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Supplementary material 1

Derivation of rate of solute concentration in feed tank

The simulation model was developed and verified for the RO system operating in a semi-batch (closed-loop) system, with retentate recycled to the feed tank and permeate collected separately (Figure 1). 


[image: ]
Fig S1. Operational scheme of reverse osmosis batch process. Q – volume flow, C – concentration, f, r, and p refer to feed, retentate, and permeate, respectively.


The permeate concentration based on the material balance around the membrane can be described by:
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Also, the change in concentration in the feed can be described by:
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Equating eq. (1)  and eq. (2), the derivation yields:

	
	
	[bookmark: _Ref523831383](3)




Further, the change (decrease) of volume in feed tank dVf  in time dt is equal to permeate flow through membrane Qp:
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Solution volume in feed tank at any time t can be obtained on integrating eq. (4) between 0 to t, 

	
	
	(5)
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The final equation, describing the increase in the concentration of solutes in feed tank with time, is obtained by substituting values from eq. (6) into eq. (3) [1]:
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Supplementary material 2

Combination of solution-diffusion model and material balance in the feed tank [1]

The solvent (water) flux Jw and solute flux Js through the membrane are expressed by the following equations:
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Solute concentration in the permeate can be described:
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where Cw,p is a permeate solvent concentration. If the solvent is water, then Cw,p = Cw [2].
Substituting for Jw and Js from eq. (1) and eq. (2) in eq. (3) yields,

	
	
	[bookmark: _Ref523835068](4)



The difference in osmotic pressures ∆π is given by the extended van´t Hoff equation as:
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where φ is an osmotic pressure coefficient describing the divergence of osmotic pressure between real and theoretical solution. It depends on the type and concentration of the solution, e.g. for NaCl aqueous solution it ranges from 0.928 to 1.281 [3], or for estrogens equals zero. is the difference in solutes molar concentrations on feed Cf and permeate Cp side. 

For complex solute, its mass concentration must be used in the model [4]. For low concentrations of solutes, and at a constant temperature, φ is assumed to be constant. Equation (5) after unit conversion can be rewritten as:
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where M is a molar mass of concentrated solutes, and ψ is the solute concentration coefficient [5]. Substituting for Δπ from eq. (6) into rearranged eq. (4), yields an equation for solutes concentration on feed side Cf:
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For high rejection, since , and  , we can ignore higher order terms, eq. (7) then simplifies to 
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or	
	
	

	[bookmark: _Ref523836014][bookmark: _Ref506144256](9)


Substituting the expression for ∆π in eq. (1) from eq. (6) and combining it with eq. (9) for Cp yields an expression for permeate flow Qp 
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Substituting for Cp from eq. (9), and for Qp from eq. (10) into the material balance eq. (7) in Supplementary material 1 results in a non-linear master differential equation describing the rate of change of solute concentration in the feed tank Cf, eq. (12):

	
	
	(11)
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Slater et al. [5] proposed simplifying eq. (12) by grouping model constants and initial conditions to:
 
	
	

where Cf  is the solutes concentration in feed tank and the constants a1–a5 are
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	(14)

	
	
	       (15)
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[bookmark: _Ref526862306]
Retentate volume time profile without control of simulation termination

[image: ]




Supplementary material 4

Details of simulation and experimental enrichment of 25 ngEE2/L sample 

Mathematical modelling and experimental enrichment were performed in the same way as other EE2 samples as described in the manuscript in chapter 3.1 Experimental enrichment and determination of model constants, and Table 1. Information specific to the enrichment of the sample with 25 ngEE2/L is stated in Table S1.  

Table S1. Input parameters and results of RO batch processes. The table only depicts parameters and results specific for the experimental run with 25 ngEE2/L sample.
	
	ExpEE2 S1

	Cf,EE2,0 (ng/L)
	25

	T (˚C)
	18.5

	Vc (mL)
	540

	[bookmark: OLE_LINK1]dt (h)
	5.17

	Gf,0 (µS/cm)
	516

	kTDS
	0.67






[bookmark: _GoBack]Fig S1. Permeate flow rate for the enrichment of 25 ngEE2/L solution sample. Initial permeate flux is 18.1 L/m2h. Specification of initial conditions for this process is described in Table 1 and Table S1.



Fig. S2. Comparison of the simulation and experimental enrichment of 25 ngEE2/L solution. MAPD is 9.14 %.
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