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Abstract 
The objective of this study was to evaluate the effects of fluctuating energy and pH on retention 
of dissolved contaminants from real Australian groundwaters using a solar (photovoltaic) 
powered ultrafiltration – nanofiltration/reverse osmosis (UF-NF/RO) system.  Four NF/RO 
membranes (BW30, ESPA4, NF90, and TFC-S) were used. Energy fluctuations affected pressure 
and flow. Solar irradiance levels impacted retention of fluoride, magnesium, nitrate, potassium, 
and sodium where convection/diffusion dominated retention.  Retention of calcium, strontium, 
and uranium was very high and independent of solar irradiance, which was attributed to a 
combination of size and charge exclusion and for some solutes sorption and precipitation.  
Groundwater characteristics affected retention and the solutes were categorized into two groups 
according to retention as a function of pH: (1) pH independent retention (arsenic, calcium, 
chloride, nitrate, potassium, selenium, sodium, strontium, and sulfate); and (2) pH dependent 
retention (copper, magnesium, manganese, molybdenum, nickel, uranium, vanadium, and zinc).  
The retention of Group 1 solutes was typically high and attributed to steric effects.  Group 2 
solutes had dominant, insoluble species under certain conditions which led to deposition on the 
membrane surface (and thus varying apparent retention).  The renewable energy membrane 
system removed a large number of groundwater solutes reliably over a range of real energy and 
pH conditions. 
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1. Introduction 
Drinking water treatment and energy consumption are integrally related and need to be addressed 
together in order to achieve all the United Nations’ Millennium Development Goals [1].  A 
concern with remote drinking water supplies is the presence of naturally-occurring salts and 
inorganic contaminants (such as arsenic, calcium, chloride, copper, fluoride, magnesium, 
manganese, molybdenum, nickel, nitrate, potassium, selenium, sodium, strontium, sulfate, 
uranium, vanadium, and zinc), which can be undesirable above guideline values for both health 
and aesthetic reasons [2, 3].  Nanofiltration/reverse osmosis (NF/RO) is capable of retaining 
many of these salts and inorganic contaminants, and NF/RO coupled with a renewable energy 
source may help address drinking water treatment in remote areas without electrical grid 
connections. 
 
NF/RO utilizes a number of mechanisms to retain salts and inorganic contaminants, which are not 
widely understood in real groundwaters.  One of the prevailing mechanisms (and only established 
non-sieving mechanism) is the Donnan equilibrium, created by charge interactions between the 
charged membrane surface and counter- and co-ions present in solution [4-7].  The Donnan 
potential is impacted by surface charge and chemistry (membrane specific), feed water 
composition (including pH, electrolyte concentrations, and ionic strength), as well as flux and 
hydrodynamic conditions [5-8].  The membrane charge density depends on ionic strength and 
concentration, and can be partially attributed to ion adsorption on the membrane surface [9].   
 
Size exclusion is another important mechanism of NF/RO.  Ion transport is significantly impacted 
by hydrated radii and hydration strength because size variations can determine which ions are 
able to pass through the membrane pores via convection or diffusion [6, 10, 11].  Ions with 
relatively smaller crystal radii have higher charge, higher hydration numbers, larger hydrated 
radii, and hold hydration shells more strongly [6].  Conversely, ions with larger crystal radii have 
weaker hydration shells and smaller hydrated radii, and hence may be able to detach from their 
hydration layer when passing through the membrane [6].  Hydration strength is impacted by ionic 
structure and solution composition as well as environmental factors such as pH, ionic strength, 
and temperature [6].   
 
Accumulation on the membrane surface can result from precipitation due to concentrations at the 
membrane surface exceeding solubility limits [12].  Deposit formation and the possible 
consequent variation of membrane characteristics affect apparent retention.  The actual 
concentration at the surface (or boundary layer concentration) depends on membrane 
characteristics, solution chemistry (e.g. feed concentration and pH), and operating conditions 
(e.g. pressure, cross flow velocity, hydrodynamics), and cannot be measured.  Deposition on the 
membrane surface can result in membrane scaling, which reduces permeate flux and quality, 
requires chemical cleaning, and may lead to physical damage of the membranes and hence a 
reduced lifetime. 
 
The feed pH (which varies widely in real groundwater) dictates compound protonation and 
speciation.  The speciation of a compound varies due to oxidation-reduction transformations and 
the number of hydrogen atoms available for bonding.  The resulting species affects the retention 
mechanisms [5, 13-16].  The dominant retention mechanism further depends on the specific 
compound characteristics, feed solution chemistry, membrane characteristics (especially charge), 
and operational parameters (in particular applied pressure) [11, 13, 15, 17-23].  Theoretical 
models using the extended Nernst-Plank equation have been used to predict the relative influence 
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of contributing mechanisms, namely convection (pressure gradient), diffusion (concentration 
gradient) and electromigration (electric potential gradient) [4, 24-27]. 
 
Variable energy input from a renewable energy system will vary operation (in particular flow and 
pressure) [28] and subsequently may impact salt and inorganic contaminant retention due to 
changing conditions near the membrane surface.  In consequence, the objective of this study was 
to evaluate retention of a number of natural solutes using NF/RO with regard to three specific 
aims, namely to understand (i) the impact of energy fluctuation on retention; (ii) the role of pH in 
this process; and (iii) the dominant mechanisms of retention in real groundwater. 
 
2. Experimental 
Brackish groundwaters at two locations in central Australia (Pine Hill and Ti Tree Farm) were 
used [29].  An overview of average feed water composition at both Pine Hill and Ti Tree on the 
days of experimentation, detection limits, and both Australian and World Health Organization 
(WHO) drinking water guidelines is provided in Table 1.  Most contaminants at Pine Hill were 
below Australian health-based guidelines [3], with the exception of selenium (0.015 mg/L, 
guideline (GL): 0.01 mg/L), sulfate (889 mg/L, GL: 500 mg/L), and uranium (0.295 mg/L, GL: 
0.02 mg/L).  At Ti Tree, all contaminants were below Australian health-based guidelines except 
nitrate (58.4 mg/L, GL: 50 mg/L) and uranium (0.025 mg/L, GL: 0.02 mg/L).  Total dissolved 
solids (TDS) was calculated from conductivity as described by Schäfer et al. [30]. 
 

(Table 1) 
 
Experiments were conducted using a solar powered ultrafiltration and NF/RO system comparing 
four NF/RO membranes (BW30, ESPA4, NF90, and TFC-S).  The development, design details 
and general performance of the system have been published previously [28, 30].  Samples were 
collected from feed, UF permeate, NF/RO permeate, and concentrate.  Both NF/RO permeate and 
concentrate were recirculated into the 250 L feed tank and fresh water was used each day. 
 
Two types of experiments were conducted: (1) solar experiments and (2) pH experiments.  The 
solar experiments were designed to assess the impact of naturally fluctuating energy throughout a 
solar day on salt/contaminant retention at the natural pH of the water.  The results of solar 
experiments presented are for BW30 at Pine Hill.  During the solar experiments, samples were 
collected every hour because the operating conditions (flow and pressure) were dependent on the 
solar conditions at the time of sampling.  The temperature of the feed water increased from 24.7 
to 31.6°C during the solar day due to changes in ambient temperature and pumping heat. 
 
The objective of the pH experiments was to evaluate the specific impact of pH on contaminant 
retention, while using constant power (supplied from a diesel generator) to ensure that flow and 
pressure remained constant, thus isolating pH as the only variable.  For the pH experiments, each 
of the four membranes was used at Pine Hill (for membrane performance comparison) and an 
additional experiment with BW30 was conducted at Ti Tree (for comparison of different 
groundwaters).  During each pH experiment, the pH of the bore water was adjusted in increasing 
step-wise increments between 3 and 11 with HCl and NaOH (1 M) and equilibrated (typically for 
30-60 minutes) before taking performance readings and collecting samples for analysis.  
Operating parameters for the pH experiments were set at 9 bar and 400 L/h.  The feed water 
temperature ranged from 24.2 to 26.9°C at Pine Hill and from 29.1 to 32.6°C at Ti Tree on the 
days of experimentation. 
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Each sample was filtered and divided into two portions for subsequent analysis.  Sample portions 
for cation analysis were preserved with HNO3 (1% v/v), and portions for anion analysis were not 
acidified.  For the pH experiments, chemical analysis was completed by the Australian Nuclear 
Science and Technology Organisation (ANSTO).  Cation analysis was performed using 
inductively coupled plasma atomic emission spectroscopy (ICP-AES) (Varian Vista AX 
Simultaneous CCD) and inductively coupled plasma atomic mass spectroscopy (ICP-MS) 
(Agilent 4500), and anion analysis was performed by ion chromatography (Dionex DX-600 with 
EG40 Eluent Generator).  All samples were analyzed quantitatively by external calibration.  ICP-
AES samples were spiked (4000 mg/L) with cesium to suppress easily ionised elements, and ICP-
MS samples were spiked with indium, yttrium, lithium, scandium, lutetium, bismuth, and 
rhodium as internal standards.  Cation analysis included aluminum, arsenic (total), barium, 
beryllium, calcium, chromium, copper, iron, lead, lithium, magnesium, manganese, molybdenum, 
nickel, potassium, selenium, sodium, strontium, sulfur, titanium, uranium, vanadium, and zinc.  
Anion analysis included chloride, nitrate, and sulfate.  Cations for the solar experiments were 
analyzed using ICP-MS (Agilent 7500ce) at the University of Edinburgh.  Fluoride measurements 
were taken on-site for solar experiments only using an ion selective electrode (Metrohm, Ltd.).  
Duplicate samples, analysis blanks, and certified reference standards were analyzed for quality 
control.  Detection limits for each salt/contaminant are included in Table 1.  Additionally, Visual 
MINTEQ software (version 2.53) was used to predict the speciation of solutes at Pine Hill and 
was previously described in detail [14].   
 
3. Results and Discussion 
3.1 Performance under Fluctuating Solar Conditions 
Understanding the impact of fluctuating solar energy on inorganic contaminant removal is critical 
to evaluating the performance of the membrane system and to determine the safe operating 
window.  During periods of highest solar irradiance, power generation from the pump increases, 
leading to maximum pressure, flow, and therefore flux while during cloudy periods, pressure and 
flow decrease and sufficiently low energy levels will lead to pump shut down.  Inevitably such 
fluctuations will affect the retention of solutes. 
 
Changes in solar irradiance throughout the day at Pine Hill correlated directly with flow, flux, 
and pressure (Figure 1A and B), as expected for a system with no energy storage [28].  The 
temperature of the feedwater increased nearly 7ºC during the day due to increasing ambient 
temperature (data not shown on Figure 1).  The relationship between solar irradiance and 
retention of common salts (calcium, magnesium, sodium, potassium, and TDS) and inorganic 
contaminants (uranium, strontium, fluoride, and nitrate) using BW30 is shown in Figure 1C and 
D, respectively.  Retention was high and solute specific, with average retention throughout the 
day being: strontium (99.9 ± 0.1%) ≥ calcium (99.9 ± 0.1%) ≥ uranium (99.9 ± 0.2%) > fluoride 
(98.5 ± 1.0%) > magnesium (98.1 ± 1.9%) > sodium (97.1 ± 1.4%) > potassium (96.7 ± 1.3%) > 
> nitrate (92.0 ± 1.8%) while TDS was 96.5 ± 3.5%. 
 

(Figure 1) 
 
Comparison of retention trends with solar irradiance (and thus with flow and pressure) gives 
information on mechanisms.  The retention of some of these salts and contaminants (strontium, 
calcium, and uranium) was very high (> 99.5%) and did not change with solar irradiance.  Under 
the conditions of the experiment at Pine Hill (pH 7.2), the dominant species of strontium and 

Richards, L. ; Richards, B.S. ; Schäfer, A.I. ; (2011)  
Renewable energy powered membrane technology: Effect of contaminant speciation on retention and membrane deposition, 
Journal of Membrane Science, (accepted 26/11/2010).



 5

calcium are Sr2+ and Ca2+, respectively [14], both of which have large hydrated radii of 0.412 nm 
(see Table 2) [31].  The large hydrated radii suggest that strontium and calcium retention is 
dominated by size exclusion.  This is significant because safe permeate concentrations of 
strontium, calcium, and uranium would therefore be expected regardless of operating conditions.  
The speciation and behavior of uranium specifically is dealt with in more detail by Rossiter et al. 
[32]. 
 

(Table 2) 
 
The retention of the other salts and contaminants was impacted by changing solar irradiance.  The 
retention of nitrate, potassium, sodium, and TDS closely followed the trend in solar irradiance, 
with lowest retention occurring during the lowest solar irradiance both in the morning and 
evening.  The hydrated radii (see Table 2) of nitrate (0.335 nm), potassium (0.331 nm), and 
sodium (0.358 nm) are relatively low, hence the operating conditions are more influential on 
retention than they were for the larger hydrated ions.  Convection/diffusion dominate retention 
for nitrate, potassium, and sodium as is evidenced by increasing retention with increasing 
pressure.  Similar behavior has been previously observed and attributed to convection/diffusion, 
especially for contaminants with small hydrated size (and thus can enter the membrane ‘pore’) 
[15].  As pressure increases, convective drag forces increase due to the solvent flux in the pore 
even though surface forces attracting the solute stay constant.  Up until a threshold pressure, the 
surface forces are stronger than the drag forces, and therefore ion flux remains low while solvent 
flux still increases with pressure, and thus retention increases [15].  Even at the lowest solar 
irradiance, the lowest retention observed was 88% for nitrate, which indicates that removal 
acceptable to guideline values could be achieved for waters of much higher feed concentration. 
 
The retention of fluoride and magnesium closely followed solar irradiance at the beginning of the 
day, which is explained again by convection/diffusion.  However, at the end of the day, retention 
did not again drop as was observed with nitrate, potassium, and sodium.  This could be attributed 
to concentration polarization and/or changes in the membrane surface which resulted in nearly 
constant retention in the evening despite the decrease in solar irradiance.  Correlation of flow and 
fluoride retention (as observed in the morning) has been similarly reported and attributed to 
convection/diffusion [33]. 
 
3.2 System Performance for pH–independent Solutes 
The results from the pH experiments were categorized into two groups according to observed 
retention behaviour.  Group 1 contains solutes whose retention was independent of pH (arsenic, 
calcium, chloride, nitrate, potassium, selenium, sodium, strontium, and sulfate).  Average 
retention for each Group 1 solute, membrane, and location throughout the entire pH range are 
reported in Table 3.   Results will first be discussed for BW30 at Pine Hill, and then compared to 
the other membranes and location. 
 

(Table 3) 
 
Group 1 retention using BW30 at Pine Hill was high and generally above 90% (Table 3).  
Retention correlated both with charge and hydrated size.  The hydrated radii sequence for the 
predicted dominant species of each solute (no data available for arsenic species) is: Ca2+ (0.412 
nm) = Sr2+ (0.412 nm) > SeO4

2- (0.384 nm) > SO4
2- (0.379 nm) > Na+ (0.358 nm) > NO3

- (0.335) 
> Cl- (0.332) > K+ (0.331) (Table 2) [14, 31].  Hydrated radii data as a function of pH is not 

 6

available in the literature for these solutes.  Multivalent ions with large hydrated radii (i.e. Ca2+, 
Sr2+ and SO4

2-) were retained more than monovalent ions with smaller hydrated radii (i.e. Cl-, K+, 
and Na+) at Pine Hill with BW30 (Table 3). 
 
As the charge of BW30 (as well as each of the other membranes) becomes increasingly negative 
with increasing pH [34], if charge exclusion was the dominant retention mechanism, retention 
would be expected to consequently increase with pH [8].  However, because retention did not 
change with pH, charge is not predicted to be the dominant mechanism for these salts and 
inorganic contaminants.  This is best exemplified with chloride, nitrate, potassium, and sulfate, 
whose speciation is mostly pH independent between pH 3 and 11 under the conditions at Pine 
Hill, with dominant species Cl-, NO3

-, K+, and SO4
2-, respectively [14].  The retention of these 

solutes is pH independent, despite the changing membrane charge with pH.  This suggests that 
charge exclusion is not dominant, and instead, steric interactions dominate Group 1 retention.  
This is supported because the highest retention is achieved for those with higher hydrated radii.  
Further, a previous study has shown that nitrate transport in the pore is dominated by diffusion 
[27].   
 
The speciation of other Group 1 solutes (arsenic, calcium, selenium, sodium, and strontium) 
depended on pH [14], but despite the changes in dominant species (and thus differences in charge 
and hydrated size), the retention remained pH independent.  The dominant species of calcium, 
sodium, and strontium were carbonate forms [14] at high pH and arsenic likely deprotonated 
between pH 7 and 9 depending on if arsenic was present as arsenic(V), arsenic(III) or a mixture 
[35].  Arsenic (III) retention has been previously observed to be pH independent and attributed to 
steric exclusion [16].  Regardless of these changes in species (corresponding to changes in 
hydrated size and charge) with pH, retention was still constant and for each of these solutes, 
again supporting that steric interactions dominated retention. 
 
The results for Group 1 solutes with health-based Australian or WHO guidelines (arsenic, nitrate, 
selenium, and sulfate – see Table 1) warrant individual attention given their significance in water 
supplies.  With BW30, the retention of these contaminants was high.  Arsenic (total) was well-
retained, with an average retention ≥ 78.9% (limited by analytical detection limit).  High 
retention of nitrate (90.6%) was achieved.  Selenium and sulfate were the only contaminants 
above the guideline in the feed, and high retention was again achieved (≥ 93.8% and 99.5%, 
respectively), resulting in permeate concentrations well below the guideline.  Again, selenium 
and sulfate have relatively high hydrated radii (0.384 and 0.379, respectively) [31], which 
supports that their high retention is due to size exclusion. 
 
Membrane comparison (Table 3) showed the TDS retention sequence for Pine Hill is: TFC-S 
(77.7 ± 2.7%) < ESPA4 (87.7 ± 5.9%) < NF90 (91.4 ± 3.7%) < BW30 (94.9 ± 4.5%) (note TDS 
has higher uncertainty than the other parameters because of the many groundwater constituents 
contributing to this measurement and the changes in their proportion in feed/permeate).  The 
average daily flux sequence (data not shown) is inverse to the TDS retention: BW30 (13.5 ± 1.5 
L/m2.h) < ESPA4 (23.1 ± 1.2 L/m2.h) = NF90 (23.1 ± 0.6 L/m2.h) < TFC-S (24.3 ± 0.4 L/m2.h).  
The retention of specific solutes follows the same trend as TDS for each membrane (see Table 3).  
The lowest retentions occur with TFC-S (which is the ‘loosest’ of the membranes), and the 
highest retentions with BW30 (a ‘tight’ brackish water RO membrane).   
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Some of these ions presented challenges to the ‘loose’ TFC-S membrane in terms of retention.  In 
particular, nitrate retention (51.5%) and arsenic retention (64.2%) by TFC-S were low as 
compared to the retention of other contaminants by TFC-S and to the other membranes’ retention 
of arsenic and nitrate.  Because feed concentrations of nitrate and arsenic did not exceed 
guidelines, this was not unsafe, although the lower retention with TFC-S could be an issue for 
waters of higher feed concentrations.  Size exclusion was a less effective retention mechanism for 
the ‘loose’ TFC-S, which explains the lower retention observed and highlights that variation of 
the effective membrane ‘pore’ size as compared to contaminants’ hydrated radii was significant 
when different membranes are considered.  Retentions with BW30 and NF90 are very similar, 
which can be explained by the comparable molecular weight cut off values of these membranes 
(98 and 100, respectively) [34] (and thus similar ‘pore’ size). 
 
Comparing Pine Hill and Ti Tree waters (Table 3) shows the impact of general water 
characteristics on the performance of BW30.  Group 1 retention trends at Ti Tree confirmed 
results seen at Pine Hill (pH independence and similar retention values).  This indicates the 
consistently high performance of BW30 with Group 1 solutes, and again supports that size 
exclusion is predominant because of the minimal impact of feed composition.  The difference in 
feed temperature (31.0°C at Ti Tree compared to 23.8°C at Pine Hill) did not have an observable 
impact on retention.  Nitrate data is of particular significance because it was present above 
guidelines at Ti Tree, and was safely removed to near detection limit.  Retention values for those 
solutes whose permeate measurements were limited by detection (arsenic and selenium) are 
difficult to compare between groundwaters, but both arsenic and selenium were well below 
guidelines at Ti Tree.   
 
3.3 Behavior of pH-dependent Solutes 
Group 2 solutes (copper, magnesium, manganese, molybdenum, nickel, uranium, vanadium, and 
zinc) have insoluble and dominant species under certain conditions, which resulted in their 
apparent retention being dependent on pH (Figure 2).  Feed concentration (and thus apparent 
retention) varied significantly between pH 3 and 11, because of deposition on the membrane 
surface rather than charge or steric retention mechanisms.  Precipitation occurs when 
concentration in the boundary layer exceeds the solubility limit of a particular species [5] at those 
local conditions.   

 
(Figure 2) 

 
Magnesium (Figure 2B), for example, showed a drastic drop in feed concentration above pH 10, 
indicating precipitation due to the insolubility of MgCO3 [12, 14].  Deposit of precipitates (Mdep) 
can be calculated from the mass balance: 
 

Mdep = VF,I CF,I – VF CF – VP CP - VN CN (Eqn. 1) 
 

where V is volume, C is concentration, and indices F are feed, P permeate, N concentrate, and I 
the initial reference condition, respectively.  Indeed, the mass balance confirmed accumulation on 
the NF/RO membrane surface, with approximately 78% of the magnesium present in the initial 
feed solution having deposited at high pH. 
 
Similarly to magnesium, deposition occurred for all of the other contaminants shown in Figure 2.  
Manganese (Figure 2C) and nickel (Figure 2E) deposited on the membrane at high pH, with 
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respective accumulations of ≥ 50% and ≥ 3% the original concentrations (calculation limited by 
detection).  Speciation models indicated that these solutes were present in their carbonate forms 
MnCO3(aq) and NiCO3(aq) at the pH values where precipitation was observed [14].  Copper 
(Figure 2A) and molybdenum (Figure 2D) both accumulated on the membrane below pH 7, with 
respective accumulations of ≥ 68% and ≥ 42% (again constraint by analytical detection limit).  
Copper was present as either CuCl2- or CuCl2

-, depending on the valence of copper (which was 
not determined) and molybdenum as MoO3(H2O)3 (aq).  Accumulation of zinc (Figure 2H) was 
the most significant, with ≥ 96% of the original concentration accumulating on the membrane 
above pH 8, where zinc was mostly Zn(OH)2(aq) and ZnCO3(aq) between pH 8 and 10, and Zn 
(CO3)2

-2 above pH 10 [14].  Vanadium (Figure 2G) showed complex speciation with deposition 
occurring both at low and high pH (accumulation ≥ 34%).  Deposition of uranium (Figure 2H) on 
the membrane occurred above pH 5, and the complex speciation of uranium suggests it would 
dissolve back into solution above pH 8 [14, 36], which was not observed at Pine Hill with BW30.  
The behavior of uranium specifically was published elsewhere [32]. 
 
Removal was achieved (mostly to detection limit) for Group 2 solutes with health-based 
guidelines (copper, manganese, molybdenum, nickel and uranium - see Table 1).  Uranium 
removal to below the guideline is especially notable since the feed concentration was 
significantly above the recommended level.  Although the feed concentrations of copper, 
molybdenum and nickel did not exceed guidelines, the high removal observed indicates that the 
process would be effective in treating waters with higher feed concentrations of these solutes.  
The same general trends were observed for the other membranes tested at Pine Hill (TFC-S, 
ESPA 4, and NF90) as well as for BW30 at Ti Tree. 
 
Long term consequences of membrane deposition are flux decline, possible deterioration in 
permeate quality, and increased specific energy consumption (SEC).  During the relatively short 
experiments (30-60 minutes per pH value), significant flux decline (data not shown) at high pH 
was noted for BW30 at both Pine Hill (46%) and Ti Tree (25%).  Flux decline for the other 
membranes was less than 10%.  The lowest overall flux (13.5 L/m2.h) with BW30 at Pine Hill 
corresponded to the highest SEC (1.9 W.L/h).  This was due to the high salt concentrations at 
Pine Hill (for example calcium in Pine Hill water is approximately double that of Ti Tree water, 
see Table 1), in addition to the high retention of BW30 as compared to the other membranes 
tested which results in higher concentration polarization, higher osmotic pressure and 
consequently lower flux (which directly impacts SEC).  Much of the precipitation was reversible 
with a change in pH (see vanadium on Figure 2G) which may not be the case during long term 
operation when biofouling may occur as well. 
 
4. Conclusions 
In summary, all solutes were well-retained (≥ 85%) during a typical daily range of solar 
irradiance conditions.  Energy variation (solar irradiance between 0.2 and 1.0 kW/m2) changed 
flow and pressure and hence impacted retention for fluoride, magnesium, nitrate, potassium, and 
sodium where convection/diffusion dominated retention.  For very large hydrated solutes 
(calcium, strontium, and uranium), retention was very high due to size exclusion and no impact 
of operating conditions was observed.   
 
Retention of a number of solutes (Group 1: arsenic, calcium, chloride, nitrate, potassium, 
selenium, sodium, strontium, and sulfate) was pH independent (between pH 3 and 11).  Because 
retention was stable despite changes in the membrane surface charge (and thus changing electric 
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interactions), steric effects are predicted to govern retention.  Retention with BW30 at Pine Hill 
ranged from ≥ 78.9% (arsenic) to 99.6% (strontium and calcium) which was attributed to 
differences in solute properties (e.g. hydrated size). 
 
Retention of other solutes (Group 2: copper, magnesium, manganese, molybdenum, nickel, 
uranium, vanadium, and zinc) varied as a function of pH due to speciation.  Deposition on the 
membrane surface occurred when concentrations at the membrane surface exceeded solubility 
limits, and resulted in flux decline.  This is a practical problem for long-term operation. 
 
In conclusion, the renewable energy membrane system reliably removed salts and inorganic 
contaminants over a range of real energy and pH conditions via convection/diffusion and 
precipitation mechanisms. This has important implications for remote water applications where 
such contaminants that are difficult to remove by conventional technologies are a concern. 
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Table Captions 
 
Table 1. Feed water quality at Pine Hill and Ti Tree, including detection limit, Australian 
guideline, and World Health Organization (WHO) guideline (where applicable). 
 
Table 2. Molecular weight, ionic and hydrated radii for relevant ions. 
 
Table 3. Group 1 retention using BW30, TFC-S, ESPA 4, and NF90 at Pine Hill (for comparison 
of membrane performance with the same sourcewater) as well as BW30 at Ti Tree (for 
comparison of the same membrane with different sourcewaters).  Where retention is reported as 
‘≥’, the calculation was limited by the analytical detection limit (as specified in Table 1). 
 
 
 
Figure Captions 
 
Figure 1. Conditions and results for BW30 operating with renewable energy at Pine Hill over the 
course of one solar day (sunrise to sunset).  Feed TDS is 5770 g/L and pH 7.2.  Subfigure (A) 
shows solar irradiance (SI) and flow; (B) flux and pressure; (C) salt retention and SI; and (D) 
inorganic contaminant retention and SI. 
 
Figure 2. Concentration of feed, UF permeate, NF/RO permeate, and concentrate as a function of 
pH for BW30 at Pine Hill of Group 2 precipitating solutes (A) copper; (B) magnesium; (C) 
manganese; (D) molybdenum; (E) nickel; (F) uranium; (G) vanadium; and (H) zinc.  Australian 
guidelines (if applicable) and detection limits (DL) are shown. 
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 Table 1 

 

Solute 
Pine Hill 

Concentration 
(mg/L) 

Ti Tree 
Concentration 

(mg/L) 

Detection 
Limit 

(mg/L) 

Australian 
Guideline 
(mg/L) (3) 

WHO 
Guideline 
(mg/L) (2)  

Aluminium < 0.01 0.107 0.01 0.2a -- 
Arsenic 0.005 0.003 0.001 0.007 0.01b 
Barium 0.016 0.040 0.001 0.7 0.7 

Beryllium < 0.001 < 0.001 0.001 -- -- 
Calcium 60.1 30.374 0.01 -- -- 
Chloride 2000 436.90 0.1 250a -- 

Chromium < 0.001 < 0.001 0.001 0.05 0.05b 
Copper 0.021 0.096 0.001 1a ; 2  2 
Fluoride 1.10 0.464 0.01 1.5 1.5 

Iron 0.225 0.055 0.001 0.3a -- 
Lead 0.004 0.005 0.001 0.01 0.01 

Lithium 0.060 0.007 0.001 -- -- 
Magnesium 149 38.1 0.1 -- -- 
Manganese 0.007 0.002 0.001 0.1a ; 0.5 0.4a 

Molybdenum 0.005 < 0.001 0.001 0.05 0.07 
Nickel 0.003 0.005 0.001 0.02 0.07 
Nitrate 19.0 58.4 0.1 50c 50c 

Potassium 15.0 26.0 0.03 -- -- 
Selenium 0.015 0.004 0.001 0.01 0.01 
Sodium 1650 173 0.1 180a -- 

Strontium 1.30 0.475 0.001 -- -- 
Sulfur 272 33.2 0.001 -- -- 
Sulfate 889 116 1.0 250a ; 500 -- 

Titanium < 0.001 < 0.001 0.001 -- -- 
Uranium 0.295 0.025 0.001 0.02 0.015b 

Vanadium 0.022 0.0009 0.001 -- -- 
Zinc 0.222 0.0008 0.001 3a -- 
TDS 5700 1080 -- 500a 600a 

aAesthetic-based guideline; bProvisional guideline due to scientific uncertainties regarding 
toxicology/epidemiology and/or due to difficulties regarding technical achievability; cGuideline 
recommended to protect against methaemoglobinaemia in bottle-fed infants (short-term 
exposure)  
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Table 2 

 

Species 
Molecular 

Weight 
(g/mol) 

Ionic 
Radius 
(nm) 

Hydrated 
Radius 
(nm) 

Ref. 

K+ 39.10 0.133a 

0.148  
0.138  

0.331  
0.275  
0.201  

[31] 
[37] 
 [38] 

Na+ 22.99 0.095a 

0.099  
0.102  

0.358 
0.299 
0.178 

[31] 
[37] 
[38] 

Sr2+ 87.62 0.113 a 

0.136  
0.412 
0.280 

[31] 
[38] 

Cl- 35.45 0.181a 

0.198 
0.181 

0.332  
0.324  
0.195  

[31] 
[37]   
[38] 

SO4
2- 96.06 0.290a 

0.215 
0.379  
0.300 

[31]  
[38] 

Ni2+ 58.69 0.070a 

0.060 
0.404  
0.311 

[31] 
[38] 

SeO4
2- 142.96 0.305a 0.384  [31] 

MoO4
2- 159.94 0.323a 0.385 [31] 

Ca2+ 40.08 0.099a 

0.123 
0.412 
0.253 

[31] 
[38] 

F- 19.00 0.136 a 

0.128 
0.119 

0.352 
0.348 
0.284 

[31]  
[37] 
 [38] 

NO3
- 62.00 0.264a 0.335 [31] 

Cu2+ 63.55 0.072a 0.419 [31] 
Zn2+ 65.39 0.074a 

0.074 
0.430 
0.280 

[31]  
[38] 

Mg2+ 24.31 0.065a 

0.072 
0.428 
0.300 

[31]  
[38] 

Mn2+ 54.94 0.080a 0.438 [31] 
aCrystal ionic radii reported by Nightingale [31] 
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Table 3 

 

Solute 
Retention (%) 

BW30          
Pine Hill 

Retention (%) 
TFC-S         

Pine Hill 

Retention (%) 
ESPA 4      
Pine Hill 

Retention (%) 
NF90          

Pine Hill 

Retention (%) 
BW30          
Ti Tree 

Arsenic ≥ 78.9 (± 5.1) 64.2 (± 4.7) ≥ 77.6 (± 4.6) ≥ 77.5 (± 5.9) ≥ 57.6 (± 4.5) 
Calcium 99.6 (± 0.2) 95.2 (± 1.1) 98.8 (± 1.3) 99.5 (± 0.3) 99.7 (± 0.2) 
Chloride 96.4 (± 2.7) 76.1 (± 1.8) 89.0 (± 1.9) 92.5 (± 3.8) 97.3 (± 2.9) 
Nitrate 90.6 (± 6.7) 51.5 (± 6.6) 70.0 (± 7.4) 90.4 (± 2.0) 90.9 (± 6.2) 

Potassium 94.9 (± 4.1) 78.9 (± 2.9) 85.7 (± 3.2) 91.0 (± 5.2) 97.4 (± 2.1) 
Selenium ≥ 93.8 (± 0.1) 90.0 (± 3.8) ≥ 92.6 (± 2.6) ≥ 92.9 (± 2.6) ≥ 74.3 (± 3.5) 
Sodium 96.4 (± 1.5) 77.4 (± 2.9) 79.6 (± 2.2) 87.5 (± 4.9) 96.2 (± 1.4) 

Strontium 99.6 (± 0.2) 95.7 (± 0.9) 98.8 (± 1.4) 99.5 (± 0.4) 99.7 (± 0.1) 
Sulfate 99.5 (± 0.5) 97.1 (± 0.6) 99.1 (± 0.3) 99.5 (± 0.2) 99.8 (± 0.1) 
TDS 94.9 (± 4.5) 77.7 (± 2.7) 87.7 (± 5.9) 91.4 (± 3.7) 94.4 (± 6.9) 
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Figure 1 
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Figure 2 
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