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ABSTRACT 

The methods used to remove potassium sulphate (K2S04) and other impurities 

contained within Karbochem finishing plant effluent were investigated. Reverse 

osmosis was explored for this application. The study was conducted in two 

steps. The first step focuses mainly on the effluent treatment using BW30 flat

sheet as well as BW30-2540 spiral-wound reverse osmosis membranes for the 

rejection of potassium and sulphate ions. The membranes were supplied by 

Filmtec. The second step reveals the possible use of potassium sulphate 

obtained from the brine stream in the fertiliser and fertigation industry by a 

literature search. 

Reverse osmosis study was conducted on a laboratory scale unit using flat 

sheet membranes and also on a pilot plant scale using spiral wound membrane 

modules. The tests were conducted at a feed pressure of 20 bar(g) with the 

membrane rejections being 98% and 99.1% on flat sheet membrane, and 96.9% 

and 99.4% on spiral wound membrane for potassium and sulphates 

respectively. 

The results show that both membranes have completely desalinated. Significant 

reduction in the concentrations of all problematic quality parameters, especially 

of potassium and the sulphate ions was noted. 

Granular activated carbon (GAC) bed treatment was recommended for pre

treatment of the effluent prior to exposure of the membrane to avoid organic 

fouling of the membrane. GAC treatment was tested to illustrate its effectiveness 

to adsorb the COD's. 
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The silt density index (SDI) of the effluent was determined and was found to be 

0.062 with the maximum recommended SDI of 5 or below for the membrane 

used. 

ROSA design-software was used to simulate the plant design and the results 

obtained were used to estimate the running costs of the proposed reverse 

osmosis plant. The reverse osmosis running cost was estimated at R 0.42/m3 of 

permeate. 

One of the main problems of reverse osmosis membrane technology is that it 

generates waste in the form of a brine stream, and for this reason the brine 

stream was proposed for the use in the fertilizer industries as it contained 

substantial amounts of potassium. The results as discussed indicated that the 

brine stream could be used for irrigation purposes within Karbochem factory. 

The requirements of the fertilizer factories in South Africa should be established 

and the possibilities of developing brine stream to meet the industrial 

requirements should be evaluated. 
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Chapter 1 -Introduction, Goals and Overview of the study 

Karbochem, Projects Department (2005) reported that "The Department of 

Water Affairs and Forestry has indicated the tightening up effluent discharge 

regulations and levying charges for effluent that is discharged. These charges 

will depend on the quality of the effluent". 

Presently the effluent from Karbochem factory is handled by Sasol for biological 

treatment. The stringent regulations might result in an increase in effluent 

treatment costs and it may become viable for Karbochem to do additional in

house water treatment. Potassium sulphate (K2S04) in effluent could be a 

problem because it is available at levels exceeding discharge limits for both 

potassium ions and sulphate anions, and ways of removing it, should be 

investigated. 

According to Engelbrecht et a/. (2006:6) an understanding of the movement of 

water and solutes across membranes is important in many technical processes. 

These include a large variety of membrane filtration systems for the treatment of 

wastewater, membrane distillation in the desalination of seawater, and the 

delivery of drugs within the human body. Transport processes through the 

membranes are dynamic and dependent on the membrane structure (porosity), 

as well as the chemical state of the membrane and the materials being 

transported. 

Membrane filtration is a major technology with many applications. These 

applications include clarification and fractionation of dairy products, desalination 

of seawater, purification of potable water, and treatment of a large range of 

wastewater products. Membrane filtration has the potential to become even 
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more prominent, provided that fouling of the membranes can be alleviated more 

effectively (Engelbrecht eta/. 2006:6). 

The principal objective of this investigation was therefore to prepare technically 

viable proposal to remove K2S04 from the effluent obtained from Karbochem 

finishing plant. This would be achieved by exploring membrane technology and 

then doing a literature search on the possible uses of potassium sulphate 

resulting from the brine, as K2S04 is mainly being imported in South Africa. The 

study should also ensure that the quality of water conforms to the discharge 

standards or the water can be reused within Karbochem factory. 

All chemical elements used in the graphs and tables of this dissertation, are in 

ionic form . 

Table 1: Summary of the water balance over the Karbochem factor{ 

IN OUT 

M3/d m3/d 

R.W.B water 650 Storm water 570 
Process water 600 Rubber chemical product 100 
Steam 585 Rubber reactors 110 
Dilution 80 Rubber final treatment 360 
TOTAL 1915 TOTAL 1140 

; Information obtained from Keeve Steyn Resources conservation (KSRC) technical report no. 1432/ 1, 
page 5 
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Table 2: Summary of water standards at Karbochemii. 

R.W.B PROCESS 
WATER WATER 

COI\IDUCTIVITY [mS/m] 58 
Ph 8.6 7 
TDS [mg/1] 420 420 
HARDNESS [mg/1 CaC03] 220 10 or less 

Na+ [mg/1] 48 210 
K+ [mg/1] 9 9 
sol- [mg/1] 145 145 

cr [mg/1] 51 51 
COD [mg/1] 28 28 

KSRC (1985:5) summarises the water balances and water standards at 

Karbochem on Table 1 and 2 respectively. The water movements at Karbochem 

finishing plant were schematically represented on Figure 1. 

Figure 1: Schematic of water movement at Karbochem finishing plant iii. 

;; Same as above footnote. 
;,; Information obtained from Keeve Steyn Resources conservation (KSRC) technical report no. 143211, 
page 5 
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In Chapter 2 of this dissertation a brief introduction to membrane processes is 

given. Basic principles of membrane technology, activated carbon bed, and 

adsorption process are also discussed. Applicable legislation to Karbochem and 

around Vaal Dam, regarding water and wastewater management were also 

outlined. 

Types and advantages of fluid fertilizers were discussed in Chapter 3, with 

emphasis given to potassium fertilizers . Fertigation and the application thereof 

were also discussed in Chapter 3. 

A research methodology and apparatus used in all experiments were explained 

in Chapter 4, while Chapter 5 discussed experimental results obtained. 

Conclusions and recommendations were given in Chapter 6. 
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Chapter 2- First Literature Review 

2.1 Introduction to Membrane Processes 

A lot of work has been done in membrane technology research, now towards the 

application in various industries for water treatment. UP (2005:2) states that 

"synthetic membranes have been used many years in many applications such 

as in blood dialysis and enrichment of uranium isotopes for nuclear fuels. 

However, it was not until the mid 1960's that perm-selective (semi-permeable) 

synthetic membranes were developed into a suitable form for economical use 

for desalination of water. The first membranes were cellulose-acetate 

membranes with relatively low fluxes and requiring high operating pressures". 

Timmer (2001 :2) reported already in the late sixties that membrane processes 

gradually have found their way into industrial applications and they serve as 

viable alternatives for more traditional processes like distillation, evaporation or 

extraction. Based on the main driving force, which is applied to accomplish the 

separation, many membrane processes can be distinguished. An overview of 

the driving forces and the related membrane separation processes is given in 

Table 3. 

According to UP (2005:7) South Africa is considered as one of the pioneering 

countries as far as membrane treatment of saline effluents is concerned . Many 

new potential applications such as desalination of cooling water blow down, 

treatment and desalination of acid mine water and treatment of textile and other 

industrial effluents have been initiated and extensively researched in South 

Africa. As a result, a number of innovative full scale plants have been installed, 

for example at Sasol, Eskom, Mondi, Columbus Steel, and at a number of mines 

and industries. 
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Table 3: Driving forces and their related membrane separation processes 

Driving force Membrane process 

Pressure difference Microfiltration, ultrafiltration, 

nanofiltration, reverse osmosis or 

hyperfiltration 

Chemical potential difference Prevaporation, pertraction, dialysis, 

gas separation, vapour permeation, 

liquid membranes 

Electrical potential difference Electrodialysis, membrane 

electrophoresis, membrane electrolysis 

Temperature difference Membrane distillation 

Every membrane separation is characterised by the use of a membrane to 

accomplish a particular separation. The membrane has the ability to transport 

one component more readily than other because of differences in physical 

and/or chemical properties between the membrane and the permeating 

components. Transport through the membrane takes place as a result of the 

driving force acting on the components in the feed solution (Mulder 1996:14). 

Macedonia and Drioli (2008:399) reported that pressure driven membrane 

operations can be divided into four overlapping categories of increasing 

selectivity: microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse 

osmosis (RO). Timmer (2001 :2) agrees with Macedonia and Drioli (2008:399) 

and further explains each pressure driven membrane process as follows: 

• Microfiltration (MF) is characterised by a membrane pore size between 0.05 

and 2 11m and operating pressures below 2 bar. MF is primarily used to 

separate particles and bacteria from other smaller solutes. 
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• Ultrafiltration (UF) is characterised by a membrane pore size between 2 nm 

and 0.05 flm and operating pressures between 1 and 10 bar. UF is used to 

separate colloids such as proteins from small molecules for example, sugars 

and salts. 

• Nanofiltration (NF) is characterised by membrane pore size between 0.5 and 

2 nm and operating pressures between 5 and 40 bar. NF is used to achieve 

a separation between sugars, other organic molecules and multivalent salts 

on one hand and monovalent salts and water on the other. 

• Reverse osmosis (RO) or hyperfiltration. RO membranes are considered not 

to have pores. Transport of solvent is accomplished through the free volume 

between the segments of the polymer of which the membrane is constituted. 

The operating pressures in RO are generally between 10 and 100 bar and 

this technique is mainly used to remove water. 

In general, the driving pressure increases as selectivity increases. Separation is 

accomplished by I\IIF and UF membranes via mechanical sieving, while capillary 

flow or solution diffusion is responsible for separation in NF and RO 

membranes. However, membrane composition combined with solvent and 

solute characteristics can influence rejection via electrostatic double layer 

interactions or other hindrances (Macedonia & Drioli 2008:399) 

Timmer (2001 :2) states that many textbooks have been written about the basic 

mechanisms and the various applications of these processes. Pressure-driven 

membrane separation processes, electrodialysis and gas separation are 

industrially implemented and are generally considered as proven technology. 

Given the main focus of this study which is pressure-driven membrane 

separation, no further comments will be given about other techniques. 
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UP (2005:6) states that a pressure-driven membrane process consists 

essentially of the following elements: 

• Membranes engineered into modules, which form the basis of the 

process. 

• High-pressure pumps to deliver feed water at the required pressure to the 

modules. 

• Pre-treatment process to produce feed water of the required quality that 

would not damage or foul the membranes. 

• Post-treatment process to produce water of the required quality for the 

specific use of the water. 

• Process control equipment, including equipment and chemicals for 

membrane cleaning and preservation. 

• Energy recovery systems, normally only for large-scale RO applications. 

• Brine/concentrate and other residuals disposal/recovery systems. 
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2.2 Legislation 

The various water quality standards that the final product needs to conform to 

were given in Table 1 and the current water quality of Karbochem finishing plant 

effluent were given in Table 2. The comparison between Karbochem finishing 

plant effluent and the in-stream water quality guidelines for the Vaal Dam 

catchment was shown in Figure 2. This figure clearly shows that Karbochem 

finishing plant effluent would need to undergo in-house water treatment in order 

to ensure compliance with the discharge standards. 

900 -,------,-1--r---:---i-,---- ..---l ----,-1-----,-----., 
aoo ~--+---~--~--~----LI --~--~----~------n~ 
700 +---~~ --~----,---------------~~----r---+--l ~ ~------------, 
600 t--~~:----t---+--__,.--,_----t-1 _ _,__-+-----t D Ideal Catchment 

500 I I Background 

I I I 1 D Acceptable Management 
400 -t--_j_---'---t---+---------'--t---_,_--+---r Target 

I [ DTolerable Interim Target 
300 

I 1 I I 0 Unacceptable (anything 

::: f:""'-+·~"""'--J~=c::::r::J~Jl.----I,CU rdll-'-. .LJIJI:I====:il rtJ:~~~l-'-1. -t-+J====:===~=..rlT==U;I '-0-~-~o_;_~:_nis_h_ing-pla_n_t e- ff-lu-en_jt 
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Figure 2: Karbochem finishing plant effluent v/s water quality guidelines iv 

, .. The in-stream water quality guidelines for the Vaal Dam catchment were issued by Rand Water on 
www. reservoir. co. za 
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2.3 Reverse osmosis (RO) and nanofiltration (NF) processes 

Nataraj et a/. (2006: 2352) reported that nanofiltration, in concept and in 

operation, is much the same as reverse osmosis. However, the key difference is 

the degree of removal of monovalent ions. NF is not as fine as RO filtration 

process, and it also does not require the same energy to perform the separation. 

In RO membrane process, separation performance of the membrane is judged 

by the percentage rejection (%R) of TDS, COD and other feed components. 

Therefore, these parameters could be used as the performance indicators in the 

treatment of Karbochem effluent, and enable the evaluation of membrane 

process to be applied. 

According to Mulder ( 1996:297), the difference between ultrafiltration and 

nanofiltration/reverse osmosis lies in the size of the solute. Consequently, 

denser membranes are required with much higher hydrodynamic resistance. 

Such low molecular solutes would pass freely through ultrafiltration membranes. 

In fact, the nanofiltration and reverse osmosis membranes can be considered as 

being intermediate between open porous types of membrane 

(microfiltration/ultrafiltration) and dense nonporous membranes 

(prevaporation/gas separation). Because of their higher membrane resistance, 

much higher pressure must be applied to force the same amount of solvent 

through the membrane. Moreover, the osmotic pressure has to be overcome 

(the osmotic pressure of seawater, for example, is about 25 bar). 

Based on the definitions of RO and NF as discussed on Section 2.1, these two 

processes are more applicable to this study because they are both used to 

separate water from salts and other substances. However, nanofiltration cannot 

be used on this study because it separates multivalent salts on one hand and 
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monovalent salts and water on the other. The purpose of this project is to 

separate potassium sulphate and other substances from water, meaning both 

potassium ions and sulphate ions are required to be on the same side and water 

on the other. 

This will be achieved by RO because its function is to separate impurities from 

water. This means that, with RO, the impurities will be on one side of the 

membrane and water on the other. Nanofiltration will not achieve this because it 

tends to separate sulphate anion on the one side of the membrane and 

potassium ion and water on the other. 

The most suitable technique for this purpose is thus reverse osmosis and will be 

explored in more detail. However, NF will also be discussed in conjunction with 

RO in literature review, as their principles are similar. No further comments will 

be made on the other pressure driven membrane processes. 

Macedonia and Drioli (2008:399) states that when a solution containing ions is 

brought in contact with membranes possessing a fixed surface charge as the 

membrane (co-ion) can be inhibited. This condition is termed Donnan Exclusion . 

More specifically, when a solution with anionic arsenate is brought in contact 

with a membrane possessing a fixed negative charge, the rejection of arsenate 

may be greater than if the membrane is uncharged. 
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Karbochem effluent contains potassium ions and sulphate anions, therefore the 

Donnan Exclusion would occur in the treatment of Karbochem effluent based on 

the charge of the membranes to be used. 

t1P 

Jw 

t1n 

0 

t1P 

Jw 
if t1P < t1n Jw c:==> 

Jw <===:J if t1P > t1n 

Figure 3: Schematic of water flow as a function of applied pressure 

Figure 3 represents a schematic drawing of a membrane separating pure water 

from a salt solution. The membrane is permeable to the solvent (water) but not 

to the solute (salt). In order to allow water to pass through the membrane, the 

applied pressure must be higher than the osmotic pressure. As can be seen 

from Figure 3, water flows from the dilute solution (pure water) to the 

concentrated solution if the applied pressure is smaller than the osmotic 

pressure. When the applied pressure is higher than the osmotic pressure, water 

flows from the concentrated solution to the dilute solution (Mulder 1996:297). 

This implies that, a membrane selected for this study should be permeable to 

water but not to potassium ions, sulphate anions, and the other impurities 

contained in the effluent from Karbochem factory. The applied pressure that is 
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greater than osmotic pressure of this effluent must be applied in order to allow 

water to pass through the membrane. 

According to Weckesser and Konig (2007:3), the water flux Jw through a semi 

permeable membrane which is proportional to the net driving force in a reverse 

osmosis process is described by the following Equation: 

Jw =A (~P- tm) (1) 

where: Jw = water flux [l.m-2 .h(1
] 

A= water permeability coefficient [l.m-2.h(1.ba(1
] 

~p = applied pressure [bar] 

~n = change in osmotic pressure [bar] 

And ~p = (PF -Pp) is the hydraulic pressure difference across the membrane 

(from feed side to permeate side), ~n = (nF - np) is the osmotic pressure 

difference across the membrane. The "A" is temperature dependent and 

represents a unique constant for each membrane material type. It is referred to 

as "A" value, solvent transport coefficient, or water transport parameter. The "A" 

value (for a specific temperature) is easily obtained experimentally by measuring 

Jw and (~P - ~n) and then applying them to Equation 1. Once the "A" value for a 

specific membrane is known, permeate flux may be predicted for a variety of net 

driving pressures. 

Therefore, the water flux could be modelled by equation 1 when the water 

permeability, applied pressure, and the change in osmotic pressure of 

Karbochem effluent are known . 
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Mulder (1996:298) states that in practice, the membrane may be a little 

permeable to low molecular solutes and hence the real osmotic pressure 

difference across the membrane is not ~n: but a~n:, where a is the reflection 

coefficient of the membrane towards that particular solute. When R < 100%, 

then a < 1 and Equation 1 become: 

Jw = A (~P - a~n:) (2) 

In the description considered here, we assume that the solute is completely 

retained by the membrane. 

The water permeability coefficient "A" (also defined as the hydrodynamic 

permeability coefficient) is a constant for a given membrane and contains the 

following parameters. 

(3) 

Where Dw is diffusivity of water, Cw is concentration of water, Vw is molar volume, 

R is a gas constant, T is temperature, and ~x is the change in molar fraction. 

The value of "A", which is a function of the distribution coefficient (solubility) and 

the diffusivity, lies roughly in the range 3.1 o-3 - 6.1 o-5 m3.m-2.h-1.ba(1 for reverse 

osmosis while for nanofiltration the permeabilities range from 3.1 o-3 to 2.1 o-
2m3.m-2 .h-1.ba(1 (Mulder 1996:298). 

Weckesser and Konig (2007:3) described the saiUsolute flux in a reverse 

osmosis process by the following Equation: 

( 4) 
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Where cF is the salt concentration of the feed, Cp is the salt concentration of 

permeate. The driving force for the mass transfer of salt is the concentration 

difference from the feed side to permeate side (cF- Cp) . The "B" is often referred 

to as "B" value, the solute transport parameter, or the salt transport coefficient. 

Similar to the water flux, Equation 4 enables the modelling of potassium 

sulphate when the transport coefficient of potassium sulphate, concentration of 

potassium sulphate both in the feed and permeate streams are known. 

According to Mulder (1996:298) the value of "B" lies in the range 5.1 o-3 
- 1 o-4 

m.h-1 for reverse osmosis with 1\laCI as solute with the lowest value for high 

rejection membranes. The solute permeability coefficient "B" is a function of the 

diffusivity and the distribution coefficients as given by Equation 5. 

B = Ds.Ks I L1x ( 5) 

From Equation 1, it can be seen that when the applied pressure is increased the 

water flux increases linearly. The solute flux (Equation 4) is hardly affected by 

the pressure difference and is only determined by the concentration difference 

across the membrane (Mulder 1996:298). 

Williams (2003:3) states that the solute separation is measured in terms of 

rejection, R, defined as: 

(6) 

Consequently, as the pressure increases the selectivity also increases because 

the solute concentration in the permeate decreases. The limiting case R max is 
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reached as L'\P => oo. With Cp = J5/Jw and combining Equations 1, 4 and 6, the 

rejection coefficient can be written as: 

R = A(L'\P- L'\rc) I A(L\P- L'\rc) + B (Mulder 1996:299) (7) 

Equation 7 is very illustrative since the only variable which appears in this 

Equation is L'\P, assuming that the constants A and B are independent of the 

pressure. 

The pressures used in reverse osmosis range from 20 to 100 bar and in 

nanofiltration from about 10 to 20 bar, which are much higher than those used in 

ultrafiltration. In contrast to ultrafiltration and microfiltration, the choice of 

material directly influences the separation efficiency through the constants A and 

B (see Equation 6). In simple terms, this means that the constant A must be as 

high as possible whereas the constant B must be as low as possible to obtain an 

efficient separation. In other words the membrane (material) must have a high 

affinity for the solvent (mostly water) and a low affinity for the solute (Mulder 

1996:299). 

The rejection coefficient is an important parameter as it could be used to predict 

the separation efficiency of potassium ions and sulphate anions as well as other 

impurities. 

2.3.1 Characteristic flux behaviour in pressure driven membrane 

operations 

According to Gradison et a/. (2000:166) by assuming that the osmotic pressure 

is very small the permeate flux (J) can be expressed as: 
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J =~PI YJ .Rr (8) 

where 11 is permeate viscosity, ~p is the transmembrane pressure, and Rr is the 

total hydrodynamic resistance, comprising the membrane resistance (Rm) and 

the fouling resistance (Rr): Rr = (Rm + Rr). Rm reflects the physical properties of 

the membrane. 

The hydrodynamic resistance Rm is a membrane constant and does not depend 

on the feed composition or on the applied pressure. The flux-force relationship 

for pure water is given schematically in Figure 4. However, when solutes are 

added to the water the behaviour observed is completely different especially in 

microfiltration and ultrafiltration. 

j Pure water 

Solution 

~p 

Figure 4: Water flux as a function of the applied pressure. 
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When the pressure is increased the flux increases, but after a finite (minimum) 

pressure has been attained the flux does not increase further on increasing the 

pressure. This maximum flux is called the limiting flux , Joo(Mulder 1996:427). 

2.3.2 Polarization phenomena and membrane fouling 

In order to achieve a particular separation via a membrane process, the first 

step is to develop a suitable membrane. However, during an actual separation, 

for example, a pressure-driven process, the membrane performance (or better 

the system performance) can change very much with time, and often typical flux

time behaviour may be observed. This means the flux through the membrane 

decreases over time. This behaviour is shown schematically in Figure 5 and is 

mainly due to concentration polarization and fouling (Mulder 1996:416). 

flux 

Time 

Figure 5: Flux behaviour as a function of time 

Flux decline can be caused by several factors, such as concentration 

polarisation, adsorption, gel layer formation and plugging of the pores. All these 

18 



factors induce additional resistance on the feed side to the transport across the 

membrane. The extent of these phenomena is strongly dependent on the types 

of membrane processes and feed solution employed. As stated by Mulder 

(1996:416), the convective flux through the membrane is written as: 

Flux= Driving force I Viscosity x Total resistance (9) 

This implies that in order to achieve a high water flux, Karbochem effluent would 

require some pre-treatment prior to membrane treatment as it contains some 

rubber crumbs and a large amount of suspended solids. These impurities could 

plug the pores of the membrane and also promote concentration polarisation. All 

these factors would increase the total resistance and based on Equation 9, the 

water flux would be reduced. 

2.4 Membranes for reverse osmosis (RO) and nanofiltration (NF) 

Williams (2003:5) reported that most currently available membranes fall into two 

categories: asymmetric membranes containing one polymer, and thin-film 

composite membranes consisting of two or more polymer layers. Asymmetric 

RO membranes have a very thin, perm-selective skin layer supported on a more 

porous sublayer of the same polymer. The dense skin layer determines the 

fluxes and selectivities of these membranes, while the porous sublayer serves 

only as mechanical support for the skin layer and has little effect on the 

membrane separation properties. 

Mulder ( 1996:299) gives two different types of membrane with an asymmetric 

structure and is distinguished as follows: 
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• (Integral) asymmetric membranes. 

• Composite membranes. 

In integral asymmetric membranes, both toplayer and the sublayer consist of the 

same material. These membranes are prepared by phase inversion techniques. 

For this reason, it is essential that the polymeric material from which the 

membrane is to be prepared is soluble in a solvent or a solvent mixture. 

Because most polymers are soluble in one or more solvents, asymmetric 

membranes can be prepared from almost any material. However, this certainly 

does not imply that such membranes are suitable for every reverse osmosis 

application because the material constants A and B must have optimal values 

for a given application. Thus for aqueous applications, for example, the 

desalination of seawater and brackish water, hydrophilic materials should be 

used (high A value) with a low solute permeability (Mulder 1996:300). 

Based on theory above, a membrane made from hydrophilic materials and with 

a low solute permeability should be used for the treatment of Karbochem 

effluent. These characteristics would promote a better separation of water from 

potassium sulphate and other impurities. 

Perry eta/. (1997:22-50) states that the highest-rejection membranes are those 

designed for single pass production of potable water from the sea. The generally 

accepted criterion is 99.4 percent rejection of NaCI. Some membranes, notably 

cellulose triacetate fibres are rated even higher. A whole range of membranes is 

available as rejection requirements ease, and membrane with excellent chlorine 

resistance and hydrolytic stability can be made with salt rejection over 90 

percent. 
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Although RO membranes have been formed and tested with a wide range of 

different materials and preparation techniques, the cellulosic polymers (cellulose 

acetate, cellulose triacetate, etc.), linear and cross-linked aromatic polyamide, 

and aryl-alky polyetherurea are among the most important RO membrane 

materials. Asymmetric cellulose acetate membranes continue to enjoy 

widespread use despite some of their disadvantages given below: 

• A narrow pH operating range ( 4.5- 7 .5) since it is subject to hydrolysis. 

• Susceptibility to biological attack. 

• Compaction (mechanical compression) at high pressures which results in 

reduced water flux . 

• Low upper temperature limits (:::::35°C). 

Polyamide and polyurea composite membranes typically have higher water 

fluxes and salt and organic rejections. They can withstand higher temperature 

and larger pH variations ( 4 - 11 ), and are immune to biological attack and 

compaction. However, these membranes tend to be less chlorine-resistant and 

more susceptible to oxidation compared to cellulose acetate membranes. 

According to Williams (2003:7-8) these can also be more expensive. 

Other materials that have been used frequently for reverse osmosis membranes 

are aromatic polyamides. These materials also show high selectivities towards 

salts but their water flux is somewhat lower. Polyamides can be used over a 

wide pH range, approximately from 5-9. The main drawback of polyamides (or 

of polymers with an amide group -NH-CO in general) is their susceptibility 

against free chlorine Cl2 which causes degradation of the amide group. 

Asymmetric membranes as well as symmetric membranes have been prepared 

from these polymers by melt or dry spinning to obtain hollow fibres with very 

small dimensions (outside diameters of such hollow fibres < 100 J.-tm). The 
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membrane thickness of these fibres is about ""'20 11m with the result that the 

permeation rate has decreased dramatically. However, this effect is 

counteracted by the extremely high surface area in a given volume element, with 

values up to 30 000 m2/m3 (Mulder 1996:300). 

2.4.1 FILMTEC Membranes 

Dow (2008:14) reported that FILMTEC thin film composite membranes give 

excellent performance for a wide variety of application, chemical processing and 

waste treatment. These membranes exhibit excellent performance in terms of 

flux, salt and organics rejection, and microbiological resistance. FILMTEC 

elements can operate over pH range of 2 to 11, and are resistant to compaction 

and are suitable for temperatures up to 45° C. They can be effectively cleaned 

at pH 1 and pH 12. Their performance remains stable over several years, even 

under harsh operating conditions. Annexure A gives technical information about 

the FILMTEC membrane used in this study. 

Therefore, FILMTEC's thin film composite membranes could be well suited for 

the application in the treatment of Karbochem effluent as it contains some salts, 

organics, and is within the recommended pH. 

As a general rule, membranes with high water permeability (low feed pressure) 

also have a higher salt permeability compared to membranes with lower water 

permeability. The permeability of solutes decreases (the rejection increases) 

with an increase in the following (Dow 2008:15): 

• Degree of dissociation: Weak acids, for example lactic acid, are rejected 

much better at higher pH when the dissociation is high. 
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• Ionic charge: For example, divalent ions are better rejected than 

monovalent ions. 

• Molecular weight: Higher molecular weight species are better rejected . 

• Nonpolarity: Less polar substances are rejected better. 

• Degree of hydration: Highly hydrated species, e.g. chloride, are better 

rejected than less hydrated ones, for example,. nitrate. 

• Degree of molecular branching: For example, iso-propanol is better 

rejected than n-propanol. 

2.5 Membrane modules 

RO membranes are exposed to feed water under very high pressure. The 

membrane being very thin and flimsy must therefore be structurally supported to 

withstand the high feed water pressures. The unit into which membranes are 

engineered for use is referred to as a module. This operational unit consists of 

the membranes, pressure support structures, feed inlet and concentrate outlet 

ports, and permeate draw-off points (UP 2005:14 ). 

Williams (2003:8) and UP (2005:14) pointed out that the objectives of a 

membrane module include: 

• That it offer mechanical support to the fragile RO membrane even at high 

operating pressures (up to 8Mpa). 

• That the design minimise pressure drop across the module as well as fouling 

and concentration polarisation. 

• That the module be relatively inexpensive and easy to replace in the 

membrane process. 
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• To produce a compact module, i.e. , one providing a maximum membrane 

surface per unit volume (maximum packing density). 

• To avoid any leak between the feed and the permeate compartments. 

UP (2005:14) added that the membranes must also satisfy other requirements 

such as: 

• Ease of cleaning (hydraulic, chemical) 

• Ease of assembly and disassembly 

• Low hold-up volume 

The most common commercially available membrane modules include tubular, 

spiral-wound, capillary, hallow-fiber, and plate-and-frame elements (Williams 

2003:8 & UP 2005:14) 

2.5.1 Tubular modules 

According to Mulder (1996:469-470), tubular membranes are not self

supporting. Such membranes are placed inside a porous stainless steel; 

ceramic or plastic tube with the diameter of the tube being, in general, more than 

10 mm. The number of tubes put together in the module may vary from 4 to 18, 

but is not limited to this number. The fed solution always flows through the 

centre of the tubes while the permeate flows through the porous supporting tube 

into the module housing. Ceramic membranes are mostly assembled in such 

tubular module configurations. However, the packing density of the tubular 

module is rather low, being less than 300 m2/m3
. 
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2.5.2 Spiral wound modules 

An envelope of two flat-sheet membranes enclosing a flexible spacer (permeate 

collector) is sealed on three of is edges. The open edge is connected and rolled 

up onto a perforated tube which carries the permeate. Several "sandwiches" are 

thus fastened and separated from one another by a feed-side spacer. The 

spacer not only maintains an open flow channel for feed flow, but also fulfils the 

very important function of inducing turbulence, thus reducing concentration 

polarisation. The spacer may be a mesh or it may be a corrugated spacer. The 

feed flows parallel to the permeate tube axis. The diameter of an element can be 

as much as 300mm, and its length can be up to 1.5m. Several elements (two to 

six) can be inserted into a single cylindrical pressure vessel. These are much 

more compact (700 to 1 000m2/m3
) and cause a lower head loss than tubular or 

plate-and-frame modules. The spiral-wound module is, however, more sensitive 

to clogging than open-channel tubular and flat-sheet systems due to the 

restricted flow channels of spacer. The feed water must therefore comply with 

relative stringent quality specifications and require a fair amount of pre

treatment, depending on the raw water quality (UP 2005:15). 

2.5.3 Capillary modules 

Capillary module consists of a large number of capillaries assessed together in a 

module. The free ends of the fibres are potted with agents such as epoxy resins, 

polyurethanes, or silicone rubber. The membranes (capillaries) are self

supporting. Two types of module arrangement can be distinguished as follows, 

according to Mulder (1996:470): 
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• Where the feed solution passes through the bore of the capillary (lumen) 

whereas the permeate is collected on the outside of the capillaries. 

• Where the feed solution enters the module on the shell side of the capillaries 

(external) and the permeate passes into the fibre bore (outside-in). 

2.5.4 Hollow-fibre modules 

According to Williams (2003:1 0) hollow-fiber elements consists of large number 

of fine hollow fiber membranes (with an outer diameter up to 200)lm) placed in a 

pressure vessel and the feed flows outside the fibers and permeates through 

these. These elements have an extremely high packing density and can have 

high permeate production rates per module. However, these modules are highly 

prone to fouling and are not feasible for some applications. 

2.5.5 Plate and frame modules 

These modules are made of stacked flat-sheet membranes and support plates. 

Their design is derived from that of filter presses. The feed circulates between 

the membranes of two adjacent plates. The thickness of the liquid sheet is in the 

range of 0.5 to 3 mm. The packing density of plate-and-frame units is about 100 

to 400 m2/m3
. The plates may be corrugated on the feed side to improve mass 

transfer. Their arrangement makes it possible to bring about, in parallel and/or in 

series, circulation. Large assemblies with a surface of up to 100 m2 can thus be 

formed. Units are easily disassembled to gain access for manual cleaning or 

replacement of the membranes. In some of the designs, permeate is collected 

from individual support plates, which makes the location of faulty membranes a 

simple matter (UP 2005:16). 
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2.6 Pre-treatment 

To increase the efficiency and life of reverse osmosis and nanofiltration (RO/NF) 

systems, effective pre-treatment of the feed water is required. Selection of the 

proper pre-treatment will maximize efficiency and membrane life by minimising 

the following, as reported by Dow (2008: 19): 

• Fouling 

• Scaling 

• Membrane degradation 

And by optimizing: 

• Product flow 

• Product quality (salt rejection) 

• Product recovery 

• Operating & maintenance costs 

Kucera (1997:55) explained that fouling of RO membranes is as a result of 

suspended solids, microbes, and organic material, particularly long-chained 

species that deposit on the surface of the membrane modules in an RO system. 

Hence, these materials typically foul the first stage of an RO system. Microbes, if 

left untreated, can reproduce and spread, thereby fouling an entire RO system. 

Once deposited on the membranes, foulants attract additional solids, thereby 

accelerating any fouling problem that might already exist. In addition to solids, 

microbes, and organics, soluble heavy metals (such as iron) can foul RO 

membranes when oxidised within the membrane modules. Oxidation can occur 

in any stage of an RO system when the pH and dissolved oxygen concentration 

are suitable. 
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Karbochem effluent would therefore require pre-treatment since it contains 

solids and organics that could foul and scale the membrane. The pH and 

dissolved oxygen concentration of the effluent should be controlled to avoid 

oxidation soluble heavy metals which would then lead to membrane fouling. 

Pre-treatment of feed water must involve a total system approach for continuous 

and reliable operation. For example, an improperly designed and/or operated 

clarifier will result in loading the sand or multimedia filter beyond its operating 

limits. Such inadequate pre-treatment often necessitates frequent cleaning of 

the membrane elements to restore productivity and salt rejection. The cost of 

cleaning, downtime and lost system performance can be significant. According 

to Dow (2008: 19), the proper treatment scheme for feed water depends on: 

• Feed water source 

• Feed water consumption 

• Application 

Kucera ( 1997:56) states that pre-treatment to minimise scaling and fouling of 

membranes includes water treatment techniques such as clarification, filtration, 

and chemical additives such as coagulants, flocculants, biocides, and inhibitors. 

The selection of the appropriate technologies for a given feedwater should be 

site-specific. Several factors, such as capital and operating budgets, manpower, 

cost of utilities, space availability, and future expansion requirements, in addition 

to the efficacy of the specific techniques, must be considered in developing a 

pre-treatment system for a given application. 

The type of pre-treatment system depends to a large extent on feed water 

source (i.e., well water surface water, and municipal wastewater). Industrial and 
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municipal wastewaters have a wide variety of organic and inorganic 

constituents. Some types of organic components may adversely affect RO/NF 

membranes, including severe flow loss and/or membrane degradation (organic 

fouling), making a well-designed pre-treatment scheme imperative. Once the 

feed source has been determined, a complete and accurate analysis of the feed 

water should be made. The importance of a feed water analysis cannot be 

overemphasized. It is critical in determining the proper pre-treatment and RO/NF 

system design (Dow 2008:19). 

2.6.1 Chlorination and de-chlorination 

Chlorine (CI2) has been used for many years to treat municipal and industrial 

water and waste waters to control micro organisms quickly. The effectiveness of 

chlorine is dependent on the chlorine concentration, time of exposure, and pH of 

the water. Chlorine is used for treating potable water where a residual chlorine 

concentration near 0.5 mg/1 is commonly used. In an industrial water treatment 

scheme, fouling of water intake lines, heat exchangers, sand filters, etc., may be 

prevented by maintaining a free residual chlorine concentration of 0.5- 1.0 mg/1 

or higher, dependent on the organic content of the incoming water (Dow 

2008:58). 

Chlorination for RO/NF pre-treatment has been applied especially where 

biological fouling prevention is required (i.e., typically for surface waters). 

Chlorine is added continuously at the intake, and a reaction time of 20- 30 min 

should be allowed. A free residual chlorine concentration of 0.5 - 1.0 mg/1 

should be maintained through the whole pre-treatment line. Dechlorination 

upstream of the membranes is required, however, to protect the membranes 

from oxidation (Dow 2008:58). 
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FILMTEC membranes can withstand short-term exposure to free chlorine 

(hypochlorite); however, its resistance is limited. The membrane can be used 

successfully in installations where system upsets result in temporary exposure 

to free chlorine. Eventually, degradation may occur after approximately 200 -

1000 hours of exposure to 1 ppm concentrations of free chlorine (Dow 2008:58). 

The rate of chlorine attack depends on various feed water characteristics. Under 

alkaline pH conditions, chlorine attack is faster than at a neutral or acidic pH. 

Chlorine attack is also faster when iron or other transition metals are present 

either in the water or on the membrane surface. These metals catalyse 

membrane degradation. Because of the risk of membrane oxidation, chlorine is 

not recommended for intentionally sanitizing membrane systems (Dow 2008:58). 

Continuous chlorination and de-chlorination of feed water has been standard for 

years. It is believed that the chlorine reacts with the organic matter in the water 

and breaks it down to more biodegradable fragments. Since there is no chlorine 

present on the membranes, micro-organisms can grow with an enhanced 

nutrient offering, unless the system is sanitized very frequently. Therefore, the 

continuous chlorination/de-chlorination method is becoming less popular (Dow 

2008:58). 

Instead of continuous chlorination, chlorine is preferably applied off-line to the 

pre-treatment section periodically. During off-line chlorination, the feed water 

has to be sent to drain prior to reaching membranes. Before the system goes 

into operation again, all chlorine containing feed water has to be rinsed out 

carefully, and the absence of chlorine must be verified, for example, by 

monitoring of the oxidation-redox potential (ORP) (Dow 2008:58). 
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When RO or NF membrane is used in the RO/NF process, the feed must be de

chlorinated to prevent oxidation of the membrane. FILMTEC membranes have 

some chlorine tolerance before noticeable loss of salt rejection is observed. The 

first sign of chlorine attack on RO/NF membrane is loss of membrane flux 

followed by an increase flux and salt passage. An acid pH is preferred for better 

biocidal effect during chlorination . Chlorine attack is also faster at higher 

temperatures. Since oxidation damage is not covered under warranty, FILMTEC 

recommends removing residual free chlorine by pre-treatment prior to exposure 

of the feed water to the membrane. Other oxidizing agents such as chlorine 

oxide, hydrogen peroxide, ozone, and permanganate are capable of damaging 

RO/NF membranes also if not used properly (Dow 2008:60). 

Residual free chlorine can be reduced to harmless chlorides by activated carbon 

or chemical reducing agents. An activated carbon bed as explained by Dow 

(2008:60) is very effective in the de-chlorination of RO feed water according to 

the following reaction: 

( 1 0) 

Sodium metabisulfite (SMBS) is commonly used for the removal of free chlorine 

and as a biostatic. Other chemical reducing agents exist, for example, sulphur 

dioxide, but they are not as cost-effective as SMBS (Dow 2008:60). 

When dissolved in water, sodium bisulphite (SBS) is formed from SMBS: 

( 11) 

SBS then reduces hypochlorous acid according to: 
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(12) 

In theory, 1.34 mg of sodium metabisulfite will remove 1 mg of free chlorine. In 

practice, however, 3 mg of sodium metabisulfite is normally used to remove 1 

mg of chlorine (Dow 2008:60). 

2.6.2 Colloidal material 

Colloidal material in water is present as very small particles just larger than 

dissolved particles in the range of about 50 - 200 nm and is determined as 

turbidity. Turbidity is expressed in nephelometric turbidity units (NTU). It is 

determined by comparing the intensity of light scattered by the water sample to 

the intensity of light scattered by a standard reference in the turbidity meter. For 

RO, the turbidity in the feed water is normally specified by manufacturers as < 

0.1 NTU. This level can normally only be achieved by means of chemical pre

treatment including coagulation and filtration. UF is excellent to remove turbidity 

to almost zero (UP 2005:23). 

Although turbidity is a good indication of the presence of colloidal material, low 

NTU values do not always reflect low fouling potential. For this reason, another 

parameter - the Silt Density Index (SDI) - was developed to give a better 

indication of the fouling potential of feed water (UP 2005:24). 

Fouling indices are determined from simple membrane tests. The water to be 

tested is passed through a 0.45 f!m Millipore filter with a 47 mm internal 

diameter at 210 kPa to determine the indices. Because of the effects of different 

filtration equipment, the Millipore filter apparatus is generally used to generate 

accurate index measurements (UP 2005:24) . 
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The SOl is the most widely used fouling index. The test cell is used to determine 

three time intervals for calculation of the SOl. The first two time intervals are the 

times to collect an initial 500 ml and the final 500 ml of water that passes the 

filter. The third time interval is 5, 10, or 15 minutes and is the time between the 

collection of the initial and final sample. The 15 minutes interval is used unless 

the water is highly fouling that the filter plugs before the 15 minutes interval is 

realized. The interval between the initial and final sample collection is decreased 

until a final 500 ml sample can be collected (UP 2005:24). 

where: 

100[1-t] 
SDI= 1 

ti = time to collect initial 500 ml of sample 

tr = time to collect final 500 ml of sample 

t = total running time of test 

(13) 

The SOl is a static measurement of resistance that is determined by samples 

taken at the beginning and at the end of the test. The SOl is not reflective of a 

continuously operated membrane process. It is, however, generally used to 

specify the quality of feed water to membranes. Typical values specified by 

manufacturers vary from around 2 to 5 for spiral wound systems (UP 2005:24). 

Therefore, the SOl could be used to assess the intensity of Karbochem effluent 

to foul the membrane. This could be modelled by Equation 13 as discussed by 

UP (2005:24). 
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2.6.3 Activated Carbon Bed 

The removal of toxic compounds represents a problem, particularly when they 

are present at low concentrations. The methods commonly employed are either 

destructive oxidation by means of ozone, hydrogen peroxide, manganese oxides 

or adsorption by porous solids such as activated carbon, fly ash and natural or 

pillared clays (Solisio eta/. 2001: 33). 

Carbon has been used as an adsorbent for centuries. Early uses of carbon were 

reported for water filtration and for sugar solution purification. Activated carbons 

ability to remove a large variety of compounds from contaminated waters has 

led to its increased use in the last thirty years. Recent changes in water 

discharge standards regarding toxic pollutants have placed an additional 

emphasis on this technology (Carbtrol 2008:2). 

According to Solisio et a/. (2001 :33), granular activated carbon (GAC) is 

considered the most effective adsorbent, especially for those substances 

containing refractory organic compounds that persist in the environment and 

resist biodegradation. The granular activated carbon (GAC) could therefore be 

used to remove the organic compounds from Karbochem effluent prior to 

feeding into the membrane system. 

Kucera (1997:59) states that carbon is generally replaced when exhausted. 

Regeneration of carbon using acid, caustic, or solvents has had very limited 

success. Steaming is effective for killing microbiological growth in carbon filters 

but rather ineffective for removing naturally occurring organics from the carbon. 
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2.6.3.1 Adsorption 

Adsorption is a natural process by which molecules of a dissolved compound 

collect on and adhere to the surface of an adsorbent solid. Adsorption occurs 

when the attractive forces at the carbon surface overcome the attractive forces 

of the liquid (Carbtrol 2008:2). 

Solisio et a/. (2001 :33) reported that in the adsorption process, the choice of 

GAC is justified by its good adsorbing capacity due to the high surface area 

resulting from the high porosity. Because of these characteristics, it is used in 

the filtration process of macromolecular organic substances present in 

wastewaters coming from food or pharmaceutical industries. According to 

Carbtrol (2008:2) one gram of a typical commercial activated carbon will have a 

surface area equivalent to 1000 square meters. This high surface area permits 

the accumulation of a large number of contaminant molecules 

2.6.3.2 Adsorption Capacity 

The specific capacity of a granular activated carbon to adsorb organic 

compounds is related to: molecular surface attraction, the total surface area 

available per unit weight of carbon, and the concentration of contaminants in the 

waste water stream (Carbtrol 2008:2). 

Kucera (1997:59) reported that up to 95% of the organic loading can be 

removed via adsorption on the medium. Virtually 100% of chlorine can be 

removed via catalytic destruction. Organic loading is approximately 5- 15 lb per 

100 lb of carbon; chlorine loading is virtually unlimited. This makes activated 

carbon a suitable adsorbent for the removal of both organic compounds and free 

chlorine from Karbochem effluent. 
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The basic instrument for evaluating activated carbon use is the adsorption 

isotherm. The isotherm represents an empirical relationship between the amount 

of contaminant adsorbed per unit weight of carbon and its equilibrium water 

concentration (Carbtrol 2008:2). 

This relationship can be expressed in the following form: 

Where: 

X/M 

c 
K,n 

X/M = K.C11
n (14) 

= Amount of contaminant adsorbed per unit weight of carbon. 

= Concentration of contaminant in the water stream. 

= Empirical constants particular to the contaminant. 

The constants K and n are determined by plotting experimental results on log

log paper with the concentration of contaminant on the X axis and the amount 

adsorbed on the Y axis. The slope of the line developed is equal to 1/n and the 

intercept equal to K. These dimensionless, empirical constants are useful for 

comparing the adsorption capacities for different compounds or for assessing 

the adsorption capacities of various activated carbons (Carbtrol 2008:2). The 

amount of organics adsorbed from Karbochem effluent per unit weight of carbon 

could be determined by Equation 14. The same equation should be used also 

for the free chlorine. 

Liquid phase adsorption isotherms have been developed for most commercial 

activated carbons for a variety of specific compounds. Figure 19 presents a 

typical adsorption isotherm used to predict activated carbon adsorption capacity. 
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An isotherm is specific to a particular contaminant and the type of activated 

carbon used (Carbtrol 2008:2). 

2.6.3.3 Design Consideration 

As contaminated water stream passes through a confined bed of activated 

carbon, a dynamic condition develops which establishes a mass transfer zone. 

This "mass transfer zone" is defined as the carbon bed depth required to reduce 

the contaminant concentration from the initial to the final level , at a given flow 

rate, see Figure 6 (Carbtrol 2008:3). 

As the mass transfer zone moves through a carbon bed and reaches its exit 

boundary, contamination begins to show in the effluent. This condition is 

classified as "breakthrough" and the amount of material adsorbed is considered 

the breakthrough capacity. If the bed continues to be exposed to the water 

stream, the mass transfer zone will pass completely through the bed and the 

effluent contaminant level will equal the influent. At this point, saturation capacity 

is reached. The saturated capacity is that which is represented by the isotherm 

(Carbtrol 2008:3). 

To take full advantage of the adsorption capacity difference between 

breakthrough and saturation, several carbon beds are often operated in series. 

This allows the mass transfer zone to pass completely through the first bed prior 

to its removal from service. Effluent quality is maintained by the subsequent 

beds in the series (Carbtrol 2008:3). 

When sizing an activated carbon system, it is necessary to choose an 

appropriate contact time for the wastewater and the carbon. Empty Bed Contact 

time (EBCT) is the terminology used to describe this parameter. EBCT is 
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defined as the total volume of the activated carbon bed divided by the liquid flow 

rate and is usually expressed in minutes (Carbtrol 2008:3). 

2.6.3.4 Choice of technologies 

Carbon adsorption is an extremely versatile technology. For water treatment 

applications, it has proved to be the least expensive treatment option. 

Adsorption is particularly effective in treating low concentration waste streams 

and in meeting stringent treatment levels (Carbtrol 2008:3). 

One of the major attributes of activated carbon treatment is its ability to remove 

a wide variety of toxic organic compounds to non-detectable levels (99.99%). Its 

suitability on a specific application will normally depend on costs as they relate 

to the amount of carbon consumed (Carbtrol 2008:3). 
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Figure 6: Flow diagram of zones within a carbon bed. 
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2. 7 RO system design 

Most RO filtration systems are based on spiral-wound membranes being 

mounted inside pressure vessels. Such vessels can be arranged in parallel 

and/or in series to produce a matrix of membranes with a sufficient total 

membrane surface area in order to obtain a specified total permeate flow and 

permeate quality at an acceptable cost level. To realise this objective, existing 

RO design software packages are valuable tools. Such software enables ready 

simulation of numerous RO configurations or conditions by changing RO 

parameter values (UP 2005:47). 

Several RO design-software packages exist as membrane producers freely offer 

their RO software to the customer. In Table 4, actual RO software packages 

from different RO membrane suppliers are displayed. All companies have 

websites through which the software may be requested . Commercial detail of 

these and university software are available in Table 4 (UP 2005: 47). 
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Table 4: RO design-software packages 

Company Membrane RO-Softwares Homepages 

name 

Dow Filmtec Rosa www.dow.com/ 

Hydranautics Hydranautics Rodesign, www.membranes.com/ 

Rodata 

Koch Fluid systems Ropro 6.1 , www.kochmembrane.com/ 

Costpro 

Osmonics Osmonics, Win Flows www.osmonics.com/ 

Desai 

Toray, Ropur, To ray, ropur, WinCarol 1, 2p www.ropur.com/ 

Trisep Trisep flows 

University Membrane RO-Software Home page 

name 

RWTH Aachen, - -RoDesign 

Germany 

-USRRO for www.ivt.rwth-aachen.de/ 

Aspen 

2.8 Conclusion from the quoted first literature review. 

Based on above literature review, it can be concluded that a reverse osmosis is 

a candidate unit process to separate sulphate from the target effluent and 

potassium sulphate probably retained in the brine would be available for 

appl ication in the future. 

BW30 membranes supplied by Filmtec should used during experimentation. A 

flux equation presented as Equation 1 can be used to model and evaluate the 
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process dynamics of reverse osmosis . An activated carbon bed adsorption 

should be incorporated in the pre-treatment of effluent to reduce concentration 

of organic materials in the effluent. The ROSA programme designed by Filmtec 

can be used as RO design and simulation tool in this study. 
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Chapter 3- Second Literature Review 

3.1 The use of K2504 in fertilizer industry- Introduction 

Potassium hydroxide is used in the batch make-up at Karbochem. The resulting 

product is used to produce latex which is later coagulated by the addition of 98% 

sulphuric acid in the finishing plant. At this stage, potassium sulphate is formed 

as a by-product and is washed away with plant water. Eventually, potassium 

sulphate formed, ends up in the effluent. 

The removal of potassium sulphate from the effluent by reverse osmosis was 

envisaged in Chapter 2. In this Chapter, the possible uses of potassium sulphate 

in fertilizer and fertigation industry will be revealed by a literature search in the 

following Sections. 

3.2 Fertilizers 

In ancient times farmers discovered that excreta of animals and their 

decomposing bodies are food for plant life. American-Indians used wood ashes 

for fertilizer. The Chinese have maintained the fertility of their soil for 5000 years 

by the application of this principle. Manures have been applied on a large scale 

to maintain better plant yields (Austin 1984:477). This implies that the fertilizers 

are required in order to increase the plant yields. 

EFMA (1997) states that, mineral fertilizers are made from naturally-occurring 

raw materials containing nutrients which have normally been transformed into a 

more plant-available form by industrial processing. Although the number of 

chemical processes used is relatively small, there is a wide variety of finished 

products. This diversity facilitates site-specific application, which takes account 
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of factors such as soil type, the requirements of the crop, and weather 

conditions, thus making it possible to achieve optimal plant nutrition and minimal 

environmental impact. 

According to Austin (1984:477) the composition of commercial fertilizer mixes 

are generally expressed in terms of nitrogen as N2 , phosphorus as P20 5 , and 

potassium as K20. Thus a 30:12:6 formula would contain 30% total nitrogen, 

12% available phosphate (P20 5 - equivalent to 5.23% P), and 6% soluble 

potash (K20- equivalent to 5% K). These three components (NPK) of fertilizers 

are available in the brine stream in liquid form (refer to Table 14). 

3.2.1 Fluid Fertilizers 

The production of fluid fertilizers is a relatively new development in the South 

African fertilizer industry. This is not the case in some overseas countries such 

as USA, which is the primary source of fluid fertilizer technology to South Africa. 

The term fluid fertilizer can be applied to any fertilizing material capable of 

flowing, but this chapter is restricted to Suspensions and Solutions, the two 

principal types of fluid fertilizer available in South Africa (Dickinson et a/. 

1989:95). 

3.2.1.1 Types of fluid fertilizer 

The two types of fluid fertilizers are as follows: 

3.2.1.1.1 Suspensions 

Suspensions are fluid fertilizers that contain plant nutrients both in solution 

(solution phase) and as a fine undissolved particles (solid phase). The term 
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suspended solution implies that the solid phase particles are suspended in the 

solution phase whose viscosity has been increased by the addition of a 

thickening agent (usually gelling clay) to prevent the particles from settling out 

(Dickinson eta/. 1989:95). 

Mixed NPK suspensions rated satisfactory are at least 98% pourable, contain no 

crystals larger than 850fl with no crystals settled and packed on the bottom of 

the storage container. Loose crystals and/or synersis are considered 

undesirable but the suspension is not necessarily rated unsatisfactory if 

recirculation or air sparging will easily reconstitute the suspension (Dickinson et 

a/. 1989:95). 

3.2.1.1.2 Solutions 

Solutions are fluid fertilizers in which the plant nutrients are dissolved in solution. 

In other words, solutions are not always clear (Dickinson et a/. 1989:95).The 

brine stream from Karbochem effluent treatment might fit well in this category as 

no solid phase is expected. 

The major advantage of solution fertilizer over suspension is the absence of a 

solid phase which sometimes results in troublesome precipitates settling in 

storage tanks and blockages in application equipment. The principal 

disadvantage of mixed NPK & NK solutions is their low plant food content in 

relation to suspensions. Nitrogen solutions on the other hand generally have 

relatively high plant food content (Dickinson eta/. 1989:95). 

44 



3.2.1.2 Advantages of fluid fertilizers 

According to Dickinson eta/. (1989:96) the growing use of fluid fertilizer in South 

Africa can be attributed largely to: 

• 

• 

• 

Ease of handling . 

Product uniformity . 

Labour saving . 

• Uniformity of application (the pattern of spray broadcast or band placed 

fluid fertilizer is very uniform). 

• Versatility of application (can easily be placed at any desired depth in the 

soil and Fertigation). 

3.2.1.3 Potassium Fertilizers 

Dickinson et a/. ( 1989:84) states that the following potassium fertilizers are 

available in South Africa: 

Potassium chloride (KCI)- 50% K 

Potassium sulphate (K2S04)- 40% K 

Potash magnesia- 21.5% K (5.5% Mg; 16% S) 

Potassium nitrate (KN03)- 38% K; 13% N 

The element potassium (K) occurs in nature in salts and mixtures of salts and 

minerals (Dickinson et a/. 1989:84). According to EFMA (1997) the most 

commonly used product is potassium chloride, otherwise known as murate of 

potash (MOP), which contains 40% to 60% K20 . For plants which are 

particularly sensitive to chlorine, for example tobacco, potatoes, fruits and 

vegetables, potassium sulphate, which contains 50% K20 and 18% sulphur, is 
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recommended. For use on Mg-deficient soils, potassium magnesium sulphate, 

containing 30% K20, 10% magnesium oxide (MgO) and 18% sulphur (S) is 

recommended . 

There are presently two commercial methods of producing potassium sulphate. 

1\!lagnesium sulphate is used in one process and sulphuric acid in the other. The 

two processes as indicated by Dickinson et at. (1989:86) are as follows : 

• The magnesium sulphate process 

The mineral kieserite MgS04.H20 is converted to MgS04.?H20 by addition of 

warm water. When potassium chloride is added, crystals of the double sulphate 

of potassium and magnesium K2S04.MgS04 are formed. This product is known 

as potash-magnesia. When this double salt is further treated with potassium 

chloride, potassium sulphate crystallizes out, and the very soluble magnesium 

chloride remains in solution, see Equation 15. 

(15) 

• The sulphuric acid process 

In this process in which sulphuric acid provides the sulphate ions, use is made 

of natural crude salt which does not contain magnesium sulphate. Potassium 

chloride is heated together with sulphuric acid in special ovens at up to 350°C, 

and eventually to 850°C, in order to complete the conversion to potassium 

sulphate, with hydrochloric acid as by-product. The following chemical reactions 

take place : 
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KCI + H2S04 = KHS04 + HCI 

KCI + KHS04 = K2S04 + HCI 

3.2.2 Potassium Sulphate 

(16) 

(17) 

According to Tandon and Roy (2004), sulphate of potash (SOP) is an important 

source of potassium and sulphate. About 50% K20 and 18% sulphur and they 

are both are in the form that is readily available to the plant. These are 

particularly suitable for crops sensitive to chlorine in stead of potassium chloride. 

SOP has a very low salt index (46.1) as compared to 116.3 in case of MOP on 

material basis. It also stores well under damp conditions. SOP should not be 

mixed with calcium ammonium nitrate (CAN) or urea. 

Standard specifications of potassium sulphate (SOP) based on the Indian 

experience are given in Table 5. Typical internationally accepted technical 

specifications of SOP include maximum moisture content of 1% by weight and 

maximum sodium content as NaCI of 1% by weight. In add ition, particle size 

specifications are that 90% of material shall pass through 4mm IS sieve and be 

retained on 1 mm IS sieve. Further, not more than 5% material shall be below 1 

mm size (Tandon & Roy 2004). 

As stated by Alley and Wysor (2005), potassium sulphate is widely used in 

tobacco and potato production. It is a dry granular product that is water soluble 

and is an excellent sulphur source as well as K source. 
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Table 5: Standard specifications of potassium sulphate (SOP) 

Moisture, percent by weight, maximum 1.5 

Potash (as K20), percent by weight, minimum 50 

Sulphur (asS), percent by weight, minimum 17.5 

Total chlorides (as Cl), percent by weight (on dry basis), maximum 2.5 

Sodium (as NaCI), percent by weight (on dry basis), maximum 2 

3.2.3 Straight fertilizers 

All fertilizers contain at least one major plant nutrient. The term 'straight 

fertilizers' is used in connection with fertilizers which have a declarable content 

of only one of the major plant nutrients, namely nitrogen, phosphorus and 

potassium (EFMA 1997). The brine stream also has a potential of being used as 

a straight fertilizer since it contains a declarable content of potassium above 

those of nitrogen and phosphorus (refer to Table 14). 

3.2.4 Fertigation 

The correct combination of water and nutrients (macro and micro) is imperative 

for increased product yield as well as product quality. Waterman (2001 :1) 

defines fertigation as the application of fertilizers through an irrigation system by 

the use of 'T ' tape, drippers, micro-jets, sprinklers, etc. Therefore, the brine 

stream could be used in fertigation if it contains nutrients in right quantities. 

According to Dickinson et at. (1989:120) although fertigation is a relatively new 

concept in South Africa it has been applied in various forms elsewhere since the 

turn of the century. Attention will be given here mainly to the application of 
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fertilizers through irrigation systems, but the basic principles also apply to the 

use of herbicides, insecticides, fungicides and acids in irrigation. 

Chemicals applied in this manner must meet the following requirements as listed 

by Dickinson eta/. ( 1989:120 ): 

Be non-corrosive and not cause blockages; 

Must be safe for field use; 

Not lower yields; 

Be water soluble and compatible; 

Not have a detrimental effect on the salts and other chemicals in the 

irrigation water. 

3.2.4.1 Advantages of Fertigation 

Very accurate and specific fertilization. Macro- and micro-nutrients can be 

applied separately or in combination to satisfy very specific requirements of 

plants. 

Deficiency symptoms can be corrected at a late stage when crops are tall. 

Fertilizers and other chemicals can be combined. 

Leaching in sandy soils can be limited. 

Higher usage efficiency - less fertilizer can often give the same or higher 

yields. 

Prevent soil compaction due to less traffic. 

Greater flexibility to reduce risk. Fertilization can be discontinued at any 

stage, for example, after hail, wind or insect damage. 

Computerization is very practical. 

Higher management level often leads to higher yields. 

Less theft of fertilizer (Dickinson eta/. 1989:120). 
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3.2.4.2 Application of Fertigation 

The accuracy of application will always be influenced by the quality of design 

and management of the irrigation system. The distribution of chemicals will 

obviously be as accurate as the distribution of water. Even the level of water 

distribution must never be taken for granted and is influenced by several 

independent factors (Dickinson eta/. 1989:121 ): 

Climatic factors- wind speed and direction. 

Sprinkler variables - nozzle size, angle, rotation tempo, type of nozzle and 

the pressure at the nozzle. 

Distribution variables - sprinkler spacing on laterals, spacing of laterals, 

height of sprinklers above ground or crop, stability of riser pipes, pressure 

differentials across the system. 

Management variables - time of irrigation, tempo of movement of laterals 

and sprinklers over the area by mobile systems. 

A lowering of pressure or increase in the speed of the system or a decrease of 

the application rate of water will have a detrimental effect on the coefficient of 

uniformity (CU) of mobile systems (Dickinson eta/. 1989:121 ). 

One nozzle with a poor application will have a strip or circle effect on either over 

(injurious) or under application of chemicals (Dickinson eta/. 1989:121 ). 

Wind is an important factor to be considered. Wind speed with permanent 

systems should be below 8 km/h, whilst 24 km/h is the maximum for mobile 

systems. Anything above these speeds or during periods of gusty winds, 

irrigation should be ceased (Dickinson eta/. 1989:121 ). 
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3.2.4.3 Injection methods in fertigation 

Various methods have been devised to introduce fertilizers and other chemicals 

into irrigation systems. The final choice must ultimately be with the farmer. The 

following can be used; venture systems, pressure displacement tanks, electrical 

and water driven pumps. The latter two are probably the most accurate and 

reliable with the least trouble. It is however possible that the correct application 

will provide the same accuracy with the first two options (Dickinson et a/. 

1989:121). 

Furthermore, a mixing tank and storage tank is required . Mild steel, stainless 

steel, glass fibre, polyethylene and rubber are some of the more popular 

materials used by tank manufacturers. Tank choice can be based on quantity, 

type of chemicals and length of storage. These factors will determine the size 

and materials from which the tanks are to be made, and thus ultimately influence 

the price in cents per litre of the final product (Dickinson eta/. 1989:121 ). 

3.2.5 Fertilization 

The principle of fertilization is based on the general S-growth curve of plants. 

This generally applies to all plants and crops with adjustments for time and 

quantity of fertilizer applications. For the sake of generalisation the programming 

of Fertigation can be done in three phases as designated on the graph, with 

appropriate percentages of the NPK balance after deducting planter fertilizer 

(Dickinson eta/. 1989: 123). 
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3.2.5.1 Potassium (K) 

According to BQR (2007) potassium is an immobile nutrient in the soil, moving 

slowly for only short distance (by diffusion) through moisture films on soil particle 

surfaces. It can leach in very sandy or organic soils, but seldom leached out of 

the crop root zones. 

Nearly every aspect of plant growth is dependent upon adequate supply of 

potassium (K). Potassium helps to improve plant's disease resistance, tolerance 

to water stress, winter hardiness, tolerance to crop pests, and increased 

efficiency of (N) use (BRQ 2007). 

Providing adequate amounts of potassium in fertilizer to meet current crop 

needs and to build soil (K) levels is critical to sustain profitable crop production. 

This essential nutrient is required in greater amounts than any other nutrient 

except (N) and some crops take up more (K) than (N). Only when the soil is 

adequately supplied with (K) can optimum crop production be sustained (BRQ 

2007). 

Problems are seldom if ever encountered with this nutrient. The general sources 

of K namely potassium sulphate (K2S04), potassium chloride (KCI) and 

potassium nitrate (KN03 ) are fairly soluble in water (see Table 6). Temperature 

must always be taken into consideration. A decrease in temperature overnight 

should be compensated for to prevent crystallization (Dickinson eta/. 1989: 125). 

When potassium is applied, the cation, K+ is absorbed by the clay complex. 

When the clay becomes saturated movement of K+ can occur until it is 

eventually adsorbed by another exchange complex. Plants require substantial 

amounts of K and on a dry mass-basis; leaves should contain about 1% or more 
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K. The 1% will vary for different crops and must be regarded as a guideline. 

Generally, it has been found that a 1:1 N:K mixture is very good for fertigation. 

Potassium has however not received much attention in the RSA and could be 

investigated in the fertigation context (Dickinson et at. 1989: 125). 

Table 6: Solubility of potassium salts in water 

Solubility in water [g/kg] 

Temperature FCJ KN03 KCI K2S04 

0 133 276 74 

10 209 310 92 

20 316 340 111 

30 458 370 130 

3.2.5.2 Sulphur (S) 

Sulphur fulfils several important functions in the plant as stated by BQR (2007). 

There can be no protein without (S). This nutrient is needed to make chlorophyll , 

enzymes, vitamins and other essential compounds in the plant. Sulphur deficient 

plants are often uniformly chlorotic, stunted , thin-stemmed , and spindly. 

Sulphur is present in SOP in the sulphate ion (SO/-) form. The sulphate is 

metabolized by the plant, and the (S) becomes an integral part of plant 

compounds, vital to plant metabolism (BQR 2007). Therefore, the brine stream 

could also serve as a source of sulphur when used in the fertiliser and fertigation 

industry. 
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3.2.5.3 The agricultural advantages of SOP 

It supplies the crop with both (K) and (S). It has the lowest salt index among 

conventional potash fertilizers. Preferred for (CI) sensitive crops such as 

potatoes, canola , tomatoes, clover, peas, beans, oats, wheat, alfalfa, tobacco, 

cool season grasses, ornamental plants, etc. It is compatible with late (K) 

applications just before planting. Recognition of the increasing needs for 

supplemental sulphur in crop production, combined with the established roles of 

(K) and (S) in plant physiology makes SOP a component of choice in balanced 

plant nutrition (BQR 2007) 

3.3 Conclusion from the quoted second literature review 

The brine stream from reverse osmosis process should be assessed for the 

concentrations of potassium and sulphates. If potassium and sulphates are 

available in 50% K20 and 18% sulphur, then the brine stream could be used for 

crops that are sensitive to chlorine as stated by Tandon and Roy (2004), as well 

as in BQR (2007). However, brine stream might require additional treatment to 

remove other impurities present. If dry granular potassium sulphate is desired, 

the standard specifications given in Table 5 should be used as a guide and the 

product can be used in tobacco and potato productions. If this product does not 

comply with any of afore mentioned specifications, it could also be considered 

for irrigation purposes at Karbochem factory. 
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Chapter 4- Research Methodology 

4.1 Membrane selection trial 

In Section 2.4.1, Dow reported that FILMTEC thin film composite membranes 

give excellent performance (in terms of flux, salt and organics rejections, and 

microbiological resistance) for a wide variety of application, chemical processing 

and waste treatment. It was also reported that FILMTEC elements can operate 

over pH range of 2 to 11 and are resistant to compaction and are suitable for 

temperatures up to 45° C. 

For this reasons mentioned above a simulation was done using the ROSA 

software to evaluate the rejection of potassium ions and sulphate anions by 

various Filmtec membrane modules. The trial was done using the fo llowing 

Filmtec membrane modules: SW30-2540, BW30-2540, TW30-2540, LP-2540, 

XLE-2540, NF200-2540, and NF90-2540. All these modules were manufactured 

from polyamide thin film composite . The simulations were performed with the 

following process conditions: feed pressure and temperature of 15 Bar and 25°C 

respectively. The data was used to select a membrane module to be tested on a 

pilot scale. The results of this simulation were presented and discussed in 

Section 5.1. 

4.2 Laboratory scale RO unit- Flat sheet membrane evaluation 

Annexure A recommends Filmtec brackish water reverse osmosis membrane 

elements for consistent, outstanding system performance in light industrial 

applications. In this experiment, a laboratory scale experiment was conducted 

with the aim to evaluate the rejection of both potassium and sulphate ions by 

BW30 flat sheet membrane on the effluent obtained from Karbochem finishing 
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Figure 8 illustrates the cross-sectional view of a dead-end module. This Figure 

describes the fittings and the internals of a dead-end module. 

Feed inlet 

Pressure inlet 

Feed solution 

Magnetic bar 

Membrane 
on support 

- Safety valve 

Figure 8: Schematic representation of flat-sheet module (drawing adopted from 

Krieg eta/. (2004:206)). 

4.2.2 Experimental Procedure 

The membrane was immersed in distilled water for approximately 1 hour before 

the experiment was started. A fixed volume (approximately 1500 ml) of effluent 

sample from Karbochem Finishing plant was filtered to remove rubber crumbs 

and other suspended solids prior to feeding into the RO unit. Applied pressure of 

2000 kPa was introduced to the unit, using pressurized nitrogen gas as a driving 

force. A magnetic agitator was used to homogenise the feed solution and 

prevent premature blinding or concentration polarisation. The agitator speed 
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was set at 500rpm. This experiment was performed at room temperature. 

Samples of 500ml of the feed, permeate and brine solutions were collected and 

then sent to CSIR water laboratories for elemental analysis. The methods of 

analysis used at CSIR were detailed on Annexure D. 

4.3 Pilot plant tests- Spiral wound element evaluation 

Following the results obtained from experiment with BW30 flat sheet module, the 

same experiment was performed using a BW30-2540 element. This was to 

evaluate the performance of this polymer membrane on a larger scale. A BW30-

2540 element was designed to achieve the following: 

• Active area= 2.6 m2 

• Applied pressure= 15.5 Bar 

• Permeate flow rate= 3.2 m3/d 

• Stabilized salt rejection = 99.5 % 

The difference between the two experiments was that, one used a flat sheet 

membrane element while the other used a spiral wound membrane element. 

Spiral wound membrane element has got a larger surface area than the flat 

sheet membrane element used, thereby allowing for higher permeate flux . 

4.3.1 Apparatus 

The apparatus used for this experiment were as follows: 

• 1 00 litres Plastic tank used as a reservoir. 

• 1 x Mono pump. 

• Pressure relieve valve set at 2500 kPa. 
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• Ball valves for flow control. 

• Pressure indicators (PI). 

• Feed and permeate flow meters (FM). 

• 2,5 inch membrane module fitted with BW30-2540 membrane element. 

SET ~ 
25 BAR 

NOTE: 
1. RESERVOIR 
2. REVERSE OSMOSIS VESSEL 
3. FEED PUMP 

PI 

\ c 
BRINE I 

~ 

2 

PERMEATE 

Figure 9: Experimental set-up for BW30-2540 membrane module in pilot plant 

(AUTOCAD drawing). 

4.3.2 Experimental procedure 

A sample of 40 000 ml effluent from Karbochem Finishing plant was first filtered 

with a filter paper to remove rubber crumbs and other suspended solids. This 

was done prior to feeding the effluent into the reservoir indicated on Figure 9. 

BW30-2540 membrane element (effective membrane area is 2.6 m2
) was fitted 

into a stainless steel pressure vessel as labelled 2 on Figure 9. A sample of 500 

ml was taken from the reservoir to represent the feed solution. The pump was 

started and the feed pressure to the membrane was regulated at 2000 kPa 
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using ball valves labelled B and C on Figure 9. The bucket and stopwatch 

method was used to determine the streams flow rates and the following were 

obtained: 

Feed = 11 .133 1/min 

Permeate= 0.263 1/min 

Brine= 10.87 I/ min 

Effluent was stirred constantly and the system was allowed to run for 

approximately 40 minutes before 500 ml permeate and brine samples were 

taken. These experiments were performed at room temperature. The feed, 

permeate and brine samples were sent to CSIR water laboratories in Pretoria for 

the elemental analysis. Refer to Annexure 0 for the analytical methods used at 

CSIR. The same experiment was repeated. However, in the second time the 

experiment was allowed to run for 1 hour before 500 ml permeate and brine 

samples were taken. 

4.4 Silt Density Index (SOl) tests 

The silt density index (SOl) of the effluent was measured to establish the fouling 

potential of the effluent. The same apparatus as in Section 3.2.1 were used and 

the procedure was as follows: 

4.4.1 Experimental procedure 

The feed pump was started and feed pressure regulated at 2000 kPa using ball 

valves labelled A and B on Figure 9. The system was allowed to run 

continuously for approximately 30 min at the feed rate of 11 .133 1/min before the 

first permeate sample was taken. A sample of 500 ml was collected from 
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permeate stream and the time taken was recorded. The system was allowed to 

run continuously for 15 min after the first sample was collected and before the 

final sample was collected. The final 500 ml sample was then collected and the 

time taken was noted. The SOl was calculated using Equation 13. This 

procedure was repeated twice to check the accuracy of the results. 

4.5 Activated carbon treatment 

This experiment was performed to demonstrate the effectiveness of activated 

carbon treatment on the adsorption of COD's and free chlorine. This technology 

was recommended on literature to be used in the pre-treatment of the effluent. 

Granular activated carbon (GAC) with a porosity of 0.6 and density of 50g/1 OOml 

was used. Cactus Carbon Ltd situated in Midrand, South Africa supplied this 

activated carbon. 

4.5.1 Apparatus 

Figure 10 is a photograph of the experimental setup used. This Figure also 

defines each apparatus used. 
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Figure 10: Apparatus used for activated carbon adsorption 

Reaction beaker 

Activated carbon & 
effluent mixture 

Agitation speed 
regulator 

Figure 11 below, shows the granular activated carbon (GAC) that was used in 

this experiment. 

Figure 11: Granular Activated Carbon 
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4.5.2 Experimental Procedure 

A sample of 600 ml effluent was poured into the reaction beaker. 10 g of 

granular activated carbon was weighed and then poured into the reaction 

beaker. Magnetic agitator was started and maintained at 500 rpm. The process 

was allowed to run for about 30 minutes at a room temperature. The same 

procedure was repeated varying the mass of granular activated carbon to 20 g 

and 30 g respectively. The slurry was then filtered to remove spent activated 

carbon. 

4.6 Filtration process 

Filtration was applied to separate the slurry into filtrate and spent activated 

carbon. 

4.6.1 Apparatus 

The photograph on Figure 12, illustrates the experimental setup and apparatus 

used. 
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Glass filter 

Effluent/carbon mixture 

Filter paper 

Vacuum pump 
Receiver 

Figure 12: Apparatus used for filtration 

4.6.2 Experimental Procedure 

The slurry was filtered through the filter paper and filtrate collected in the 

receiver while spent activated carbon settled on the filter paper. Filtrate samples 

were then sent to CSIR water laboratories for the analysis of COD and free 

chlorine. The results were obtained and reported in Table 9. Refer to Annexure 

D for the analytical methods used at CSI R. 

4.7 Sensitivity Analysis 

A sensitivity analysis was performed using FILMTEC ROSA simulation software 

to evaluate the performance of BW30-2540 FILMTEC membrane on variable 
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operating conditions. The results of effluent feed quality obtained during 

experiment conducted under Section 4.2 above were used as input data to the 

software. The feed flow rate was kept constant at 0.5 m3/hr while the feed 

pressure of the system was varied . The pressures used were as follows: 2.5 bar, 

5 bar, 10 bar, 15 bar, 20 bar, and 25 bar. Temperature was assumed to be at 

25°C. 
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Chapter 5- Experimental Results and Discussion 

The results of all experiments and simulations conducted in Chapter 4 were 

reported and discussed on this Chapter. This was done in order to relate both 

experimental as well as simulation results in terms of their significance with 

regard to theoretical basis of this research. 

5.1 Simulation Results of Membrane Selection trial 

The objective was to obtain permeate stream conforming to RWB and 

Karbochem process water specifications regarding potassium ions and sulphate 

anions. Based on data recorded in Table 7, it is clear that LP-2540, XLE-2540, 

NF200-2540, and NF90-2540 modules would achieve desired permeate 

specifications (9mg/l K+ and 145mg/l SO/} The desired permeate 

specifications would be achieved using SW30-2540, BW30-2540, or TW30-2540 

modules. 

The SW30-2540 module seems to be the best in terms of potassium ion and 

sulphate anion rejections; however, this module gives the lowest recovery and 

the highest specific power which would then result in an increased effluent 

treatment cost. 
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Table 7: Performance Evaluation of Various Filmtec Modules 

It 

SW30· BW30· TW30· LP· XLE· NF200· 
Membrane Module: 2540 2540 2540 2540 2540 2540 
Feed Pressure [Bar] 15 15 15 15 15 15 

Operating Temp [0 C] 25 25 25 25 25 25 

Feed Flow [m 3/hr] 0.67 0.67 0.67 0.67 0.67 0.67 

K+ [mg/1] 701 701 701 701 701 701 

soi- [mg/1] 819 819 819 819 819 819 

K+ [mg/1] 1.41 4.73 4.73 10.51 11.03 28.46 

soi- [mg/1] 1.33 5.41 5.41 12.06 12.69 9.8 

K+ [mg/1] 783.4 846.8 846.8 966.3 1040 968.3 

soi- [mg/1] 915.3 989.3 989.3 1129 1215 1141 

Recovery [%] 10.54 17.31 17.31 27.76 32.95 28.44 

Specific Power [kWh/m3
] 4.94 3.01 3.01 1.88 1.58 1.83 

The choice should be between BW30-2540 and TW30-2540 modules for this 

application. Both modules have achieved similar results. However, Dow 

(2008:17) states that BW30 membranes are used for brackish water while TW30 

membranes are used for tap water. 

Therefore, the life span of TW30-2540 module might deteriorate very rapidly as 

compared to that of BW30-2540 as the TW30 membranes are not designed to 

handle high salt composition which could result in precipitation and promote 

rapid scale formation. The BW30 membranes are designed to treat brackish 

water and therefore BW30-2540 is recommended for the treatment of 

Karbochem effluent. 
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5.2 Experimental Results of a Laboratory Scale RO Unit 

Figure 13 below shows that BW30 flat-sheet membrane has a high rejection for 

most of the species contained in Karbochem Finishing plant effluent. The 

percentage rejection of each component was calculated using Equation 6. 

Focusing primarily on potassium sulphate rejection, 98% and 99.1% were 

obtained for potassium and sulphate respectively. This agrees with literature 

reviewed in the sense that higher rejections are obtained for multivalent ions 

than for monovalent ions. The COD rejection was also high at 98.3%. Observing 

the feed and permeate streams, all the elements contained in the feed solution 

were significantly rejected. 

It was also observed that, the concentration of all the elements contained in the 

feed solution were almost doubled and thereby making the brine stream very 

rich in potassium sulphate. As Section 3.2 in the literature discusses the role 

and uses of potassium sulphate within the fertilizer industry, the brine stream 

might be disposed by eliminating undesirable components such as the COD and 

Cl in the stream and then use K2S04 as a fertilizer. The undesirable components 

could be controlled in the pre-treatment stages. 
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Figure 13: Water quality after treatment with flat-sheet module 

5.3 Experimental Results of Pilot Plant Tests 

The trends observed in the previous experiment were again seen on Figure 14 

and therefore, discussions about Figure 13 are also applicable to Figure 14. 

These results were obtained using BW30-2540 membrane module. The 

differences in the two experiments were noted only on the brine streams. On 

Figure 13, the concentrations of each component were significantly increased 

while it almost remained constant on Figure 14. This is because the first 

experiment was on a very small scale and the experiment was run until the feed 

solution was halved, while the second experiment was performed on a larger 
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scale and the brine sample was taken before the feed solution was halved in the 

reservoir. 
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Figure 14: Water quality after treatment with spiral wound module (Test 1) 
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Figure 15 also shows similar trends observed on Figure 13 and 14. These 

results were obtained with the same set-up used to obtain the results on Figure 

14. The only notable difference between Figure 14 and 15 was the brine 

concentrations. On Figure 15, the concentration of each element increased 

better than on Figure 14 because the experiment performed to yield Figure 15 

results was run a little longer than on Figure 14. This shows that the more the 

brine stream is recycled, the more concentrated the brine becomes. 
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Figure 15: Water quality after treatment with spiral wound module (Test 2) 

The permeate quality from all experiments compares well with Karbochem water 

standards as given on Table 2, except for the TDS which could not be measured 

and potassium ion which is slightly high. 

Reverse osmosis seems to be effective mitigating eflluent problems that 

Karbochem had as previously indicated on Figure 2. However, it creates another 

problem as it generates waste in the form of brine and ways of disposing or 

recovering the brine stream will be necessary. 
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5.4 Experimental Results of the Silt Density Index (SDI) Tests 

The SDI values were calculated using Equation 13 and the values recorded on 

Table 8. The following is a sample calculation done for Test 1 (Run 1 ): 

100[1-~l 
SDI = 1 

t 

1 oo[1- 4
·
22

] 
SDI = 4.27 

15 

SDI = 0.078 

Table 8: Determination of the feed water SOl 

Run 1 Run 2 
ti [min] 4.22 4.27 
tf [min] 4.27 4.3 
t [min] 15 15 

SDI 0.078 0.047 

The difference in the two values obtained could be associated with the human 

error when operating the stop watch. These values on both runs were however, 

way too low as compared to the maximum recommended SDI of 5 for the 

BW30-2540 membrane as given on Annexure A. This means that the fouling 

potential of the feed water to BW30-2540 membranes is significantly low. 

5.5 Experimental Results of Activated Carbon Treatment 

Table 9 show the results obtained from the activated carbon treatment. These 

results indicate that no pre-treatment is required for the free chlorine as the 

• effluent from Karbochem finishing plant contained free chlorine at concentrations 
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below 0.01 mg/1. The free chlorine tolerance of the membrane used is <0.1 mg/1, 

meaning that the membrane was not under any threats from chlorine attack of 

the effluent. 

Table 9: Results of activated carbon bed treatment. 

Final 
Initial concentration concentration Contaminant 

[mg/1] [mg/1] adsorbed [mg/1] 
Weight of Effluent vol Free 

Run carbon [g] [ml] COD Free Cl2 COD Cl2 COD free Cl2 

1 10.071 600 482 <0.01 344 <0.01 138 -
2 20.122 600 482 <0.01 242 <0.01 240 -

3 30.214 600 482 <0.01 143 <0.01 339 -

The results above illustrates that activated carbon is capable of adsorbing the 

COD and chlorine from the effluent and thereby reducing them to the required 

levels. Pre-treating the effluent with activated carbon bed prior to RO treatment 

should definitely reduce the risk of free chlorine attack as well as organic fouling 

of the membrane. 

5.6 Experimental Results of a Sensitivity Analysis 

Sensitivity analysis was performed to evaluate the performance of BW30-2540 

membrane module when varying the feed pressure. Figure 16 shows the results 

obtained for the rejections of both potassium and sulphate ions at different 

pressures. 
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Figure 16: Rejection Curves- Sensitivity Analysis 

The focus was more on the rejections of potassium and the sulphate as they 

form the main objective of this study. Both curves showed that solute rejection 

rises with the feed pressure. 

Figure 17 summarises the results obtained for permeate flux at different 

pressures during sensitivity analysis. 
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Figure 17: Flux Curve - Sensitivity Analysis 

The flux curve shows that the higher the pressure the more water permeates 

through the membrane. This illustrates that the water flux equation is applicable 

where water flux is directly proportional to the applied pressure (refer to 

Equation 1 ). The point where the graph cuts through the x-axis represents 

osmotic pressure of the solution. This means that in order for water to permeate 

through the membrane, the applied pressure must be higher than the osmotic 

pressure of the solution. This flux curve is of the order 1.2 bar at zero flow. 
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Figure 18 shows the relationship between water recovery and the applied 

pressure. 

30 -

25 -

20 

~ 
~ 15 
0 
(.) 
Q) 

0:: 

10 

5 

---- -

0 +-----~------r------~----~-----.----~------~----~-----, 

0 2 4 6 8 10 12 14 16 

Pressure [bar] 

Figure 18: Recovery Curve- Sensitivity Analysis 

Water recovery increases with an increase in applied pressure. This means that 

the higher the pressure, the more water recovery will be attained. Refer to Table 

17 to observe the effect of pressure increase on element rejection. 

The feed results obtained from Experiment 4.2 were used to approximate the 

expected performance of a similar spiral membrane system using Rosa RO 

design-software package with BW30-4040 module. The results of this simulation 

were recorded on Table 10 and conform to Karbochem water standards. These 
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membranes, however, requires pre-treatment to protect against organic fouling 

and free chlorine attacks. Annexure B displays detailed design report by ROSA 

design-software. 

Table 10: Performance results of spiral-wound membrane. 

Parameter Feed Brine Permeate 
NH/ [mq/1] 0.23 0.32 0.02 
K+ [mg/1] 701 998.29 7.3 
Na+ [mg/1] 75 118.67 0.77 
Mg2+ [mg/1] 6 8.56 0.04 
Ca2+ [mg/1] 16 22.82 0.09 
s~+ [mqfll 0.09 0.13 0 
Ba2+ [mq/1] 0.06 0.09 0 
co}- [mq/1] 0 0 0 
HC03- [mg/1] 0 0 0 
N03- [mg/1] 0.2 0.27 0.05 
cr [mg/1] 205 291.71 2.66 
F [mg/1] 0.2 0.28 0 
so/- [mg/1] 819 1166.85 7.34 
Si02 [mq/1] 2 2.85 0.01 
Boron [mg/1] 0.06 0.07 0.03 
C02 [mg/1] 0 0 0 
TDS [mg/1] 1825.12 2611.25 18.48 
pH 4.3 4.3 4.3 

The above results were used to extrapolate the running costs to treat 120 

m3/day of effluent, based on a 30% recovery of the water. Refer to Table 11 for 

detail. 
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Table 11: Running costs for spiral-wound RO treatment 

Power required [kW] 1.26 

Specific energy [kWh/mj] 1.68 

Energy charge [c/kWh] 25.05 

RO running cost [R/mj] 0.42 

Power and specific energy required were estimated by ROSA design-software. 

At the time this report was issued, the energy charge was 25.05 cents/kWh 

during high season, for large customers within the vicinity of Gauteng province 

(refer to annexure C). Using the information aforementioned, the running costs 

of the RO plant with 5 elements were estimated at 42 cents/m 3 of permeate. 

The operating costs of activated carbon bed treatment could not be quantified as 

this process would still need to be optimized. However, Carbtrol (2008) states 

that "for many water treatment applications it has proved to be the least 

expensive treatment option". The loading capacity of granular activated carbon 

could be determined using the adsorption isotherms. The systems should also 

be sized properly and the number of times activated carbon can be regenerated 

should also be determined. 

Table 12 compares the treatment costs by the existing and proposed effluent 

treatment systems. When this report was compiled, the variable treatment 

charge for Karbochem effluent treatment was R 0.26/m3 and a penalty charge of 

R 1.60/m3 was imposed based on the agreed quality specification as per 

contract number SCI 726 REV 3 of the 131
h August 2003 between Karbochem 

and Sasol. The raw water cost was assumed to be R 3.15/m3
. 
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Table 12 also illustrates that the proposed RO system would pay itself out for 

the operating costs as opposed to the existing system at Karbochem. Some 

saving would be achieved because the amount of raw water currently purchased 

by Karbochem would be reduced as permeate from the RO treatment would be 

re-used within Karbochem factory. 

Table 12: Treatment costs of existing system vs. proposed system 

EXISTING SYSTEM 

Variable treatment charge [R!m3
] 0.26 

Flow rate of finishing effluent [m3/d] 120 
Treatment costs [Rid] 31.2 

R.W.B Water usage [m3/d] 70 

Process water [m3/d] 80 

Raw water cost [R!m3
] 3.15 

Finishing plant expenses on raw water [Rid] 472.5 
Total expenses on water [Rid] 503.7 

PROPOSED SYSTEM 

RO running costs [R!m3
] 0.42 

Flow rate of finishing effluent [m3/d] 120 
Treatment costs [Rid] 50.4 

Water to be re-used [m3/d] 36 

Raw water cost [R!m3
] 3.15 

Savings on raw water [Rid] 113.4 
Total savings [Rid] 63 
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Chapter 6- Conclusions and Recommendations 

To conclude, reverse osmosis is a technically suitable process for treating the 

effluent from Karbochem finishing plant. However, pre-treatment of this effluent 

is necessary as it contains significant concentration of COD and Cl2 which could 

attack the membrane and shorten its life span. Significant amounts of rubber 

crumbs were also noted which could block the system completely or cause 

colloidal fouling of the membranes. The membrane is under a minimal risk of 

free chlorine attack as this is available at low levels in the effluent (refer to Table 

9). This implies that, no treatment to remove Cl2 is necessary. 

Flat-sheet and spiral-wound reverse osmosis treatments have completely 

desalinated and significantly reduced the concentrations of all problematic 

quality parameters at Karbochem, especially of potassium and the sulphates. 

Both solute rejection and water passage through the membrane rise with 

pressure, however, care should be taken not to exceed the maximum 

recommended element permeate flow rate and feed pressure, which are 

0.13m3/hr and 41.37 bar respectively for BW30-2540 element. There is no 

significant difference in terms of rejection between flat-sheet and spiral wound 

membranes of the same type, except that spiral-wound offers more active area 

and thus allows for higher permeate flow rates and feed pressures. 

The quality of treated water (permeate) complies with Karbochem process water 

standards except only for potassium which slightly exceeds the specification . 

This means that permeate can be used as process water at Karbochem only if 

potassium could be controlled to acceptable specification ( < 10 mg/1) else, this 

water can be used for cleaning purposes in the plant. 
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The concentrations of potassium and sulphate ions noted in the brine stream are 

too low for recovery (550 - 1820 mg/1 K+ and 879 - 2250 mg/1 sol- in brine 

stream). The amount of effluent available at Karbochem finishing plant is 

approximately, 120m3/day. This implies that it is not financially viable to produce 

dry granular potassium sulphate from the brine stream. This brine can be used 

and sold as a liquid fertiliser provided other impurities are removed to 

acceptable levels required by the users. The brine could be used for plants 

which are sensitive to chlorine, for example tobacco, potatoes, fruits and 

vegetables as recommended by Dickinson eta/. (1988:84). This conclusion is 

also supported by Tandon and Roy (2004). The brine stream can also be used 

for irrigation purposes within Karbochem factory. 

The following is a concise summary of recommendations: 

• A strainer followed by a sand filter is recommended for the pre-treatment of 

the effluent to remove rubber crumbs and suspended solids respectively, in 

order to prevent blockages and colloidal fouling of the membranes. 

• An activated carbon bed filter is recommended to reduce the COD 

concentration to acceptable levels and reduce the risk of membrane attack. 

• The membrane with a higher recovery should be used in order to achieve 

higher permeate flow rate for water re-use at Karbochem factory. 

• It is recommended that the requirements of fertilizer and fertigation industries 

such as Omnia in South Africa be established and the possibilities of 

developing the brine stream to meet those requirements should be 

evaluated. 

81 



REFERENCES 

Alley, M. & Wysor, W.G . 2005. Fertilizer in 2005. [Online]. Available at: 

<http://www.ext.vt.edu/news/periodicals/cses/2005-02/fertilizer.html>. Accessed: 

15/1 0/2007. 

Austin, G.T., 1984. Shreve's Chemical Process Industries. 51
h Ed. Singapore: 

McGraw-Hill. 

Big Quill Resources (BQR). 2007. The Uses of our Products as Fertilizers. 

[Online) . Available at: <http://www.bigquill.com/uses.htm>. Accessed: 

01/09/2007. 

Carbtrol corp. 2008. Activated Carbon Systems. [Online]. Available at: 

<http://www.carbtrol.com>. Accessed: 04/03/2008 . 

Dickinson, E. B., Greenfield, E. & Ross, J.H. 1989. Fertilizer Handbook. 3rd Ed. 

Pretoria: The fertilizer society of South Africa . 

Dow. 2008. Filmtec Elements Technical Manual. [Online] . Available at: 

<http://www.dow.com/liquidseps/liUtechman.htm>. Accessed: 15/02/2008. 

EFMA (European Fertilizer Manufacturers Association) . 1997. Fertilizer 

Products. [Online] . Available at: 

<http :www.efma.org/introduction/section02.asp>. Accessed: 30/11/2007 

Engelbrecht, A.M., Aldrich, C., & Bredenkamp, B. 2006, Simulation of 

Membrane Processes with Cellular Automation . Chemical Technology, S.A. 

82 



Grandison, A., S., Youravong, W., & Lewis, M., J. 2000. Hydrodynamic Factors 

Affecting Flux and Fouling during Ultrafiltration of Skimmed Milk. Le Lait (Dairy 

Science & Technology), 80(1):165-174. 

Karbochem Projects Department. 2005. October Monthly Report. Internal 

Document. 

Krieg, H. M., Modise, S. J., Keizer, K ., & Neomagus, H. W. J. P. 2004. Salt 

Rejection in Nanofiltration for Single and Binary Salt Mixtures in View of 

Sulphate Removal. Desalination, 171 (2):205-215. 

KSRC (Keeve Steyn Resources Conservation) . 1985. Water Management 

Study, Report on Effluent Treatment Options. KSRC S.A Inc. 

Kucera, J. 1997. Chemical Engineering Progress: Environmental Protection -

Properly Apply Reverse Osmosis. February 1997. 

Macedoni, F., & Drioli , E. 2008. Pressure-driven Membrane Operations and 

Membrane Distillation Technology Integration for Water Purification . 

Desalination, 223(1-3):396-409. 

Mulder, M. 1996. Basic Principles of Membrane Technology. 2nd Ed. London: 

Kluwer academic publishers. 

Nataraj, S. K., Hosamani, K. M., & Aminabhavi, T. M. 2006. Distillery 

Wastewater Treatment by the Membrane-based Nanofiltration and Reverse 

Osmosis Processes. Water Research, 40(12): 2349-2356. 

83 



Perry, R. H., Green, D. W., & Maloney, J. 0. 1997. Perry's Chemical Engineer's 

Handbook. ih Ed. New York: McGraw hill. 

Rand Water. 2007. Rand Water Quarterly Report July 2007. [Online]. Available 

at:<www.reservoir.co.za>. Accessed: 06/01/2008. 

Solisio, C., Lodi, A., & Del Borghi, M. 2001. Treatment of Effluent Containing 

Micropollutants by Means of Activated Carbon. Waste Management, 21 (1 ): 33-

40. 

Tandon, H.L.S. & Roy, R.N. 2004. lPNS- Integrated Nutrient Management- A 

glossary of terms: Potassium Sulphate. [Online]. Available at: 

<http://www.fao.org/ag/agl/agll/ipns/index_en.jsp?term=p240&1etter=p>. 

Accessed: 15/10/2007. 

Timmer, J.M.K. 2001. Properties of Nanofiltration Membranes; Model 

Development and Industrial Application. Unpublished. PhD Thesis. Eindhoven 

University of Technology. 

UP (University of Pretoria). Department of Chemical Engineering, Water 

utilisation division. 2005. Membrane processes (for industrial water treatment 

and ground water desalination). 

Waterman, P., F. 2001. Fertigation Guidelines in High Density Apples and Apple 

Nurseries in the Okanagan- Similkameen. [Online]. Available at: 

<http://www.agf.gov.bc.ca/treefrt/productlfertigation2001.pdf>. Accessed: 

07/05/2009. 

84 



Weckesser, D., & Konig, A. 2007. Membrane Technology- Reverse Osmosis. 

Practical Course WS 2006/2007 Notes. Frendrich Alexander University. 

Williams, M., E. 2003. A Brief Review of Reverse Osmosis Membrane 

Technology. [Online] . Available at: 

<http:www.eetcorp.com/heepm/RO _ReviewE.pdf>. Accessed 27/05/2008. 

85 



FIGURES 

86 



a> 

"" 

"'Tl ce· 
c ...... 
CD 
_,. 
~ 
)> 
c.. 
(/) 

0 ...... -o -o· 
::::1 

u; 
0 -::::J 
CD ...... 
3 

102 

-t. 
,..: 10 

0 
!; 

~ 
1-
0 
<t 
0.. 
<t 100 
0 

101 102 

v 
/ 

/ 
v 

/ 
/ 

103 104 

CONCENTRATION · ppb 

/ • 1,-A' 

£ 

105 

/ 

106 

THIS ORAV.~NG COfo/T AlfiS 

PROPRIETARY INFORMATION 

WHICH IS FOR THE SOLE 

USE OFTHE CUSTOMER ANO 

REMAINS THE PROPERTY 

OF CARBTROL CORP. 



~ ·-~ 

I 
7 Brine ' Module 1 

II 

·-~ 

I 

I 
' Module 2 

II 

..• 
1-

I 

I 
Activated carbon bed & filter ' Module 3 

~r--r8 
Pu mp2 

rom separators 

•-v 

I 

I 
' Module 4 

lL____,-

., 
1-

Reservoir 
I 

I 
' Module 5 

II 

Permeate) 

Figure 20: Process flow diagram (PFD) 

88 



TABLES 

89 



Table 13: In-stream water quality guidelines for the Vaal Dam Catchment 

Ideal Acceptable Tolerable 
Unacceptable 

Var iables Measured as Catchment Background M•nag•ment Tar Interim Target 

Physical 

Conducti,;ity mS'm < 10 10 - 30 30 -45 > 45 

pH pH units 6.5-8.5 < 6.5: > 8.5 

Organic 

ChemiC<JI Oxy-gen Demand (COD; mcy1 < 10 10-15 15 -20 > 20 

Macro Elements 

Amrncnl<l (NH4 ) mgll <0.2 0.2 - 0.5 0.5- 1.0 > 1 

Chloride (Cii mg'l < 25 25 -50 50 -75 > 75 

Fluoride (Fl mgt I < 0.05 0.05- 0.20 0.2- 0.4 >0.4 

Alkalinity CflC03 mg1 < 40 40-75 75- 120 > 120 

Nitrate (N03) m!}l < o.·1 0.1- 0.2 0.2-0.3 ;> 0.3 

Phosphate (PO 4 l mgt I 0.05 0.05-0.25 0.25 - 0.50 > 0.5 

Sulphate (S04 ) ll1'}'1 < 20 20-45 45 - 70 > 70 

Bacteriological 

FHeCttf COli(Om:s countsl100ml < 126 126- 1000 > 1000 
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Table 14: Effluent quality before and after flat-sheet membrane treatment 

Parameter Feed Permeate Brine 

Ammonia [mg/1] 0.23 0.1 0.51 
Barium [mg/1] 0.06 0.06 0.06 
Bicarbonates [mg/1] 0 0 0 
Boron [mg/1] 0.06 0.06 0.06 
Calcium [mg/1] 16 0.5 39 

- -

Carbonates [mg/1] 0 0 0 
Chloride [mg/1] 205 8.9 511 
COD [mg/1] 180 3 485 
Fluoride [mg/1] 0.2 0.2 0.2 
Magnesium [mg/1] 6 0.5 15 
1\litrate nitrogen [mg/1] 0.2 0.2 0.2 
Phenols [mg/1] 0.013 0.004 0.041 
Potassium [mg/1] 701 14 1820 
Silicon [mg/1] 2 0.59 5.3 
Sodium [mg/1] 75 2 183 
Strontium [mg/1] 0.09 0.05 0.19 
Sulphate [mg/1] 819 7.6 2250 
Conductivity [mS/m] 307 8.87 720 
pH 4.3 4.6 4.2 
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Table 15: Water quality after pilot test using spiral-wound module (Test 1) 

Parameter Feed Permeate Brine 

Ammonia [mg/1] 0.5 0.1 0.7 
Barium [mQ/1] 0.06 0.06 0.06 
Bicarbonates [mQ/1] 0 0 0 
Boron [mg/1] 0.06 0.06 0.06 
Calcium [mQ/1] 13 0.5 22 
Carbonates [mg/1] 0 0 0 
Chloride [mg/1] 158 22 202 
COD [mg/1] 136 99 304 
Fluoride [mQ/1] 0.93 0.85 1 
Magnesium [mg/1] 6 0.5 7 
Nitrate nitrogen [mg/1] 0.2 0.2 0.2 
Phenols [mg/1] 0.006 0.004 0.007 
Phosphate - (tot) [mQ/1] 8.1 0.2 9 
Potassium [mg/1] 545 17 550 
Silicon [mg/1] 2.2 0.59 2.8 
Sodium [mQ/1] 69 2 73 
Strontium [mg/1] 0.09 0.05 0.12 
Sulphate [mg/1] 870 5 879 
Conductivity [mS/m] 299 9.45 310 

pH 4.1 5.6 6.1 
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Table 16: Water quality after pilot test using spiral-wound module (Test 2) 

Parameter Feed Permeate Brine 
Ammonia [mg/1] 0.37 <0.1 0.85 
Barium [mg/1] <0.1 <0.1 <0.1 
Bicarbonates [mg/1] 13.7 5.9 35.6 
Boron [mg/1] <0.06 <0.06 <0.06 
Calcium [mg/1] 32 <4.9 40 
Carbonates [mg/1] 0.02 0.003 0.03 
Chloride [mg/1] 368 20 400 
COD [mg/1] 136 4 149 
Fluoride [mg/1] <0.2 <0.2 <0.2 
Magnesium [mg/1] 8 <2.3 9 
Nitrate nitrogen [mQ/1] 0.98 0.54 3.9 
Phenols [mg/1] 
Phosphate - (tot) [mQ/1] 
Potassium [mg/1] 777 15 861 
Silicon [mg/1] 3.6 <0.39 3.7 
Sodium [mg/1] 158 3 181 
Strontium [mg/1] 0.09 <0.08 0.11 
Sulphate [mg/1] 1360 5.1 1520 
Conductivity [mS/m] 441 13.2 472 
pH 6.5 6.5 7 
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Table 17: Results of Sensitivity analysis by ROSA software 

Feed Permeate I 
Feed pressure 
[bar] 2.52 3.89 6.75 9.81 13.12 16.73 
Recovery[%] 2.5 5 10 15 20 25 
So/- Rejection 
[%] 96.0 97.9 98 .8 99.1 99.2 99.3 
K+ Rejection[%] 95.0 97.3 98 .5 98.9 99.1 99.2 

Flow rate [m3/hr] 0.5 0.013 0.026 0.052 0.08 0.1 0.13 
Permeate flux 
[l.m-2.h(1.ba(1

] 4.81 9.61 19.22 28 .83 38.44 48.05 
NH4+ [mg/1] 0.5 0.07 0.05 0.03 0.02 0.02 0.02 
K+ [mg/1] 545 27.16 14.57 8.09 5.95 4.93 4.36 

I 

Na+ [mg/1] 172.95 6.88 3.7 2.09 1.57 1.32 1.2 
Mg2+ [mg/1] 6 0.13 0.07 0.04 0.03 0.03 0.03 
Ca2+ [mg/1] 13 0.27 0.15 0.09 0.07 0.06 0.05 

, Sr+ tmg/1] 0.09 0 0 0 0 0 0 
Ba2+ [mg/1] 0.06 0 0 0 0 0 0 
col- [mg/1] 0 0 0 0 0 0 0 
HC03- [mg/1] 0 0 0 0 0 0 0 
N03- [mg/1] 0.2 0.13 0.1 0.07 0.06 0.05 0.04 
cr [mg/1] 158 10.46 5.62 3.09 2.25 1.84 1.61 
F- [mg/1] 0.93 0.07 0.04 0.02 0.02 0.01 0.01 
soi- [mg/1] 870 34.6 18.59 10.45 7.8 6.56 5.9 
Si02 [mg/1] 2.2 0.07 0.04 0.02 0.01 0.01 0.01 
Boron [mg/1] 0.06 0.05 0.04 0.04 0.03 0.03 0.03 
C02 [mg/1] 0 0 0 0 0 0 0 
TDS [mg/1] 1769.3 80.12 43.17 24.2 17.97 15.01 13.4 

pH 4.1 4.1 4.1 4.1 4.1 4.1 4.1 
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ANNEXURE A- BW30 Product information 

The information on this annexure was obtained from Filmtec, the manufacturer 

of BW30 type of membranes. 
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Features 

Product Information 

Fl LMTEC Membranes 
FILMTEC F1berglassed Elements for Light Industrial Systems 

FILMTEcn• brackish water revecse osmosis membrane elements provide cons1stent, 
ou!st.anding system perfonnance in light industria' appl:cations. 

FILMTEC BW30LE-4040 delivers highest performance at lowest pressure resulting in 
less energy usage and lower costs. 
FILMTEC BW~040 is the industry standard for reliable opera~on and producl1on of 
the highest quality water 

• FILMTEC BW30-2540 elements are designed for systems smaller than 1 gpm {0.2 mlih) 
otfering a hard she!l ex tenor for extra strength 

Elements 1•,ith a hard shell exteno are recommended for systems .,.,ith multiple-element 
housings contain1ng three or more membranes, as they are designed to 'Mthstand higher 
pressure drops_ 

Product Specifications 
Active Area Applied P~ssure Permeate Flow Rate StabiriZed Sa~ 

Product Part NumbN ft' (m') psig (bar) gpd (m31d) Rojection (%) 
BW30LE·4040 SO~ 82 (7.6) 150 (10.3) 2,300 (8.7) 99 2 
BW30-4040 80763 82 (7 .6) 225 (15.5) 2,400 (9.1) 99 5 
BW30·2540 80766 28 (2 6) 
1 P•""'"" ~ ond sol: ••it«-on bHe<i cr h foi!O'oling tetl c<>Mllioo• 20!.'1 ~~ 
2 e'fllea•e Gotrlil orndMdu3l e1emer.tt; f'na '/ vl:.ry ± :ZO,~ 
3 .rf.lt t~P'...IfPO~I!'c ' mprct.•e.m !' r.:;:.~:t ca'ior.o; rray ~ ~; OO~:o! d"' ffl 1ca ~ 
4 8VI3JJ LE ~04D .,.., "'"' ouUf OflnH 8'.'.'3(1~~0 

Figure 1 

C Dlt.. 

Dimensions- lncnE>S (mm) 

Product A B c 0 

BWJOLE-4040 40.0 (1 ,016) 1.05 (26.7) 0.75(19) 3.9 (99) 
BWJ0-4040 40.0 ( I 01 6) 1.05 (25 7) 0.75(19) 3.9 (99) 
BW30·2540 40 0( 1,016) 1.19(30 2) 0.75 (19) 2.4 (61 ) 
1. Refer to Ftrniec Oe-U;.1 Wdekne; for mu1tp~menl 'Y"·Ie 3. "'"" = 25.4 rM1 
2 i'>'N3 ().~0 e ..,..,.c, Iii nom:fl<l\2 :..0.<1> I.D PI•"""" • ..-..oel. 8'1/;DLE..:O.:D !nd BW30-41l40elemtot> lt r""'""' 4-inch 10 p~e-1 

Po~ 1 cf2 • T radom.,• ol Tho Do,, 0, IC41 Co 1'<1" y 
Fll \lTE r '•-nl>•or .. 

F o o 60S-00350-8U3 
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Operating Limits 

Important 
Information 

Operation 
Guidelines 

General 
Information 

FILMTEC Membranes 
For more information about FILM TEC 
membranes, call the oo·o~rUquid 

Sep,nilt.ions butmess. 
rJc.r& .a f"'!'!'rit-5. 1-toa-44 :' .. 109 
La'in Arntn<a (•55; 1 t-51M-92ii 
Eu.ope i•l1i so.· z~r. 

J!o ~~ 1 ) )...54W-21 o.t 

I<USII1.A·.I l•oi ) J.;ltHS4' 
1\tq:: ... "VfNWJil,~.c:oa" 

Pa~<2 of 2 

• Membrane Type 
Maximum Operating Temperature 
Ma)(Jmum Operating Pressure 
Maximum Feed Flew Rate - 4040 elements 

· 2540 elements 
Maximum Pressure Drop 

• pH Range. ConMuous Operat10n• 
• pH Range, Short-Term Cleaningb 
• Maximum Feed Silt Density Index 

Free Chlorme Tolerance< 

Polyamide Thin-Film Composite 
113°F (45~C) 
600 psi (41 bar) 
16 gpm (36 m3/h) 
6 gpm (1.4 mllll) 
15 psig (1 0 bar) 
2-11 
1-12 
8015 
<0 1 ppm 

1.' .,, "'"''""""''• lor ec .,....,., <-!'<"' n abovo pH I~ ~F t35•C 
Re'e• 1D O••rr l Gl.'!!el-., <peo'b toon •h.ol EOS-230 10 
l111de: cer11io <On<bono, tM- of [, .. cl ·~ t od olhor cnocf'lir19119""U d cau,. P'""'"""' ll'el1'.l><onela wt 

Slrce o:cidtlOIIdamage" rot ccve<ed ...:ft r waJTonl)". Ft-nTee""""'"etldo ,.,..,inv reord•~ [~ oh~e by 
foiOOO Ol-1 ~oict to momt.ano O>j)Cf::R<. Pie•"' ttftr to~"" bull<t n 60C'-22010 to. """•"'""'"' x-n 

Proper st8fi 1.1p of reverse osmc,sis water treatment systems is essentral to prepare the 
fll€m~ranes for opsratr'lg service and to prevent membrane damage due to overfeeding or 
rrydraul1c shock. Foi!ol',·ing the proper start-up sequence also he!ps er.sure that system 
operating parameters conform to design specifications so that system water quality and 
productrJity goals can oo achieved. 

Before 1r11t1aling sysiem start-up procedures rw::,nbrane pretreatment, loadrng of the 
membwne elefll€nts. instiUment calibration and other system cl1ecks should be comp!eted 

Please refer to the application inform at ron literature entil!ed "Start-Up Sequen01 (Form No. 
609~00298) for more information. 

Avoid any abrupt pressure or cross-How variatrons on the spiral elements during start-up, 
shutdown. deaning or other sequences to prevent possible membrane damage Dunng 
start-up, a gradua11 change from a standstill to operating state is recommended as follows: 
• Feed pressure should be rncreased gradualli' over a 30-60 second time frafll€ . 
• Cross-How velocity at sel operating point should be adlieved gradually over 15-20 seconds 
• Permeate obtained from f: ~st hour of operation should oo drsf'.arded. 

• Keep elements moist at a!l times after iniiral wett1ng. 
• If operalmg lirnts and gUidelines given in this bullelm are not strictly followed, the limited 

warrant)' will be null and void 
• To prevent biological gro1•.1h during prolonged system shutdowns, rt IS recommended that 

membrane elements be immersed in a preservative so!ut1on 
• The customer is fully responsible for the effects of incompatible chemic rt sand lubricants 

on elements. 
• Maxrmum pressure drop aCfoss an ent1re pressure vessel (housing) is 50 psi (3 4 bar). 
• Avoid slaltc permeate-side backpressure at all t:mes 

Nt3a< n--t use c-f th~ ~.xf:u..:1 r,trt'.f o M"~ du:;; r ~tnete~ i!dt 9'ol :a~~remo· .. at DJ c,.ua ,.,d J:~~ flo ·.-s~'I~'J 

Eii ... .--;.,., ~l •nd !"'hOlm rtd.tioo 1 <leD<ndt!ll on 11-.e ~!ei< • .,....-. d>>Jgr a,-,! on tho opo·ac'cn w maitt..,.,.te of 
lhe "'fS:.e_-j 

~~ No f•eedool from any f"'':tllt <'loneo l y Sder crodlm i> tobn>'e'rd. 8.uu:;,.,>e cu-d tor' ""..i appi<ob'e ...._"' 
t d':ffer 'rom onoe-locatlco to anoC:her af'!d rr.3f ch~1(' wf.h ~nt'!'. ~1omtr hi retpor..£: Je b de rminirg whe'i!-et prodvcu. 

andttle'illf m:!l!i Fl tt-ir. doo.trne-nt.areawopr..ar.eb CUUDr:eii~ and ·:l'fer~JMgd\a'l ~ :.ers-.'01 '_:e ard 
"--~ p-'act'~ a•e It! cc !lt' te w-th epp'':catie la·~o'io M'l!l athe~ gove.mrneti en~ntt ~, auurr~~ r-o cbl!gala- Of" 

ka~ty lor& .. lll'cmloticn in t.o dot~Jmoot 10 VIA.'~AANTIES AA.E GIV EN: All i',IPLIED YiARRM'lTES OF 
!o'ERCHANTABIUTY OR FIT 4ESS 1'0~ ~. FARTlCUl}.R PURPOSE ARE EXPRESSLY EJ<ClL O~D 

FcrmNo.~3 
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ANNEXURE B- ROSA detailed report for RO system design. 

The information contained on this annexure was obtained from the process 

simulation using ROSA design software 
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ANNEXURE C- Electricity tariffs in Gauteng Province 

This information was found from the City power website 

102 



CURRENT TARIFFS 200712008 
Maximum Demand Energy Charge 

Supply Service Network 
SEGMENT Position Charge Charge Summer Winter 

R!Month R!Month RikVA RikVA TOU c/kWh 

Non Low High 
seasonal Season Season 

Large Customer· TOU ~-kVA 3,626.28 38.75 40.95 Peak 23.75 55.07 
Standard 17.52 21.39 
Off· Peak 14.52 15.33 

I 
I 

Large Customer· TOU LV·kVA 2,948.67 43.07 45.52 Peak I 26.40 61.23 
Standard 19.49 23.79 
Off· Peak 16.14 17.05 

Large Customer ~-kVA 805.01 52.12 54.38 15.81 23.38 
Large Customer LV-kVA 402.51 52.33 54.95 16.94 25.05 
Business 400V 85.34 66.00 33.85 50.96 
< 100 kVA 94 .94 84.50 33.85 50.96 

500 kVA 120.42 109.85 33.85 50.96 
> 500 kVA 175.63 164.78 33.85 50.96 

Business Precaid <50 kVA 46. 12 
Business Prepaid > 100 kVA 48.00 

Agricultural 400V 96.23 65.00 26.28 39.57 
>50 kVA 111.75 76.70 26.28 39.57 
Domestic 3 0 Optional GOA 230V B8.80 53.06 27.77 41.BO 
BO A B8.80 62.61 27.77 41.BO 
Domestic 1 0 Optional GOA 230V BB.BO 33.19 27.77 41.BO 
BOA BB.BO 38.83 27.77 41.80 
Domestic 3 0 GOA 230 v 88.BO 53.06 33.02 
BOA 88.80 62.6 1 33.02 
Domestic 1 0 GOA 230V B8.BO 33.19 33.02 
BOA 88.80 3B.83 33.02 
Precaid three chase 45.54 
Prepaid single phase 45.54 
Life Line conventional 230V 45.54 
Life Line Prepaid 230V 43.23 
Robot in1ersection 43.84 
Streetlights & Billboard per lumina ire 49.15 
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ANNEXURE D - Analytical methods used 

These are the methods used for the sample analysis at CSIR water laboratories 
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Determlnand 

pH 
EleetriCfll conductivity 
Turbidity 
Colour 
Total dissolved solids 
Total suspended solids 

f-
Kjcldnhlnittogcn, ammonia nitrogen, 
nitrate & nitrite nin·ogen, nitrate 
nitrogen, nitrite nitrogen, 
orlhophosph;Uc, fl\lC cyanide, cyanide 
(tot) chloride, sulphate, phenol 

Alkalinity 
-·-~-

Bromide, Chromium (hexuvalcnt) 

!'luoride 

Sulphide• 

Chemical oxygen dc/Tlllnd 

Oxygen absorbed 

Aluminium, barium, lithium. strontium, 
cakiuru, roahqu:sium, potassium, sodium, 
cadmium, chromium. cobalt, copper, 
gold, iron, lead, roonganese, nickel, 
silver, 7ln.c; silicon, boron, 
molybdenum,vuno.dium, oor:imony, 
titanium, total phosphorus,zim>nium 

Anenic. selenium 

'-· 

Mercury 

,.---

Total Hardness 

TOC, DOC 

Salmonella 
r.:-·--Somatic Coliphage* 

£ <cherir:hla Cnli 

Heterotrophic plate count 
-Pseu<Jn,,;;u;;---
Clos!ridia 

Yeast & Moulds 

Faecal Streptococci 
Total & Faecal coliforms 

ugwnella 

* = not accredited 
09 March 2006 

Knowledge Services, 
CSIR Water Laboratories - Pretorla 

Water Chemistry 
(Page 2 of ) 

Method Used Method No. 

Elcctromotric CMP II 
Conductimctric (25°C) CMP 14 
Nephelometric CMP 13 
Visual comparison Ci\-IP 12 
Gravimetric (I 8~C) CMP 15 
Grovimetric (103"C-105°C) CMP 16 

Automated Flow Injection CMP26 (a-k) 

-
Potentiometric titration CMP 17 
---

Manual colurirn~:tric CMP 22, CMP 5 

Ion- selective electrode CMP21 
--- - 1-- · · 

__ .. __________ 
ldiomctric titration CMP 2.1 

C<Jiorimetric CMP24 
.-.-- ---~- -~- · -·--~ 

Titrimetric CMP25 

Inductively - coupled plasma atomic C!'viP I CMP 26a 
emission sp<!Ciromclry 

Hydride gener.ltioo I inductively- CMP2 
coupled plasma atomic emission 
spectrometry 

--· 
Cold vapour generation I atontic CMP3 
obso111tion spectrometry 

C.akulation C1\1P 4 

Aquadoc - JR spectroscopy Clv!P 29 

Presence I Ab~cncc MMP6 
- ---

Single /Double layer MMP7 

Indole Test MMPS 

Pour plate MMPI 
-· -··~ ----~- ·---.. -------

Membrane Filtration 
MMP 2, MMP 3. MMP 5, MMP 9, 
MMP 10, MMP 11 

MPN Assay MMP4 
---
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