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South Africa produces significant quantities of brines but there is insufficient information on their biological 
and physicochemical characteristics and nature, which limits the ability to propose sustainable brine handling 
procedures. This study aimed to comprehensively characterize selected brines from major brine-producing 
industries in South Africa. This was achieved through an analysis of the majority of the brine constituents, 
thereby allowing for the proposal of suitable brine handling procedures, the identification and harnessing of 
potential economic value, as well as the identification of the environmental impact of the brines. The brines 
were analysed for physical, metallic, organic, and inorganic constituents using a variety of methods including 
inductively coupled plasma-mass spectrometry (ICP-MS) and gas chromatography-mass spectrometry  
(GC-MS). The total dissolved solids (TDS) of most of the brines was below 35 000 mg/L and it was concluded 
that most South African brines may be brackish. All the brines contained toxic constituents in concentrations 
that exceeded set discharge and re-use limits. It was concluded that comprehensive characterization is crucial 
in understanding the quality of brines and is a crucial step in proposing suitable brine handling strategies.
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INTRODUCTION

The increasing application of desalination and wastewater treatment to produce fresh water has 
been responsible for the increasing production of brines as a by-product. Brines are defined as saline 
wastewaters with a total dissolved solids (TDS) content that is equal to or greater than 35 000 mg/L. 
In South Africa, mining, petrochemical, steel manufacturing, power generation, and pulp and paper 
industries have been identified as the largest producers of inland brines (Van der Merwe et al., 2009).

Brines are unsuitable for many domestic, industrial, and agricultural applications, and, to date, brine 
handling strategies involve disposal into evaporation ponds, co-disposal with municipal waste, and ocean 
disposal for coastal brine-producing facilities (Swartz et al., 2006). Evaporation ponds are a common 
brine-handling strategy for inland water treatment. However, many South African evaporation ponds 
are reaching their full capacity (Claassen and Masangane, 2015). South African regulations around 
the building of new evaporation ponds are stringent due to the environmental concerns surrounding 
brines; furthermore, evaporation ponds are expensive to build, and require large areas of land. Therefore, 
evaporation ponds are not a viable brine-handling strategy for South African industries.

Potential brine handling strategies include minimization techniques and the recovery of salts, 
chemicals, and metals, which allow for the re-use of the brines. These are deemed sustainable brine 
handling strategies (Claassen and Masangane, 2015; Giwa et al., 2017).

To assess the potential for recovery of value from brines and understand the potential toxicity of 
the brines, it is critical to understand their biological and physicochemical nature. This is crucial 
for evaluating the potential for recovery of the constituents for reuse/resale as well as understanding 
the potential environmental threat posed by the brines. Such evaluations require comprehensive 
characterization of brines, i.e., the constituents of the brines are identified and quantified. 
Characterising only certain major constituents of the brines is not sufficient, as this can result in 
unsuitable treatment design, according to Melcer (2004).

Information about the nature of brines from the major brine-generating industries in South Africa 
is scanty, as well as insufficient to allow evaluation of their hazardous nature or economic potential. 
Harding (2018) reported on the characterization of brines by the petroleum, pulp and paper, mining, 
agriculture, and power generation industries in South Africa and found that the pulp and paper 
industry reported the lowest number of characterization parameters, while the petroleum industry 
reported the most comprehensive wastewater data.

Table 1 shows the parameters tested by the mining, petrochemical, pulp and paper, and iron and steel 
manufacturing companies in South Africa. This information supports the analysis by Harding (2018). 
It can be noted that the pulp and paper industry reported the lowest number of parameters, which 
are largely physical and organic. The table shows that characterization is usually for the purpose of 
identifying potential nuisance components as well as parameters that are key for process control.

However, a comprehensive understanding of the quality of brines requires comprehensive 
characterization. This will allow the design of suitable treatment processes as well as the ability 
to identify potential economic value from these streams. Therefore, the aim of this study was to 
comprehensively characterize brines from major brine generating industries in South Africa to assess 
their quality and as a crucial step in proposing suitable brine handling strategies.
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METHODS

Nature of brines: comprehensive characterization

Comprehensive characterization refers to the analysis of 
physical parameters, metals, inorganic non-metals, and organic 
constituents of water (Lenore et al., 1985). A proposed list of 
parameters to be identified is listed in Table 2. This list was 
adopted from the proposed full water characterization presented 
by Lenore et al. (1985) and modified based on several factors, 
including brine sample holding time.

Selection of brines

This study focused on inland high-volume brine-producing 
industries in South Africa, i.e., power generation, steel 
manufacturing, mining, petrochemical, and the pulp and paper 
industry. The study aimed to have a representative number of 
samples from each of the abovementioned industries (Table 3).  
However, due to limitations associated with the sourcing of 
brines, a limited number of samples were collected. Seasonal 
and spatial variations were not accounted for in this study but 
were considered to be relatively small since the samples are RO 
samples. The samples are thus not a complete representation of 
brines from different industries in South Africa but nonetheless 
can give valuable insights.

Sampling, preservation and analysis

Brine samples were collected in clean plastic and/or glass 
containers to preserve the integrity of the samples. Different 
container materials were used as some of the brine constituents 
can react with the materials of the container (Duncan et al., 2007). 
The containers were filled to the brim to limit the interaction of 
the samples with air and the samples were transported in ice-
refrigerated containers.

Upon collection, samples were immediately placed in icerefriger-
ated containers to avoid the volatilization of analytes. At the 
laboratories, the samples were filtered using 0.45 µm nitrocellulose 
membrane filters and then preserved using 2% HNO3 (nitric 
acid) to a pH less than 2 (Duncan et al., 2007) to delay sample 
degradation. Preservation was conducted at temperatures below 
4°C to ensure that there was no volatilization.

Analytical methods: physical parameters

The pH and electrical conductivity (EC) of the brines were 
measured using Mettler Toledo electrodes. The pH probe meters 
were calibrated to values 4.01, 7.00, and 10.00. The EC meter was 
calibrated using EC standards of 1 413 µS/cm and 12.88 mS/cm. 
The electrodes were rinsed with de-ionized water before every 
measurement. Electrical conductivity (EC) values were converted 

Table 1.  Reported water analysis results from the mining, petrochemical, pulp and paper as well as iron and steel manufacturing industries in 
South Africa (adapted from Ashrafi et al., 2015 and Von Gottberg et al., 2005) 

Mine water Petrochemical Pulp and paper Iron and steel manufacturing

Na NH3 pH PAlk Sn

Ca S2− TS Total alkalinity Cr

Mg Oils SS pH K

K Cr BOD5 Ca Ti

NH3 Pb COD Mg Al

Sr Zn N Cl− Zn

Ba Cu Colour S-SO4
2− Si-SiO2

Cl Hg Conductivity E Fact

HCO3
− CN F−

SO4
2− C6H6 NH3-N

TDS Toluene P-PO4
3−

m, p-xylene Na

o-xylene Fe

Phenol Mn

Table 2. Proposed comprehensive brine characterization parameters 

Physical parameters Metals Inorganics Organics

pH V Fe Na Cl − BOD

EC Sb Pb K SO4
2  − COD

Alkalinity Ba Mn Ca NH3-N Oil and grease

TDS Mo Ni Mg NO3
− Phenols

SAR Si Zn Hg NO2
− Benzene

Hardness P Al Cd CO3
2  − Toluene

Temperature B As Cr HCO3
− m,p xylene

Cu Se Co CN − o xylene

Sr Ethylene
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to EC25 using the nonlinear temperature compensation equation 
(Atkins et al., 2018).

The total dissolved solids (TDS) of the brines was calculated by 
adding the total ion concentration of the brines.

The sodium adsorption ratio (SAR) of the brines was calculated 

from the equation (SAR =
Na

Ca Mg

+

+ ++(( ) / )2 2 2
). Waters with high 

levels of SAR (above 9 meq/L) are not suitable for irrigation.

The total alkalinity of the brines was estimated using photometric 
analysis through the use of a Gallery discrete analyser, and total 
hardness (TH) was calculated as the sum of the Mg and Ca 
hardness expressed as equivalent of calcium carbonate.

Analytical methods: metals

Before the analysis of the brine samples for the presence and 
concentration of metal ions, microwave digestion was conducted to 
ensure the redissolution of solids and to free ions that were bound 
in chemical structures. Major and minor metallic elements were 
analysed using Therm ICap 6200 inductively coupled plasma–
atomic emission spectrometry (ICP–AES). Ultra-trace elements 
were analysed using Agilent 7900 inductively coupledplasma-
mass spectrometry (ICP–MS) or Agilent 8800 ICP–MS.  
Calibration solutions, prepared from NIST traceable standards, 
were used to quantify the data, and the USEPA guideline-stated 
quality control procedures, were followed to ensure the accuracy 
of data.

Analytical methods: organics

Organic constituents were measured using different analytical 
equipment including Gallery discrete analyser and titration 
methods. The Gallery discrete analyser uses photometric 
measurements as well as electrochemical measurements. When 
using the Gallery discrete analyser, 2  mL of the filtered sample 
were added to the sample vials and placed in the sample rack. 
Reagents were selected depending on the tests to be performed 
and these were placed in corresponding racks. An automatic 
pre-dilution of the samples that were out of range was conducted 
before analyses.

Due to a lack of proper on-site dissolved oxygen (DO) equipment 
and couriered samples, DO was not measured. Chemical oxygen 

demand (COD) and biological oxygen demand (BOD) were 
measured as their holding time is 0–7 days (Duncan et al., 2007).

Table 4 shows a summary of the methods used to measure the 
reported organic constituents. The SA_TM15 test method is 
described as the modified USEPA 8260, quantitative deter-
mination of volatile organic compounds by headspace gas 
chromatography–mass spectrometry (GC–MS), and the SA_
PM10 is the sample preparation method described as modified 
USEPA method 5021, preparation of solid and liquid samples 
for GC headspace analysis. The GC–MS was used for the 
determination of benzene, toluene, m, p-xylene, and o-xylene.

Analytical methods: inorganics

Table 5 shows the different methods and equipment used to meas-
ure the inorganic components. For the ion chromatography (IC) 
measurements, the IC column used was the Dionex IonPac 
AG16  (4 x 250 mm) and a sample volume of 10 µL was used. 
Eluents used were 5.0  mM NaOH, deionized water, and  
100 mM NaOH at a flow rate of 1.5  mL/min and an operating 
temperature of 30°C.

In addition to the IC, a Gallery discrete analyser was used for some 
inorganics. Ammonia nitrogen was determined using Standard 
Method 2320 with a limit of detection (LOD) of 1.

Table 3. Industry and sampling point information for the brine samples used in the study

Industry Samples No. of samples Brine origin Brine handling Couriered/plant visit

Power generation PG1 1 – – Couriered

PG2.1 1 RO outlet Evaporation pond Plant visit

PG2.2 1 Mixed RO rejects Evaporation pond Plant visit

Steel manufacturing SM1 1 RO outlet ZLD (mechanical 
evaporator)

Plant visit

Precious metals refinery PMR1 1 – Couriered

PMR2 1 – Couriered

Coal mining CMPRE1 1 – Couriered

CMNV2 1 – Couriered

CMS3 1 2nd RO outlet Evaporation pond Plant visit plant staff sampled

Gold mining GM1 1 RO outlet Tailings Plant visit

Petrochemical PC1 1 Mixed wastewater 
outlet

Dilute and discharge to 
surface water

Plant visit

Table 4. Methods used to measure organic content of the brine samples

Constituents Method LOD

BOD (mg O2/L) SANS 738-1:2008 –

COD (mg/L) SANS6048 8

Benzene (µg/L) SA_TM15/SA_PM10 <2

Toluene (µg/L) SA_TM15/SA_PM10 <5

m, p-xylene (µg/L) SA_TM15/SA_PM10 <2

o-xylene (µg/L) SA_TM15/SA_PM10 <1

Ethylbenzene (µg/L) SA_TM15/SA_PM10 <1

Oil and grease (µg/L) SABS 1051 (Nov. 1982) 1

Phenols (µg/L) Discrete analyser using the gallery 0.01
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RESULTS

The results are dealt with separately in the categories of physical 
parameters, metals, organic, and inorganic constituents. The ionic 
imbalance for each brine was found to be below 10% in each 
case, i.e., the analyses were sufficiently accurate to be used for 
modelling and evaluation purposes (Randall et al., 2013).

Physical parameters

Figure 1 shows results for the physical parameters of the brines 
with Fig. 1a showing pH results. Brine samples from precious 
metals refinery (PMR2) and gold mining (GM1) had pH values 
of less than 7 making them acidic. The rest of the samples 
were alkaline, having pH values above 7. Nyamhingura (2009) 
reported a tested brine pH range of 6.60–8.96 from the Tutuka 
Power Station and the pH of all the brine samples from power 
generation  (PG1, PG2.1, and PG2.2) was within this range. 
Harding (2018) presented a reported range of 6.00–10.00 for 
brine pH values from the petroleum industry and 6.50–9.00 for 
the mining industry and PC1, and all the brines from the mining 
sector, except PMR1, fell within these ranges. The South African 
Water Quality Guideline  (SAWQG) for industrial use has a pH 
range of 6.5–8.0 for Category 2 industrial processes, and the 
SAWQG for domestic use has a Target Water Quality Range 
(TWQR) of 6–9 for pH. Category  2 water limits were used to 
determine the fitness of the brines for industrial use in this study. 
This water can be used for cooling and as process water. The pH of 
the PMR1 brine sample was 10.5, which was out of the TWQR for 
both domestic and industrial usage. The South African National 
Standards (SANS241, 2015) sets a range of 5–9.7 for the pH of 
drinking water, and all of the brines except for PMR1 were within 
this set range. The PMR1 brine could potentially result in scale 
build-up and blockages in the piping systems due to its high pH. 
The pH of this brine must therefore be reduced if the brine is to be 
used for industrial applications. The measured pH of CMS3 was 
not included in the graph, since the measurement was conducted 
after the sample had exceeded the recommended holding time.

The second parameter presented in Fig. 1b is the total dissolved 
solids (TDS) of the brine samples, with waters having TDS values 
above 35 000 mg/L being classified as brines. The SANS241 TDS 
standard is 1  200  mg/L and the South African Water Quality 
Guideline (SAWQG) for industrial use is 200 mg/L for Category 
2 industrial processes. Only four of the analysed brines had TDS 
values above 35 000 mg/L and the rest were below this value. The 
four samples that contained dissolved solids above 35 000 mg/L 
were PG2.2, CMNV2, PMR1, and PMR2. These were therefore 
classified as ‘true brines’. The rest of the samples had TDS values 
ranging from 1  400 mg/L to 27  000  mg/L and were classified 

as brackish water. It should however be noted that although 
some brines had TDS values below 35  000  mg/L the respective 
industries referred to them as brines and in this work they were 
treated as such. In his research, Nyamhingura (2009) reported a 
TDS of 20 412 mg/L for a RO brine from Tutuka Power Station 
sampled in 2008, and among the three power generation brines, 
only PG2.1 had a TDS value close to 20 412mg/L. PG1 and 
PG2.2 were not sampled directly after the RO process, PG2.2 was 
sampled before discharge into an evaporation pond at the same 
plant and the TDS of PG2.2 is similar to that of Vapor Compressor 
brine at 71 068 mg/L as reported by Nyamhingura (2009).

Figure 1c presents the electrical conductivity (EC) of the brines. 
The EC25 of all the brine samples exceeded the general discharge 
limit of 250 mS/m, except for PG1 and PC1. The SANS241:2015 
has a limit of 170 mS/m and only the EC25 of PG1 and PC1 was 
below this limit. A comparison between the TDS and EC graphs, 
Figs 1b and 1c, respectively, indicates that brines that were found 
to be highly saline (having high TDS values) were also found to 
have high EC values, as was expected. The EC value of CMS3 
was not included in the data. The CMNV2 sample had a high 
TDS value and was expected to have a high EC. However, this 
was not the case. Zibi (2010) recorded a similar observation and 
concluded that an increase in molar ionic concentration results in 
electrolytic effects, resulting in a decrease in conductivity.

The alkalinities of the brines are shown in Fig. 1d. Waters with 
high alkalinity can result in scaling due to the precipitation of 
carbonate salts (DWAF, 1996). There is no domestic, discharge 
or SANS241:2015 limit set for alkalinity. PMR2 had the highest 
alkalinity of 4  300  mg/L CaCO3, followed by PMR1 with 
4  100  mg/L CaCO3 and this could be a result of the alkaline 
solutions used when refining precious metals (Mpinga, 2012). The 
rest of the brines had alkalinities below 1 100 mg/L CaCO3. The 
alkalinities of PMR2 and PMR1 would need to be reduced to the 
levels specified for the targeted industrial use of the treated water. 
Nyamhingura (2009) reported an alkalinity value of 320 mg/L 
CaCO3 for the Tutuka Power Station RO brine which is in the 
same range as the PG1 with an alkalinity of 259 mg/L CaCO3.

Figure 1e shows the SAR of brines. Most of the brines had SAR 
concentrations above 40  meq/L with CMNV2 the highest at 
153  meq/L, making them unfit for irrigation. Nyamhingura 
(2009) reported SAR values of 40.4 meq/L for the petrochemical 
brine and 77.8 meq/L for the Tutuka brine. Brines PG1, CMPRE1, 
CMS323, and GM1 had SAR values below 9  meq/L; and they 
could be considered for irrigation. Figure 1f shows the hardness 
of the brines. Brines PG1, PG2.1, PG2.2, PMR1, PMR2, CMPRE1, 
CMNV2, CMS3, and GM1 were classified as hard; while SM1 was 
classified as slightly hard and PC1 classified as moderately soft. 

Table 5. Methods used by analytical laboratories to measure inorganic content of the samples

Constituents Method Limit of detection

Chlorides (Cl−) IC/ discrete analyser using the gallery 1

Sulphate (SO4
2−) IC/ discrete analyser using the gallery 1

Ammonia nitrogen (mg/L as N) STD Method 45000-NH3:C (1992) 0.15

Nitrate nitrogen (mg/L as N) Calculation –

Nitrite nitrogen (mg/L as N) Gallery discrete analyser 0.2

Total alkalinity (mg/L as CaCO3) STD Method 2320 1

Carbonates (CO3
2−) Calculation –

Bicarbonates (HCO3
−) Calculation –

Cyanide (CN−) Discrete analyser using the gallery 20

Total hardness Calculation –
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High levels of hardness can result in scaling of pipes, blockages, 
and precipitation in industrial processes due to the precipitation 
of sulfate and carbonate salts of calcium and magnesium which 
are insoluble in water, especially at elevated temperatures (DWAF, 
1996). The hardness of these brines would need to be reduced in the 
early stages of treatment if the brines are to be used or discharged.

Metals

Characterization results for metal constituents were divided 
into trace metals presented in Fig. 2, and major metals in Fig. 3. 
From the results presented in Fig. 2, it can be noted that there 
are numerous trace metals in the different brine samples. These 
species can affect the design and effectiveness of brine treatment 
processes.

Figure 2a shows the concentrations for mercury (Hg), cadmium 
(Cd), chromium (Cr), arsenic (As), and silicon (Si). The discharge 
limit and the SAWQG limit for domestic usage for Hg are both 
1 µg/L. The PMR2 and PG2.2 brine samples had Hg values that 

were above this limit at 2.2 µg/L and 1.3 µg/L respectively. All 
the other brines had concentrations below the set Hg limit. The 
special discharge limit for Cd is 1 µg/L and the SAWQG limit for 
domestic use is 0–5 µg/L. Samples PMR2 and PC1 were above 
the limits, with PC1 slightly above the limit at 1.5 µg/L. All brines 
exceeding these limits require treatment before discharge or  
re-use. The discharge limit for Cr is 20 µg/L and all brines had 
Cr concentrations below the limit, apart from PMR1 and PG2.2 
having Cr concentrations of 46.8 µg/L and 37.50 µg/L, respectively. 
The SAWQG limit for Cr in domestic usage is 50 µg/L and all the 
brines had concentrations below this limit. The discharge limit 
and domestic usage limit for As are both set at 10 µg/L and only 
CMNV2, PG1, GM1, PG2.1, and PG2.2 brine samples had As 
concentrations exceeding this limit. These brines were therefore 
unfit for domestic re-use and/or discharge. No discharge limits 
and SAWQG limits for domestic usage are set for Si. There is a 
set limit of 10 mg/L in the SAWQG for industrial usage and Si 
concentrations of all brines were below this limit. Nyamhingura 
(2009) also reported an Si value of 0 for the Tutuka brine.

Figure 1. Physical parameters of the brine samples (a) pH; (b) TDS; (c) EC; (d) total alkalinity; (e) SAR; and (f) total hardness concentrations
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Figure 2b shows the trace metal concentrations for cobalt (Co), 
lead (Pb), vanadium (V), antimony (Sb), barium (Ba), and 
molybdenum (Mo). In these brine samples, Pb, V and Sb were 
present in low concentrations compared to Ba, Mo, and Co. The 
V SAWQG limit for domestic usage is 100  µg/L and only the 
vanadium concentration in the PG2.2 brine exceeded this, with 
a concentration of 147 μg/L. The SAWQG for domestic use has a 
limit of 10 µg/L for Pb, and the special discharge limit is 6 µg/L 
while the SAWQG for industrial usage did not specify a limit for 
Pb. Only the PMR1, PMR2, and CMNV2 brine exceeded the Pb 
set limits at concentrations of 287 µg/L, 147 µg/L, and 12 µg/L 
of Pb, respectively. There is no set SAWQG limit or discharge 
limit for Sb and results showed that all the brine samples had 
Sb concentrations below 200 µg/L. Similarly, there are no limits 
set for Co, Ba, and Mo and results showed that PMR1 had the 
highest Co concentration, above 900 µg/L, while PMR2 had the 
highest Ba concentration at 1 273 µg/L. All brine samples had Mo 
concentrations below 500 µg/L. Although some of the parameters 
have no set limits, exposure to high quantities is deemed toxic 
to humans and thus measurements of these parameters are still 
crucial and their levels in the brines should be below toxic levels.

Figure 2c shows results for copper (Cu), manganese (Mn), and 
aluminium (Al). The SAWQG domestic use limit for Cu is  
1 mg/L and the special discharge limit for Cu is 2 mg/L. The Cu 
content of all brine samples was below these set limits except 
for PMR1 and PMR2, both from the precious metals refinery 
industries, at concentrations above 8 000 µg/L. The domestic use 
limit for Mn is 50 µg/L, the discharge limit is 100 µg/L and the water 
specifications for Category 2 industrial processes have a Mn limit of 
100 µg/L. At such high concentrations, Mn could result in fouling, 
blockages, and discolouration due to the precipitation of Mn 
because of oxidation, resulting in the formation of black hydrated 
oxide (DWAF, 1996). All the brines, except CMNV2, PG1, SM1, 
CMPRE1, and CMS3, had Mn concentrations above the 100 µg/L 
set limit for Category 2 industrial processes. The PMR1, PMR2, 

PC1, GM1, PG2.1, and PG2.2 brines had Mn concentrations that 
exceeded both the discharge and the domestic use limits. The Al 
limit for domestic usage is 150 µg/L and the Al content in brines 
PMR1, PMR2, CMNV2, GM1 and PG2.2 exceeded this limit.

Figure 2d presents results for total iron (Fe), nickel (Ni), zinc (Zn), 
selenium (Se), and strontium (Sr). There are no set limits for Sr. 
However, the results showed most of the brines to have significant 
concentrations of Sr, with PG2.2 having the highest concentration 
at 17 800 µg/L. The domestic use limit and discharge limits for Fe 
are 100 µg/L and 300 µg/L, respectively. The Fe content in PMR1, 
PMR2, PC1, and PG2.2 exceeded both the domestic use and 
discharge limit while the Fe concentrations in CMNV2, SM1, 
and GM1 were below the discharge limit but above the limit for 
domestic use. The rest of the brine samples contained amounts 
below the specified limits. The limit of Fe in water used for Category 
2 industrial processes is 200 µg/L and Fe concentrations in brine 
samples PMR1, PMR2, SM1, PC1 and PG2.2 exceeded this limit. 
Although classified as a heavy metal, there are no domestic and 
industrial usage limits set for the allowable concentration of Ni 
in water. The PMR1 and PMR2 brines, from the precious metals 
refinery industry, had the highest Ni concentrations as compared 
to other brines. The PMR2 brine had a concentration of approx. 
28 000 µg/L while the PMR1 brine had a concentration of approx. 
8 000 µg/L. The domestic usage limit and discharge limit for Zn 
are 3 000 µg/L and 40 µg/L, respectively. The recommended dietary 
allowance (RDA) for Zn is above 10 mg/L (Gibson et al., 2016) 
and this could explain the reason for the high domestic usage limit 
for Zn. Only brine CMNV2, PG1, CMPRE1, and CMS3 had Zn 
concentrations above the discharge limit and all samples except 
PMR2 had Zn concentrations above the domestic use limit. The 
Se domestic limit is 20 µg/L and the discharge limit is 20 µg/L. All 
brine samples had Se concentrations below the limit, except for 
precious metal refinery brines, which contained relatively high 
Se concentrations, and CMNV2 whose Se concentrations slightly 
exceeded the limit.

Figure 2. Concentrations of trace metals in the brine samples
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Figure 3 shows the major metals that are normally found at high 
concentrations in different industrial wastewaters: sodium (Na), 
potassium (K), calcium (Ca), and magnesium (Mg). These major 
metals are abundant in nature, and this can explain the high 
concentrations in some of the brines. The results show that most 
of the brine samples contained high Na concentrations, followed 
by Ca, Mg and then K.

Sodium usually occurs naturally in the form of sodium chloride, 
and, due to its high solubility in water, industrial wastewaters typ-
ically contain elevated concentrations of sodium (DWAF, 1996). 
The domestic use limit for Na is 100 mg/L and this is because at 
higher levels Na causes a salty taste in water and can also aggra-
vate some disease conditions such as hypertension. The Na con-
centration in all the brine samples was above this limit. The brine 
sample from the precious metals refinery (PMR2) had the highest 
Na concentration, at 70 000 mg/L, followed by CMNV2, which 
originated from coal mining, with a concentration of 29 000 mg/L.  
The sodium adsorption ratios of both CMNV2 and PMR2 were the 
highest of all the brine samples, and this can be attributed to their 
high sodium concentrations. These high concentrations could be a 
result of the mineralogy of the ores at the different mining sites as 
well as the chemicals used in the processes.

Potassium is normally found in high concentrations in 
wastewaters and brines due to its high solubility (DWAF, 1996). 
The domestic usage limit for K is 50 mg/L due to the negative 
health effects that high levels of K have on humans. All the brine 
samples, except SM1, PC1, CMPRE1, and GM1, contained K 
in quantities above this limit. Nyamhingura (2009) reported K 
values of 164 mg/L for the Tutuka Power Station and 790 mg/L for 
the petrochemical sample, which also exceed the domestic usage 
limit. Potassium (K) is normally used in the alkylation processes 
in the petrochemical industry (Nafis et al., 2015) and this could 
also explain the high levels of K in brine PC1.

The limit of Ca for domestic usage is 32 mg/L and it is harmful 
at higher levels (DWAF, 1996). All the brines, except for PC1, 
had Ca concentrations exceeding this limit. Calcium is one of 
the key elements that contribute to the hardness of water and, as 
was expected, Fig. 1f showed that all the brines except SM1 were 
classified as hard.

The Mg concentration limit for domestic water quality is 30 mg/L. 
All the brines, except the power generation and coal mining brine 
samples, had Mg values below the limit. Similarly, Nyamhingura 
(2009) reported an Mg value of 201 mg/L for the Tutuka brine 
which also exceeds the limit for domestic water quality. These 
high levels of Mg could largely be due to the mineralogy of the 
mining sites.

Inorganic non-metals

Figure 4 shows characterization for inorganic constituents, 
which are a group of constituents that do not contain carbon 
and hydrogen elements in their make-up. Inorganic constituents 
generally consist of chlorides, sulphates, phosphate systems, 
carbonate systems, and nitrogen systems. From the trends, it 
can be noted that precious metal brines generally contain a high 
inorganic content compared to the other brines. Brines from 
coal mining and power generation were found to contain higher 
phosphorus and sulphate content when compared to the other 
brines. All brines contained low nitrate and nitrite concentrations.

Figure 4a shows the major inorganic anions in the brines: 
chlorides (Cl−) and sulphates (SO4

2−). The SAWQG for domestic 
usage is 100 mg/L for Cl− and the water specifications for Category 
2 industrial usage give a Cl− limit of 40  mg/L. All of the brine 
samples, except for CMS3, had Cl− concentrations greater than 
the set limits, with PMR2 having the highest Cl− concentration 
of approx. 120 000 mg/L, followed by PMR1 at a concentration of 
approx. 40 000 mg/L. Since Cl− is classified as a strong oxidizer, 
these high concentrations could result in corrosion. The SAWQG 
has an SO4

2− limit of 200 mg/L for domestic use and 80 mg/L for 
Category 2 industrial processes. All the brine samples contained 
SO4

2− concentrations above the specified limits. Brine PG2.2. had 
the highest SO4

2− concentration of approx. 45 000 mg/L followed 
by CMNV2 at a concentration of approx. 40  000  mg/L. These 
brines are therefore unfit for use in industry and domestically 
since high SO4

2− concentrations can result in corrosion and 
scaling as a result of salts of SO4

2−.

Figure 4b shows concentrations for carbonates (CO3
2−) and 

bicarbonates (HCO3
−). These constituents are major indicators of 

the alkalinity of water and it is thus expected that brines that were 
identified to have high alkalinity will generally have high levels of 
CO3

2− and HCO3
−. The PMR1 and PMR2 brines, from the precious 

metal refineries, were found to have the highest concentrations of 
both CO3

2− and HCO3
−. This was an expected observation since 

these brines had the highest alkalinity values. The PG2.2 brine 
had CO3

2− and HCO3
− concentrations of approx. 1 500 mg/L and 

this was expected as it had the third highest alkalinity. The rest 
of the brine samples had CO3

2− and HCO3
− concentrations below 

1 500 mg/L.

Figure 4c shows the concentrations of ammonia (NH3), nitrates 
(NO3

−), and nitrites (NO2
−). PMR1 and PMR2 had the highest am-

monia concentrations. The discharge limit for ammonia is 2 mg/L 
as nitrogen and the domestic use limit is 1 mg/L. All of the brine 
samples, except CMS3, PG2.1, CMPRE1, PG1 and CMNV2, con-
tained dissolved ammonia at concentrations above the set limits. 

Figure 3. Concentrations of major metals in the brine samples
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The concentration of NO2
− in all of the brines was almost negligible. 

The SAWQG for domestic use has a nitrate/nitrite concentration 
limit of 6 mg/L when measured as nitrogen. The special discharge 
limit for nitrate/nitrite is 1.5 mg/L. The NO2

− concentrations in all 
samples were below both limits for nitrites except for GM1 which 
contained 3.9 mg/L N of nitrites. Brine CMNV2 had a NO3

− con-
centration of about 100 mg/L and this was the highest concentra-
tion recorded. All of the brine samples, except CMS3, CMPRE1, 
PC1, SM1, PG1, and CMNV2, had nitrate concentrations higher 
than the limit and could cause health problems if ingested. The  
nitrate content must be reduced before disposal into surface waters 
since excess nitrogen causes eutrophication in receiving waters.

Figure 4d shows the total phosphorus (P) concentrations in the 
brines and concentrations include the different forms of P in the 
wastewater, for example, ortho-phosphates. The discharge limit 
has a maximum orthophosphate special limit of 2.5  mg/L and 
brines CMNV2, PG2.1 and PG2.2 exceeded this limit. Phosphates 
are normally used as cooling tower additives for reducing scale 
and corrosion (Critchley and Bentham, 2009) and this could 
explain the high P concentration in PG2.2 and PG2. Nyamhingura 
(2009) reported a P value of 4.6 mg/L for the Tutuka Power 
Station which also exceeds the discharge limit. CMNV2 showed 
a high P concentration, and this possibly originated from the 
interaction of the ore with water during washing. Furthermore, 
P was possibly added as an antiscalant in reverse osmosis plants, 
hence the significant concentrations in the brines.

Organics

Organic constituents are carbon-based compounds present 
in the water. Figure 5 shows the results for CN−, O&G, and 
phenols. CN− concentrations were negligible and thus below the 
instrument detection limit for all the brine samples. The discharge 
limit for dissolved CN− is 0.01  mg/L. All the brines had a CN− 
concentration below 0.02 mg/L. It would be expected that GM1 
would have a high CN− content since CN− is normally used in 
the refining of gold and silver. However, the sampled brine was a 
reject from the RO plant that treated underground water extracted 
during dewatering; hence the low CN− concentration.

The special discharge limit for oil and grease was 0  mg/L. All 
samples had very high concentrations of oil and grease and 
would require the removal of these species before discharge to the 
environment or surface waters. Phenol concentrations were found 
to be very low in all the brines. The SAWQG limit for domestic 
use for phenols was 0.001  mg/L and all brine samples, except 
for GM1, PG2.1 and PG2.2, exceeded this limit slightly and thus 
contained phenols in toxic amounts. Treatment would be required 
to reduce the concentration to acceptable levels.

Table 6 shows the benzene, toluene, ethylbenzene and xylene 
(BTEX) results for brines PC1, PMR1 and PMR2. These tests were 
specifically done on these brines as BTEX is commonly found 
in these industrial processes, especially in the petrochemical 
industry. These results were compared to the World Health 
Organisation (WHO) drinking water quality standards of 2008 
(WHO, 2008). All three samples had concentrations below the 
standards which was not expected. Given the results shown in 
Table 6 for brines PC1, PMR1 and PMR2, the BTEX analyses were 
not conducted for steel manufacturing and power generation 
since BTEX compounds are unlikely to be found in these  
wastewaters.

Figure 6 shows the chemical oxygen demand (COD) and 
biological oxygen demand (BOD). The COD followed a similar 
trend to the BOD, as expected. Since the COD encompasses the 
BOD, set limits usually only specify the COD. The industrial use 
limit for COD is 15  mg/L as oxygen for Category 2 processes 
and the special discharge limit for COD is 30  mg/L after the 
removal of algae. All the brines had COD concentrations above 
the allowable levels. Since COD gives indirect measurements of 
oxidizable organic matter present in water (DWAF, 1996), high 
levels of COD, which imply high levels of organic matter, could 
result in discolouration and biological growth problems. When 
comparing the concentration levels for the different brines, the 
COD concentrations are higher for the PMR industry followed by 
the power generation industry. According to Dobson and Burgess 
(2007), the PMR industry generates large volumes of wastewater 
containing high concentrations of organic solvents during the 
refining process, and this would explain the high COD levels. 

Figure 4. Concentrations of inorganic non-metals in the brine samples: (a) chlorides and sulphates, (b) carbonates, (c) nitrogen and nitrates, and 
(d) total phosphorus concentrations
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The power generation facilities from which the brines in this 
study were collected treat the water from the mines that supply 
them with the coal used for generating electricity. According to 
Ghose (2001), the wastewater produced through the coal washing 
process contains high levels of COD and metals; this could explain 
the high COD levels in the PG brines. The COD value for PC1 
was 182 mg/L; according to Harding (2018), the COD levels in 
the South African petroleum industry range from 50 to 100 mg/L 
which supports the results obtained in this study that are above 
the discharge limit.

The results show that all the brines tested contain constituents 
at levels that exceed the set limits or standards for usage and/
or disposal and that they need to be treated to reduce the 
concentrations of the constituents to acceptable levels.

Elsheikh and Al-Hemaidi (2012) compiled a list of different 
technologies that can be used to treat industrial wastewaters based 
on their characteristics. These technologies include chemical 
precipitation, membrane separation, thermal desalination, and 

biological treatment. Comprehensive characterization results can 
be used to determine the most suitable treatment process and 
technologies for the different brines.

CONCLUSIONS AND RECOMMENDATIONS

The following was concluded based on the comprehensive 
characterization results:

•	 Only four of the brine samples, PG2.2, PMR1, PMR2 and 
CMNV2 had TDS values above 35 000 mg/L, in other words, 
classified as ‘true brines’, with the rest being classified as 
brackish water. Since most of the selected brines were 
found to have low TDS values, it was concluded that there 
is a possibility that South African RO brines are brackish in 
nature. Although classified as brackish, these brines were 
found to have high scaling potentials as a result of their high 
hardness and alkalinity values, and they were found unfit 
for irrigation due to their high SAR. The majority of these 
brines had neutral pH values.

Figure 5. Concentrations of organics (CN; oil & grease; phenols) in the brine samples

Table 6. Concentrations of organics (BTEX) in the brine samples

Components Units PC1 PMR1 PMR2 WHO (2008)

Benzene μg/L <2 <0.5 <0.5 10

Toluene μg/L <5 <5 <5 700

m, p-xylene μg/L <1 <2 <2 500

o-xylene μg/L <2 <1 <1 500

Ethylbenzene μg/L <1 <1 <1 300

Figure 6. Concentrations of organics in the brine samples – COD and BOD
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•	 All of the brine samples, except for CMS3 and CMPRE1, 
contained heavy metals in concentrations exceeding the 
set limits for either discharge, domestic usage or both. 
It was concluded that these brines are toxic, and that the 
reduction of these heavy metals is crucial. Brine sample 
CMPRE1 contained Mn in excessive amounts and thus this 
brine could cause staining in plumbing fixtures due to Mn 
oxidation and precipitation. Furthermore, all brines had 
major metal, Na, Ca, K and Mg, concentrations exceeding 
the domestic usage limit and, depending on the intended 
usage of the brines, these constituents must be reduced in 
the brines.

•	 Most of the brine samples contained high levels of chlorides, 
carbonates and nitrogen and these inorganic constituents 
can cause bad odours in water and excess nitrogen can 
result in eutrophication, in the case of brine discharge, of 
receiving waters. The inorganic constituent concentrations 
must be reduced.

•	 The organic content of the brines was high, particularly 
oil and grease, as well as COD. These organics must be 
reduced if the brines are to be discharged or re-used. It was 
concluded that these brines are not suitable for discharge 
into the environment unless treated.

•	 Brine samples from similar industries were found to contain 
slightly different constituents in varying concentrations. It 
is thus crucial that water discharge or re-use standards be 
guided by comprehensive characterization from the differ-
ent key players in each industry. It is recommended that a 
study focusing on the full or comprehensive characteriza-
tion of a representative number of brines from major brine 
producing industries be undertaken with the intention of 
proposing suitable brine handling procedures and identi-
fying any potential economic value from these streams. The 
studies should include seasonal as well as temporal varia-
tions to augment this study.
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