope of this work was the parucular
crystallisanon focus brought to bear on the membrane process, and not a crystallisanon
study in its own night. Thus, the contribution here rests in the integration of the membrane
studies wath the crystallisanon studies and, for this reason, the crystalisanon studies focussed
on the issues of crystal morphology in pure solution

Although crystallisation of pure salts from the scaling point of view has been extensively
studied, the complexity of the scaling process has mostly restricted scaling rescarch to a
single salt precpitant. However, 1t 1s known (Shakholeslama, 2003) that co-preapitating salts
exert interactuve effects, with or without common ions. These effects include solubility
effects, rate effects, crystal structure and strength effects and also dynamic effects,

The available thermodynamic predictive maodels and sofrware only consider the specanon
cffects and the ionic strength effect and there i1s not yet any universally applicable
thermodynamic method to incorporate the cffect of other preapitanng salts. Recent work
(Yu et al, 2002; Chong and Sheikholeslami, 2002; Sheikholeslami, 2003) has demonstrated
that the co-existence of salts does affect both the kinenics and thermodynamics of the
system. However, it must be emphasised that cach of these studies was carmed out on a very
specific and relatvely simple water system,; usually a single salt with one additional species in
solution. In depth thermodynamic and kinetic scaling studies on the complex waters relevant
to this work have not yet, to the authors” knowledge, been camed out.

Nonetheless, some posinve informanon can be gleaned from the available thermodynamic
predicove models on the effect of chemical specianon and ionic strength on the scaling
potennal of pure compared 10 complex waters. In this study, both of these cffects were
examined

Effect of water recovery on supersaturation (scaling potental)

A sclection of mine waters were analysed to investigate the effect of water recovery on the
scaling potennal of the speafic mine water under consideration. In preapitation systems, the
maost cnncal parameter is the supersaturanon whereas, for the operation of the SPARRO
system, the most cnncal parameter is the water recovery. These rwo parameters were related
in the models. The aqueous chemistry software used was OLI Stream Analyser (OLI
Systems, 2003) and the following mine waters were modelled:
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Table 26: Selected mine waters for aqueous chemistry modelling

(Analyses below give the full extent of informauon available)

Source Seewoo (2003) Inap (2003) Juby (1994) Juby (199%4) Inxp (2003)
Parameter Units Orange Free  Secunda coal mine Grootvlei Grootvlei Copper mine
State Mine water: pre RO phase 1 phase 2 water

My | LRy 4 . 11




Another interesting feature of Figure 51 1s the fact that the Grootvler phase 2 water enters
the treamment system already supersarurated wath respect to gypsum. This can be scen by the
CaSO,2H,0 line being above the precipitanon line over the entire range of warter recovenes

LOE+07
; o s
~ LOE+05
s
=
~
< LOE+04 -
5 —8— CS04.2H20 OFS mine
= LOE+03 @ CaSO4.2H20 Secunda PreRO
2 ~#— AIOH)3 Groowlel phase 1
g _ =0 CaS04.2H20 Groondes phase 1
& LOE+02 =+ AIOH)3 Grootvici phase 2
‘g O CaSOA2H20 Groonles phase 2

ol CaSO4ZH20 Copper muine

LOE+01
LeE+e precipitation line
8 100
LOE-01

Water Recovery (%)

Figure 51: Effect of water recovery on supersaturation and aqueous chemistry for five
mine waters. Includes Aluminium for the Grootvlei waters and has a log scale on the
ordinate.
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with the Alumunium excluded. Here 1t can be seen thar supersaturanons of greater thar ATC
;_nr'.r.nni az the expected water recovery mncrcascs tao above 60 " and the onsct of
precipitation occurs in the system. For water recovences of 907, and higher, extremely high
supersaturagons are gencrated in the concentrar
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Figure 52: Effect of water recovery on supersaturation and aqueous chemisery for 5
mine waters. Aluminium hvdroxide removed from the Grootvler waters and no log
scale on the ordinarte
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Effect of water composition on gypsum solubility

The second invesnganon focussed on the effeer of the complex agueous chemistry on the
precipitation potential of gypsum. It should be borne in mind that even onc other salt
dissolved into solution with calcium sulphate wall significantly complicate the aqueous
chemistry. The currently available thermodynamic models only take into account the
speciation and ionic strength effects, and these have been investigated here. The aqueous
chemustry software used was OLI Stream Analyser (OLI Systems, 2003) and the following
waters were analysed:

13. The pure laboratory warer used in the invesnganon (H.O + CaCl, + NaSO)
14. Secunda coal mine water (analysis given in Table 26)
15. Grootviel phasc 2 water. (analysis given in Table 26)

The graph in Figure 53 demonstrates the effect of chemical speciation on gypsum solubility.
The pure water system exhibits the theoretcally expected solublity curve from the
calculation camed out using the solubility product of gypsum mn the absence of any other
aqueous 1onic species besides the counter 1ons. For the Secunda coal mine water, the
solubility of gypsum is decreased because of the presence of other 1onic species — speaifically
sulphate species in solunon. For the Grootvla phase 2 water, the solubtlity curve intersects
with the ordinate because the water is already sarurated with respect to calcium sulphate ie
no amount of reduction of the sulphate 1on in the form of sodium sulphate will allow more
calaum sulphate to dissolve in solution, since it is already at the maximum.

Calcium jon (mol

000 002 004 006  0.08
Sulphate ion (mol)

Figure 53: Effect of water composition on gypsum solubility
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Effect of ionic strength on gyvpsum solubility

" 1

Coalosumm wom ()

Figure 54: Effect of ionic strength on gypsum solubility in pure solution
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8.2. Control of Crystal Morphology
From the Sparro Mcembrane Test Rig (SMTR) mini-plant studies and the Directed Slurry
Spraving Technique (DSST), it is clear that, besides the aqueous chemistry, control of crystal
morphology is essential in order to minimise membrane damage in the SPARRO process. In
this process, there are three parameters that can be used control the morphology:

e Supersaturanon to control nucleaton
® Supersaturaton to control growth
® Sced volume to control morphology

Supersaturation and nucleation

Precipitanon within the membrane modules can only occur in three ways: by nucleanon as a
new parucle, on existung seed crystals and on the surface of the membrane (Juby, 1994). The
first form of precipitation is homogeneous nucleation and is only possible in the bulk flud if
the supersaturation, or dnving force, is sufficiently high. The second form is heterogeneous
nucleation, or nucleation onto a foreign surface, and requires a lower supersaturation. The
last form of precipitation is sccondary nucleation, or nucication onto the crystallising
matenal itsclf, and this requires the lowest supersaturaton of all. This is illustrated below in
Figure 55, where:

® region 4 represents homogeneous nucleation (in the bulk);
® region 3 represents heterogeneous nucleation (onto the membrance);
® region 2 represents secondary nucleaton (on the seeds);

Cation Concentration

Solubility A

Anion Concentration
Figure 55: Effect of supersaturation on form of nucleation (Gosele & Kind, 1991)

From a nucleation contral point of view, it is clear that anything more than a slighdy
supcrsaturated solution must be avoided and that the supersaturation of the solution must be
maintained at the supersaturation levels of region 2 but not regions 3 and 4.
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For this purpose, a variable amount of sceds depending on the supersaruration is required. 1f
the supersaturaton is low, the quannty of sceds must be increased to avoid the formaton of
needles. If the supersaturation is high (but lower than that for heterogencous nucleation), the
quanuty of sceds can be reduced accordingly. The design chart in Figure 56 below illustrates
the concept for a pure calcium sulphate solution contaming sodium and chlonde as counter
ons

: 10
F BN \ 1=,
\; plates N 8
i s B
_m \ 7
— —h e B
1% N 5 &
needles ‘j:'; N 4 C
t-;\ 3
TN
et
e, :l
1 2 3 4 5 6 7 8 9 10

Seed Volume %

Figure 56: Design chart for seed volume and sulphate: calcium ratio related to
morphology
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Figure 57: Design chart for sced volume and supersaturation related to morphology

In summary. the conclusions that can be drawn from this aspect of the work ar
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*  Supersaturation to contre | growth
*  Seced volume to control me »rphulu,n

e If heterogencous nucleation in the membrance is to be avoided, the supersaturanon must
be controlled. This can be manipulated by adjusung the water recovery

o If sufficient sceds are provided, the morphology of the gypsum crystals can be controlled
to the platcler shape, even in regions where the needle morphology is dominant
Thus, the membrane damaging needle-like morphology can be avoided

\1“Llc] L!L‘-l;’lll charts that relar -((d \’(vlll.’?\(‘ and \L:;‘('Ynjtl;f;’f,-lf‘, Or \u:iw.‘;u( (al;:\.n; ratos

to gypsum morphology in pure solunons have been ;k'\(]-»;ud
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9. CONCLUSIONS

Consideradble success has been amained 11 adaressing the contra. quesnos t this rescarch

prorect, which 15 To what extent do the crystallisation parameters affect membrane
damage in the SPARRO svstem?




However, for contnuous operation, with a sceds concentranon of 14 g/l over an
operational time of 160 hours, there was no significant vananon in the salt rejection over
tme, when compared to the results of the standard salt test. Thus, the evidence is
inconclusive in terms of being able to catcgonically declare that gypsum crystal morphology
does have a significant influence on membrane damage in the SPARRO process.

Based on the slurry spraying technique, the damage caused by the needle type morphology
was significantly more pronounced when compared to that of the platelet type morphology
This compliments the results obtained using the SMTR in that crystal morphology has the
potental to cause membrane damage.

The implicatons of this work are that, if the platclet morphology of the crystals in the
SPARRO process 1s maintained, membrane damage is expected to be reduced.

Critical operating parameters for the SPARRO system.

Aqueous chemistry modelling was carned out using predicuve thermodynamic software in
order to ascertain how the complex aqueous chemustry of the real waters under
consideration would affect the findings of this rescarch which, of necessity, is based on
synthetic waters. It was found that:

® For the sclected mine waters, a water recovery of approximately 60% is achievable
before the supersaturation increases to the scaling level The Grootviel phase 1 and
phase 2 waters are both supersaturated with respect to AI{OH), which is responsible for
the fouling mentioned in Juby’s report. The Grootvler phase 2 water 15 also
supersaturated with respect to CaSO,2H,0O;

The rwo modelling excrases for the complex mine waters under consideranon give nsc to
opposing conclusions:

®  On the basis of water composition, the scaling potennal of the complex mune waters 1s
increased compared to the pure solunon;

® On the basis of jonic strength, the scaling potennal of the complex mine waters 1s
decreased compared 1o the pure solunon;

More detalled modelling and experimental studies would need to be carnied out in order to
establish the net result of these rtwo counteractve cffects

From the Sparro Membrane Test Rig (SMTR) muni-plant studies and the Directed Slurry
Spraying Techmque (DSST), it is clear that, besides the aqueous chemustry, control of cry stal
maorphology 1s essential in order to munimise membrane damage in the S SPARRO process. In
this process, there are three parameters that can be used control the morphology:

* Supersaturation to control nuclcation

*  Supersaturagon to control growth
*  Seed volume to control morphology
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