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Figure S1: Average daily temperature for the year 2018–2019 for seawater at a full-scale desalination plant in the Ara-

bian Gulf. 
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Figure S2: The oxidation reduction potential (ORP) profile of the seawater feed used for the pilot test. ORP was constant, indicating 
no membrane damage due to chlorination. 
 

 

Figure S3: Pilot operation at a constant recovery of 40%. 
Section S1: Membrane Performance Normalization 

Normalization is a technique that allows for comparing the operation at a specific set of conditions to a reference set of conditions 

[1,2]. This enables the actual plant performance to be understood and helps determine whether changes in flow or salt rejection are 
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due to fouling, membrane damage, or are just due to different operating conditions. In other words, data normalization distinguishes 

a fouling state from a non-fouling/normal state. 

Normalized permeate flow (NPF), normalized salt passage (NSP), and normalized differential pressure (NDP) are calculated as 

follows [3]: 

Permeate and feed–brine osmotic pressures used in NDP are calculated as follows: 

𝜋௉(𝑏𝑎𝑟) = 1.01327 × 0.082054 × (𝑇 + 273.15) × 2 × 1000 × 2 × 𝐶௉1000 × 58.44 × 2 × 1000 ×
⎝⎜⎜
⎛10ି଴.ହ×ට ଵ×஼ು×ଶ×ଵ଴଴଴×ଵమ×ସଶ×ଶ×ଵ଴଴଴×ଵ଴଴଴×ହ଼.ସସ×ଶଵାට ଵ×஼ು×ଶ×ଵ଴଴଴×ଵమ×ସଶ×ଶ×ଵ଴଴଴×ଵ଴଴଴×ହ଼.ସସ×ଶ

⎠⎟⎟
⎞଴.ଵସ

 

Similarly, 

𝜋ி஼(𝑏𝑎𝑟) = 1.01327 × 0.082054 × (𝑇 + 273.15) × 2 × 1000 × 2 × 𝐶ி஼1000 × 58.44 × 2 × 1000 ×
⎝⎜⎜
⎛10ି଴.ହ×ට ଵ×஼ಷ಴×ଶ×ଵ଴଴଴×ଵమ×ସଶ×ଶ×ଵ଴଴଴×ଵ଴଴଴×ହ଼.ସସ×ଶଵାට ଵ×஼ಷ಴×ଶ×ଵ଴଴଴×ଵమ×ସଶ×ଶ×ଵ଴଴଴×ଵ଴଴଴×ହ଼.ସସ×ଶ

⎠⎟⎟
⎞଴.ଵସ

 

where T is the temperature in 0C, CP is the permeate TDS (mg/L) calculated using the EC-TDS conversion (described later), and CFC 

is the feed–brine average concentration calculated as follows: 

𝐶ி஼ (𝑚𝑔/𝐿) = 𝐶ி(𝑚𝑔/𝐿) × 1 − (1 − 𝑌)(ଵିௌோ)(1 − 𝑆𝑅) × 𝑌  

where Y and SR are fractions that represent nominal recovery (at any time t) and nominal salt rejection at time = t calculated as 

follows: 

𝑌 = 𝑄௉(𝑚ଷ/ℎ)𝑄ி(𝑚ଷ/ℎ) 

𝑆𝑅 = 1 − 𝐶௉ (𝑚𝑔/𝐿)𝐶ி(𝑚𝑔/𝐿)  

where QP and QF are the permeate and feed flowrates, respectively. Similarly, CP and CF represent the permeate TDS (mg/L) and 

feed TDS (mg/L), respectively. CP and CF are calculated in mg/L using the same correlation and coefficients as follows: 

- If EC (µS/cm) is greater than 7630 (EC > 7630), then 

𝐶 (𝑚𝑔/𝐿) =  𝑢𝑆𝑎 × 𝑒൬௨ௌ௕ି௅௡ቀ௘൫బ.బబభళ×(೅షమఱ)൯×ா஼ቁ൰మ௨ௌ௖  

- If EC (µS/cm) is less than 7630 (EC < 7630), then 

𝐶 (𝑚𝑔/𝐿) =  𝑢𝑆2𝑎 × 𝑒൬௨ௌଶ௕ି௅௡ቀ௘൫బ.బబభళ×(೅షమఱ)൯×ா஼ቁ൰మ௨ௌଶ௖  

where C is the concentration in mg/L (feed or permeate), and EC is the electrical conductivity in µS/cm (feed or permeate) inputted 

daily. The table below shows the coefficients used for the EC to TDS conversion, 
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Table S1: EC-TDS conversion coefficients 

Coefficient Value 

uSa 0.000000000080090966 

uSb -50.645805186 

uSc 112.483950289 

uS2a 7.7013840097E-20 

uS2b -90.475562243 

uS2c 188.88442227 

 

Temperature Correction Factor (TCF) used for NPF is calculated as follows: 

- If Temperature is less than or equal to 25 0C (T ≤ 25), then 

𝑇𝐶𝐹ி௟௢௪ = 𝜇 × 𝑒்௘௠௣஺ଵ×(்ିଶହ) × ൬ 𝑇௄298൰்௘௠௣஺ଷଵି௒
 

- If Temperature is greater than 25 0C (T > 25), then 

𝑇𝐶𝐹ி௟௢௪ = 𝜇 × 𝑒்௘௠௣஺ଶ×(்ିଶହ) × ൬ 𝑇௄298൰்௘௠௣஺ସଵି௒
 

where Y is the nominal recovery described above, and µ is water viscosity (factor) calculated as follows: 

𝜇 = 𝑒 ଵଽ଺ହଶଽ଼.ଵହ𝑒ଵଽ଺ହ಼்  

where TK is the temperature in Kelvin as follows: 𝑇௄ = 𝑇 + 273.15 

TempA1, TempA2, TempA3, TempA4 are membrane model related parameters available from the membrane OEM (Table S3). 

NSP is calculated as follows: 𝑆𝑃௡ = 𝑆𝑃௧ × 𝑄௉,௧  × 𝑇𝐶𝐹ௌ௔௟௧,଴ × 𝐶ி஼,଴ × 𝐶ி,௧𝑄௉,଴ × 𝑇𝐶𝐹ௌ௔௟௧,௧ × 𝐶ி஼,௧ × 𝐶ி,଴  

The second way to calculate normalized salt passage is to replace CFC by CFlm as follows: 𝑆𝑃௡ = 𝑆𝑃௧ × 𝑄௉,௧  × 𝑇𝐶𝐹ௌ௔௟௧,଴ × 𝐶𝐹௟௠,଴ × 𝐶ி,௧𝑄௉,଴ × 𝑇𝐶𝐹ௌ௔௟௧,௧ × 𝐶𝐹௟௠,௧ × 𝐶ி,଴  

where QP is permeate flowrate (t = t/t = 0), CFC and CF are calculated as described above, and SPt is the actual Salt Passage calculated 

as follows: 



Membranes 2022, 12, 792 5 of 7 
 

 

𝑆𝑃௧ = 𝐶௉,௧(𝑚𝑔/𝐿)𝐶𝐹௟௠,௧(𝑚𝑔/𝐿) 

where CP is the calculated permeate TDS (mg/L) as described above, and CFlm is the feed–brine average log mean calculated at any 

time (t=t/t=0) as follows: 

𝐶𝐹௟௠ = 𝐶஼(𝑚𝑔/𝐿) − 𝐶ி(𝑚𝑔/𝐿)ln ൬𝐶஼(𝑚𝑔/𝐿)𝐶ி(𝑚𝑔/𝐿)൰  

where CF is the calculated feed TDS described above, and CC is the concentrate TDS calculated using mass balance as follows: 

𝐶஼ = 𝐶ி𝑄ி − 𝐶௉𝑄௉𝑄஼  

where C represents concentrations at any time (t=t/t=0), and Q describes flowrate of feed, brine, and permeate. TCFSalt is the tem-

perature correction factor used for both normalized salt passage equations (different from TCFFlow) and is calculated as expressed 

below: 

- If Temperature is less than or equal to 25 0C (T ≤ 25), then 

𝑇𝐶𝐹ௌ௔௟௧ = 𝜇ଶହ𝜇் × 𝑒்௘௠௣஻ଵ×(்ିଶହ) × ൬ 𝑇௄298൰்௘௠௣஻ଷଵି௒
 

- If Temperature is greater than 25 0C (T > 25), then 

𝑇𝐶𝐹ௌ௔௟௧ = 𝜇ଶହ𝜇் × 𝑒்௘௠௣஻ଶ×(்ିଶହ) × ൬ 𝑇௄298൰்௘௠௣஻ସଵି௒
 

where TK and Y are temperature in Kelvin and nominal recovery described above. TempB1, TempB2, TempB3, TempB4 are mem-

brane model related parameters (Table S3). µ25 and µT are feed–brine average viscosities at temperature 25 0C and at temperature T 

(daily input), respectively. The feed–brine average viscosity at 25 0C can be calculated as follows:  

𝜇ଶହ = 1.234 × 10ି଺ × 𝑒଴.଴଴ଶଵଶ×஼ி೗೘×ఘమఱଵ଴଴଴×ଵ଴଴଴ ା ଵଽ଺ହଶ଻ଷ.ଵହାଶହ 

where CFlm is the feed–brine average log mean described above, and ρ25 (kg/m3) is the feed–brine average density at 25 0C calculated 

as follows: 

𝜌ଶହ = 1000 × ቀ1 + 0.00714 × 𝐶𝐹௟௠10000 ቁ3.1975 + ൭−0.315154 × ൬൫647.27 − (25 + 273.15)൯ଵଷ൰൱ + ቀ−0.001203374 × ൫647.27 − (25 + 273.15)൯ቁ + ቀ0.000000000000748908 × ൫647.27 − (25 + 273.15)൯ସቁ
1 + ൬0.1342489 × ൫647.27 − (25 + 273.15)൯ଵଷ൰ + ቀ−0.003946263 × ൫647.27 − (25 + 273.15)൯ቁ

 

Similarly, feed–brine average viscosity at temperature T is calculated as follows: 

𝜇் = 1.234 × 10ି଺ × 𝑒଴.଴଴ଶଵଶ×஼ி೗೘×ఘ೅ଵ଴଴଴×ଵ଴଴଴ ା ଵଽ଺ହଶ଻ଷ.ଵହା் 

where ρT (kg/m3) is calculated as follows: 
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𝜌ଶହ = 1000 × ቀ1 + 0.00714 × 𝐶𝐹௟௠10000 ቁ3.1975 + ൭−0.315154 × ൬൫647.27 − (𝑇 + 273.15)൯ଵଷ൰൱ + ቀ−0.001203374 × ൫647.27 − (𝑇 + 273.15)൯ቁ + ቀ0.000000000000748908 × ൫647.27 − (𝑇 + 273.15)൯ସቁ
1 + ൬0.1342489 × ൫647.27 − (𝑇 + 273.15)൯ଵଷ൰ + ቀ−0.003946263 × ൫647.27 − (𝑇 + 273.15)൯ቁ

 

where CFlm is the feed–brine average log mean described above, and T is the daily measured temperature.  

NDP is calculated as follows: 

𝐷𝑃௡(𝑏𝑎𝑟) = 𝐷𝑃௧(𝑏𝑎𝑟) × ቆ𝑄ி஼,଴𝑄ி஼,௧ ቇ஽௘௟௧௔௉ଷ × ቆ𝜇்,଴𝜇்,௧ ቇ஽௘௟௧௔௉଺
 

where DP is the differential pressure calculated in the previous section (PF – PC), µT is the feed brine average viscosity shown above, 

and QFC is the feed–brine average flow calculated at any time (t=t/t=0) as follows: 

𝑄ி஼(𝑚ଷ/ℎ) = 𝑄ி(𝑚ଷ/ℎ) + 𝑄஼(𝑚ଷ/ℎ)2  

where QF and QC are feed and concentrate flowrate describes previously. DeltaP3 and DeltaP6 are membrane model related param-

eters that are provided my membrane OEM (Table S3). 

Specific Flux (Water Permeability) can be calculated in L/(m2.h.bar) at any point in data normalization as follows: 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐹𝑙𝑢𝑥 ൬𝐿𝑀𝐻𝑏𝑎𝑟 ൰ = 𝑄௉,௧ ൬𝑚ଷℎ ൰𝐴𝑟𝑒𝑎்௢௧௔௟(𝑚ଶ) 

where total area is calculated as follows: 𝐴𝑟𝑒𝑎்௢௧௔௟(𝑚ଶ) = 𝐸𝑙𝑒𝑚𝑒𝑛𝑡 𝐴𝑟𝑒𝑎 (𝑚ଶ) × 𝑁𝑜. 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 𝑝𝑒𝑟 𝑠𝑡𝑎𝑔𝑒 

Table S2: Correction Factors used for normalization 

TA1 TA2 TA3 TA4 TB1 TB2 TB3 TB4 DP3 DP6 

0.03851 0.03714 -5.6466 -6.6743 0.00712 0.01921 3.88072 2.35894 1.443389 0.67238 

 

Section S2: Analysis of membrane fouling 

Table S1 below presents the elemental composition of the foulant collected from the feed spacer and the membrane surface. The 

primary cause of fouling was due to the deposition of rust from the pilot plant piping, as indicated by the high presence of Iron, 

Nickel, and Chromium. As the pilot was operated at a nominal recovery rate of 40%, there was minimal scaling from salts of 

Calcium, as indicated by the data below. The membrane autopsy also indicated the absence of any ATP, hence ruling out the 

possibility of any biofouling. Concerted computational investigations are needed to explain such fouling behaviors. However, this 

is beyond the scope of this work. This has been explored by other researchers [4-7]. 
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Table S3: Elemental composition of the sticky brown deposit on the feed spacer and membrane surface.    

Element value 
(µg/l) 

Element value 
(µg/l) 

Be <0.001 As <0.001 
B <0.001 Rb 1.96 

Na 4264 Zr 3.23 
Mg 791 Mo 14.1 
Al <0.001 Pd <0.001 
K 159 Ag 1.45 
Ca 255 Cd <0.001 
Ti <0.001 In 0.098 
V 18.7 Sn <0.001 
Cr 4479 Sb <0.001 
Mn 62.7 Ba 4.40 
Fe 8600 W <0.001 
Co 10.9 Pt 1.82 
Ni 617 Tl <0.001 
Cu 13.9 Pb 19.63 
Zn 13.8 U 3.34 
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