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METHODOLOGY TO DETERMINE MOLAR MINIMUM ENERGY OF
RECOVERY

To determine the molar minimum energy of nutrient recovery, E_., mole fractions of species i in

min !
the feed, product, and retentate are required. The mole fractions of species i in the waste stream
feed, xir, are based on literature data.l”” The mole fraction and molar ratio of a species in the
product, xip and nip, respectively, are dependent on the targeted product, and mole fraction of
species in the retentate, xir, is determined by species mole balance. Mole balances are expressed

as X eNg + X rsn Nrsw = %5 pNp + X% o Ng for agueous products or
X eNg + 1 ooy Nexwy =N pNp + X N for pure liquid/solid products; where the subscript

1,RXN denotes the species produced or consumed in reactions. To recover products, nutrients and
product co-species are consumed. Additionally, H20, OH™, and H" may be generated or consumed
for the deprotonation and protonation of NH4*/NH3 and HsPO4/H2PO4 /HPO4*/PO4* species to
capture targeted products. For the NH4*/NH3 and HsPO4/H2PO4 /HPO4?>/PO4>" species, mole
balances are based on TAN and TOP mole fractions, respectively. To utilize the mole balances to
solve for xir, scenarios with different recovery yields are modeled. Recovery yield is the amount

of species, i, from the initial feed solution captured as a product, defined by Y, , = x N, /X N¢

for aqueous products and Y;, =n N, /x N, for solid/pure products.

It is important to note that pH and resultant TAN and TOP speciation influence the Gibbs

free energy of a solution because of the following three factors: i) GNH3(aq)¢GNH4+(aq),

G =G if) y, values are dependent on the species, and iii) xi is dependent on the

HPO, (ag) ~ T H,PO, (aa)’

concentration of each species. The speciation between ammonium and ammonia, NH4" <> NHz +
H*, is governed by eqn S(1), and the speciations between the four forms of orthophosphate,
H3sPO4—H2PO4 +H", HoPOs «—HPO4> +H*, and HPOs? s PO+ +H*, are governed by eqns S(2),
S(3), and S(4):

L S S D R 1079.24 S(l)
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Kargpo, 1= {H,PO, | ~107" S(2)
_ {HPO42_}{H+} 10720

Kahpo,2 = {HZPO4'} ~10 S(3)
_ {PO437}{H+} _1n-12.37

aHPO, 3 = W ~10 S(4)

where Ka is the dissociation constant for the acid and {i} is the activity of species i. All Ka values

were acquired from literature.® Table S1 presents the range in pH for each waste stream and

resultant speciation determined using eqns S(1)-S(4).
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Table S1. Range in pH of each waste stream® - ® and resultant speciation of TAN and TOP. a, is the

fraction of TAN or TOP present as the species denoted by the subscript. The pH range is presented with

“H” signifying the high-end and “L” signifying the low-end. Note that only H.PO,~ and HPO4? forms

of TOP are presented because H3PO, and PO4® concentrations are negligible in the waste streams.

Waste stream

pH

A\,

a

a

o

Predominant

NA HPOs PO | form of TOP
Greywater H 9 0.365 0.635 0.984 0.016 HPO4*
Greywater L 5 | 5.75x107° 1.00 ]6.13x10°°| 0.994 H2PO4~
2° WW effluent | 7.7 0.028 0.972 0.796 0.204 HPO4*
H
2° WW effluent L | 6.8 | 3.62x10°3 0.996 0.334 0.666 H2PO4~
Domestic WWH | 8.5 0.154 0.846 0.984 0.016 HPO4*
Domestic WW L | 6.5 | 1.82x10°% | 9.49x107 | 0.163 0.837 H2PO4”
Fresh Urine H 7.5 0.018 0.982 0.661 0.339 HPO4*
Fresh Urine L 6 | 5.75x107* 0.999 0.058 0.942 H2PO4~
Hydrolyzed Urine | 9.2 0.477 0.523 0.990 0.010 HPO4*
H
Hydrolyzed Urine | 9.0 0.365 0.635 0.984 0.016 HPO4*
L
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Table S2. Concentration of active species (components of products in the analysis), other forms of N,

and passive species (components in the waste streams, but not in products) in waste streams examined

in the analysis."° Ranges are provided when available in the literature.

Concentration (mM)

Species Greywater | Fresh Urine | Hydrolyzed | Domestic WW | 2° WW
Urine effluent

Sulfate 0.00156- 0.288-36.7 1.65-17.4 0.469 1.73

(SO4*) 0.225

Potassium | 0.000510- | 20.1-94.5 19.4-56.3 0.619 0.256-0.767

(K%) 0.0614

Magnesium | 1.48-1.96 | 4.11 0.453-0.918 0.412-2.058

(Mg™)

Nitrate 0.0714-1.42

(NO3)

Urea 125.9-264.5

(CH4N:20)

Sodium 64.9-119 1.41-17.4

(Na")

Chloride 64.9-119 1.41-17.4

(C)
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MOLAR MINIMUM ENERGY EQUATIONS

The following provides the expressions for molar minimum energies to recover products from the

waste streams as presented in Figures 2, 3, 5, and 6 in the main manuscript.

Figure 2. To determine E,, for recovering NHsq) from all waste streams presented in

Figure 2, eqn S(5) was utilized. Note that in Figure 2 all TAN was assumed to be present as NH4",

while analysis presented in Figure 3 considers the speciation between NH4" and NHa.

E _O
Emin - Gf,NH3(|)

XNHA*,RGNH[ + XHzO-RGHzO + XOH’,RGOH’

+ XNH[,R In (yNHA*,R XNH;,R )+ XHZO’R In (7H20,RXH20,R ) 8(5)

Np | +RT
+XH+,R In (yH+,R XH*,R )+ XOH’,R In (j/OH’,R XOHTR )

XNH;,FGNH; + XHzOFGHzO + XOH’,FGOH’

N XNH;,F In (7NH4*,FXNH4*,F ) +Xn0F In (szOVFXHzO,F)

Ny | +RT
Xk In (yH",FXH*,F)-i- Xon- F In(j/OH’,FXOH’,F>

Figure 3. For the determination of E_ to recover NHa(), the aqueous ammonia products

(i.e., 10 M NHs(ag), 5.0 M NHs(ag), and 1.0 M NHs(ag)), and (NH4)2SOa4s), eqns S(6), S(7), and S(8),
respectively, were utilized. The pH of all the aqueous NHs product streams is high (>11.7), such
that >99.7% of TAN is NHs and NHa4* species are negligible. Note that in all calculations Gibbs

free energy required for recovery is normalized per mole of TAN recovered.

- _oO
Emin - Gf,NH3(|)

XNHA*,RGNHA* + XNHgyRGNHa + XHzOVRGHzO + XOH’,RGOH’

+N—p +RT XNH;,R In (yNH;,RXNH;,R )+ XNHs!R In(yNHs-RXNHsyR) 8(6)

+XHzOR In (7H20,R XHzO,R ) + XH“’,R In (7/H+,RXH+,R )+ XOH’,R In (yOH’,R XOH’,R )

G + xNH3,F(3NH3 + XHZO,FGHZO + XOH*’FG

X
NH,"F —NH,* OH-

_F X In(y X )+x In(;/ X )
NH," F NH,*,F'NH,* F NH; F NH;,F*NH, F
NP +RT 4 4 4 3 3 3

+XH20,F In (7H20,FXH20F ) + XH*,F In (yH",FXH*,F ) + XOH‘,F In (yOH‘,FXOH‘,F)
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min

Xranp | +RT

XNH3,PGNH3 + XHZO,PGHZO + XOH’,PGOH’

1
XNH, P In (7NH3,P XNH, P ) * Xu,0p In (7H20,P Xi,0p )

JrXH*,P In(}/H*,PXH*,P)—i— XOH’,P In (}/OH’,PXOH’,P)

XNHA*,RGNHA* + XNHavRGNH3 + XHzORGHZO + XOH’,RGOH’

X In(y X )+x In(;/ X )
NH,".R NH,",R “'NH," R NH3.R NH3,R *NH, R
NP +RT 4 4 4 3 3 3

G + XNHS,FGNHS + XHZO,FGHZO + XOH’,FG

X
NH," F ~NH," OH~

X In(y X )+x In(y X )
NH,* F NH,* FNH," F NH3,F NH3,F“NH, F
Ny | +RT ‘ ‘ ) ’ ’ ’

_ 1 0
Emin = EGf,(r\|H4)zso4 (s)

NH," R ~NH," S0, R ~S0,%

XNHA*,R In (7NH4*,RXNH4*,R ) + XNHsz In (J/NHszXNHsz ) +

2N, | +RT X0, r In (7sof:re X0, r ) + X 0r In (;/HZO’R Xn,0R )+
XH*,R In (yH*,R XH*,R )+ XOH’,R In (yOH’,R XOH’,R )

X
NH," F 7 NH,* 50,2 F 50,2

XNHA*,F In (yNH;,FXNH;,F)—'_ XNHst In (7NH3VFXNH3,F)+

2N, | +RT Xso,2 In(}/8042’,FXSOAZ’,F)+XHzOvFIn(szovFXHzovF)-i_

X In (7H+,FXH+,F)+ Xon- In (yOH’,FXOH’,F)

G

Gy T Xun, rOnn, TX Gy o + Xu0rGno + Xon- £Con-

X Gy T Xun, RGni, X Gy + X000 + Xo rCop

+XH20R In (7H20R XHzOR ) + XH*,R In (}/H*,RXH*,R )+ XOH’,R In (7OH’,R XOH’,R ) |

+XH201F In (7H201FXH201F)+ XH*,F In(}/H*,FXH*,F)—i— XOH’,F In (7/OH’,FXOH’,F) ]

S(7)

5(8)

For the determination of E, . to recover different phosphate products, KMgPOa-6 H20(s)

(potassium magnesium phosphate), NHsMgPO4:6H20¢) (struvite), KH2POsi) (potassium
phosphate), and NH4H2POa) (monoammonium phosphate), egns S(9), S(10), S(11), and S(12)

were respectively employed.
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C 0

Enin = f KMgPO, -6 H,0(s)
K* RGK* T XM 2 RGMgZ* T XHZPO4’,RGH2P04’ T XHPOAZ’,RGHPOf’ T XHzO,RGHzO T XOH’,RG
NR XK*,R In (}/K*,RXK*,R ) + XMgZ*,R In (}/Mgz*,RXMgZ*,R )
+_

N
p| TRT +XH2P04’,R In 7/H2P04’,RXH2PO4’,R +XHPO42’,R In Vrpo 2 R XHP04ZTR
+XH20~R In (J/HzOR XHzOR ) + XH*,R In (7/H*,R XH*,R ) + XOH’,R In (yOH’,R XOH’,R )

G +X, 2+G

K* FK* F Mg H,PO, ,F ~H,PO,” HPO,2 F ~ HPO,2
N K* F In (}/K*,FXK*,F ) + XMgZ*,F In (7Mgz*,FXMgZ*,F)
F
N
p| +RT +XH2PO4‘,F In 7H2P04‘,FXH2PO4‘,F + XHPO42‘,F In yHPOAZ‘,FXHPOAZ‘,F

+XH20,F In (szOVFXHzOVF ) + XH*,F In (7H*,FXH*,F ) + XOH’,F In (yOH’,FXOH’,F)

+ X G + X G +X4,0:Ch,0 + Xy (O

GfNH +MgPO, -6 H,0(s)

XNH;,RGNH; + XNH3,RGNH3 + XMg2+,RGMgZ+ + XHZPO[,RGHZPO{
XHPOAZ’,RGHPO42’ + XHzOVRGHzO + XOH’,RGOH’
N XNHA*,R In (7/NH4*,R XNH;,R ) + XNHsz In (yNHsz XNHsz )+
+—R
NP XMgZ*,R In (}/Mgz*,R XMgZ*,R )+ XHZPOA’,R In (7H2P04’,R XHZPOA’,R )+
+RT
XHPO42’,R In (yHPOf’,R XHPO42’,R ) *Xu0R In (7H20,R XH,0R ) +
R In (7/H*,R XH*,R ) + XOH’,R In (}/OH’,R XOH’,R )
XNHA*,FGNH; + XNHs,FGNHs + XMgz* FGM 2 ¥ XH PO[,FGHZPO[ +
XHPOAZ’,FGHPOAZ’ + XHzOYFGHzO + XOH’,FGOH’
N NH,* F In (}/NHA*,FXNHA*,F ) + XNHst In (yNHstXNHa’F ) +
__F
NP XMgZ*,F In (j/Mgz*,FXMgz*,F ) + XHZPO{,F In (7H2P04’,FXH2P04’,F ) +
+RT
XHPO42’,F In (7HPO42’,FXHP042’,F ) + Xn0F In (7/HzOVFXHzOYF ) +
XH*,F In (7/H+,FXH+,F)+ XOH',F In (yOH',FXOH',F)
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E

min

([ x G . +X

0
Enin = Gf,KH2P04 ©)

XK*,RGK* + XHZPOA’,RGHZPO( + XHPOAZ’,RGHPOAZ’ + XHzOyRGHzO R G

N, XK*,R In (7K*,R XK*,R ) + XHZPO[,R In (yHZPO[,R XHzPO[,R )+
N ( )
p| +RT XHPOAZ‘,R In yHPOAZ‘,R XHPOAZ‘,R + XHzOR In 7H,0R XHzOR +
XH*,R In (}/H*,R XH*,R ) + XOH’,R In (7OH’,R XOH’,R )

XK*,FGK* + XHZPO[,FGHZPO[ + XHPOAZ’,FGHPOf’ + XHZO!FGHZO + XOH’,FGOH’

N K*F In (}/K",FXK*,F ) + XHZPOA‘,F In (szPO[,FXHZPOA‘,F ) +
F
N ( )
p| +RT XHPO42’,F In 7/HPO42’,FXHPO42’,F + XHzO,F In 7/H20vFXHzOF +

XH*,F In(j/H+,FXH+,F)+ XOH’,F In(}/OH’,FXOH’,F)

0
f.NH,H,PO, (s)

Gy, +X

NH,* R~ NH,* NH3,R H,PO, ,R ~ H,PO,~

XHPOAZ’,RGHPOf’ + XHzOYRGHzO + XOH’,RGOH’

XNH;,R In (yNH4*,R XNHA*,R ) + XNHayR In (7NH3RXNH3R )

+RT +XH2P04’,R In (yHZPOA’,R XH2P04’,R ) + XHPOAZ’,R In (yHPofiR XHPOAZ’,R )

+XH20R In (7H201RXH20R ) + XH*,R In (j/H*,RXH*,R >+ XOH’,R In (7OH’,R XOH’,R )

X + X + X +
NH4*,FGNH4* NHavFGNHa HZPOA’,FGHZPO{

XHPO42’,FGHP042’ + XHZOvFGHZO + XOH’,FGOH’

NH4*,FIn (}/NH4*,FXNH4*,F)+ XNH F In(yNstFXNHayF)

+RT +XH2PO4’,F In (j/HZPO{,FXHZPOA’,F ) + XHPO42’,F In (J/HPO42’,FXHPO42’,F)

tXu0F In (szO,FXHzOvF)_'_ X e In (7/H*,FXH*,F ) + Xowr In (yOH’,FXOH’

OH",R OH™

S(11)

S(12)

;)

Figure 5. For the determination of E_ to recover NHag and 1.0 M NHsq) at various

recovery yields from hydrolyzed urine and 2° treated WW effluent eqns S(6) and S(7) were

respectively applied. Inputs of x,,, . and X

feed (i.e, fraction of TAN as NHs, o, , and as NHs", «

NH, " ,F

NH,

S9
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X .= are dependent on the speciation of TAN in the

N, Xran)- Inputs of x,, . and X,

NH,* R

retentate as well as the TAN material balance,

+

Xran.eNE + Xpan rxn Nrsw = Xran p Np + Xpan g Ng - FOr 2° treated WW effluent systems, NHa

was assumed to be predominant in the feed and retentate due to both streams having pH << pKa.
For hydrolyzed urine systems, speciation of TAN in the feed was evaluated using a model urine

solution (Table S7) with Visual Minteq.'® To calculate Xy, the TAN material balance was

applied. Then, x,, .and X, . . were calculated using Visual Minteq to determine pH, &, ¢, and

(Tables S8 and S9).

aNH‘,*,R

Figure 6. For the determination of E, . to recover 1.0 M KNOsg), 1.0 M NH4NO3(ag),
KNOs(s), and NHsNOsi) from 2° treated WW effluent, eqns S(13), S(14), S(15), and S(16),
respectively, were used. For 1.0 M ureaq) and ureags) recovery from hydrolyzed urine, eqns S(17)
and S(18) were used, respectively. In this analysis, all recovery energies were normalized per mole

of nitrogen recovered.

XK*,PGK* + XNO;,PGNO; + XHzO,PGHzO + XOH’,PGOH’

_ 1 X p In(}/K*,PXK*,P)
"X RT | I
nog p |t +XNO3’,P n (yNo;,PXNoS’,P ) + Xp,0p IN (7H20P Xu,00 )
tXpp In (]/H*,PXH*,P ) + Xowp In (7OH’,PXOH’,P )

XK*,RGK* + XNO3’,RGN03’ + XHzO,RGHzO + XOH’,RGOH’ W

N, X R In (]/K*,RXK*,R)
Xyo, s No | +RT [ +xo '“(7No3:R XNO3’,R)+ X080 (71,08 X0 )
X g In(}/H+,RXH*,R)+ Xon- R In(j/OH‘,RXOH‘,R) |

XK*,FGK* + XNo;,FGNo; + XHZOvFGHZO + XOH’,FGOH’

N, X In (7/K+,FXK+,F)
X N
NOg P P +RT +XNO3’,F In (}/NO{,FXNO{,F ) +tXnoF In (7HzOlFXHzO’F)

S(13)
+XH+,F In (7/H+,FXH+,F)+ XOHf,F In (}/OHf,FXOH’,F)
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min

2XTAN,P NP

2XTAN,P N P

+RT

+RT

2Xranp | +RT o, p In(j/NO{,PXNO{,P)_l_XHzovP In(;/HZOYPxHZO,P)

XNHA*,PGNH[ + XNHsyPGNHz + XNO;,PGNO; + XHZOvPGHZO + XOH’,PGOH’

XNH4*,P In (}/NHA*,PXNHA*,P ) + XNHs:P In (7NH3,PXNH3~P)

+XH*,P In (yH*,PXH*,P ) + XOH’,P In (yOH’,RXOH’,P)

XNH;,RGNH; + XNHsyRGNHg + XNO{,RGNO{ + XHZOVRGHZO + XOH’,RGOH’

XNHA*,R In (7NH4+,R XNH;,R ) + Xk R In (7NH3R XNk R )

+RT| +X, o I (7No3:R X0, ) + X0 IN (7H20,R Xi.0n )

+XH*,R In (yH*,R XH*,R )+ XOH’,R In (yOH’,R XOH’,R )

XNH4*,FGNH4* + XNHsyFGNH3 + XNO3’,FGNO3’ + XHZOvFGHZO + XOH’,FGOH’

XNH4*,F In (J/NH4*,FXNH4*,F ) + XNHA*,F In (7NH4+,FXNH4+,F)

+RT +XNO3’,F In (yNO{,FXNO{,F ) +Xn0F In (7HzOVFXHzO~F )

BRI In (}/H*,FXH*,F)+ Xon- In (yOH’,FXOH’,F)

0
Emin = Gf,KNO3 ()

XK*,RGK* + XNO3‘,RGNO3‘ + XHZOvRGHZO + XOH',RGOH'

XK*,R In(}/K*,RXK*,R)—I_ XNO3’,R In(}/NO{,RXNO{,R)

+XH20R In (7"'20,'? XHzOYR ) + XH*,R In (7H+,R XH*,R )+ XOH‘,R In (}/OH‘,R XOH‘,R ) }

XK*,FGK" + XN03',FGNO3' + XHzOvFGHzO + XOH',FGOH'

XK*,F In (7K*,FXK+,F)+ XNO;,F In (7NO3’,FXNO3’,F)

+XHzOVF In (szO,FXHzOVF ) + XH*,F In (7H+,FXH+,F ) + XOH‘,F In (}/OH‘,FXOH‘,F)
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= 1

0
Emin = EGf,NHANOB(s)
XNH4*,RGNH4* + XNHszGNHs + XNO;,RGNog + XHzOVRGHzO + XOH’,RGOH’ 8(16)
N
+ ZNR +RT XNH;,R In (7/NH4*,R XNH4*,R ) + XNHsR In (7NH3.R XNHa-R )+ XN03’,R In (7/No3’,R XNO;,R )
P
L +XHzOvR In (szOVR XHzO,R )+ XH*,R In (7/H*,R XH*,R ) + XOH’,R In (yOH’,R XOH’,R )
XNH4*,FGNH4* + XNHa,FGNHs + XNos’,FGNOS’ + XHZOYFGHZO + XOH’,FGOH’
N
- ZNF +RT XNH;,F In (}/NH4*,FXNH4*,F)+ XNHst In (7NH3YFXNH3,F)+ XNO3’,F In (yNo;,FXNo;,F)
P
+XH20~F In (7HzovFXHzO,F ) + XH*,F In (7H*,FXH*,F ) + XOH’,F In (}/OH’,FXOH’,F)
XCO(NHZ)Q,PGCO(NHZ)z + XHZO,PGHZO + XOH',PGOH‘
= 1
min — 2% —N XCO(NHZ)Z,P In (yCO(NHz)Z,P XCO(NHZ)Z,P ) + XHZO,P In (}/HZO,P XHZO,P )
CO(NH, ), P P +RT
+XH*,P In (7/H*,PXH*,P ) + XOH',P In (70H‘,PXOH‘,P)
XCO(NHZ)Z,RGCO(NHZ)Z + XHZO,RGHZO + XOH—RGOH—
N
+ R XCO(NHZ)Q,R In (7CO(NH2)2,R XCO(NHZ)Z,R ) + XHZO,R In (7H20,RXH20,R ) S(17)
2XCO(NH2)2,PNP +RT
+XH*,R In (7/H*,RXH*,R ) + XOH’,R In (yOH’,R XOH’,R )
XCO(NHZ)Z,FGCO(NHZ)2 + XHZO,FGHZO + XOHf,FGOH’
N X In X + X In X
- CO(NH,), F 7/co(NHz)2,F CO(NH,), F H,OF 7H20,F H,OF
2XCO(NH2)2,PNP +RT
+XH*,F In (7/H*,FXH*,F ) + XOH’,F In (7OH’,FXOH’,F)
C _ o
Emin - Gf,CO(NHZ)Z(s)
XCO(NHZ)Z,RGCO(NHZ)Z + XHZO,RGHZO + XOH—‘RGOH—
N
+—= XCO(NHZ)Z,R In (7C0(NH2)2,R XCO(NHZ)Z,R ) + XHZO,R In (}/HZO,RXHZO,R ) 8(18)
2N, | +RT
+XH*,R In (]/H*,R XH*,R ) + XOH’,R In (yOH’,RXOH’,R )
XCO(NHZ)Z,FCBCO(NHZ)2 + XHZO,FGHZO + XOH_,FGOH_
_Ne X In(;/ X )+x In(;/ X )
2NP CRT CO(NH,), F CO(NH,), F*CO(NH,), F H,OF H,0,F*H,0,F
+XH*,F In (yH*,FXH*,F ) + XOH’,F In (yOH’,FXOH’,F)
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For the determination of E_, to recover NHaq) and 1.0 M NHsgq) from waste streams excluding
Na* and CI™ species in the analysis, eqns S(6) and S(7) were respectively applied. For the
determination of E,_ to recover NHsg) and 1.0 M NHa(g) from waste streams including Na* and
CI™ species in the analysis, eqns S(19) and S(20) were respectively applied. The E_ values are
presented in Table S6 and discussed in the main manuscript.

Epin = Gf(,)NHw)

XNH;,RGNH; + XNstRGNHg + XHZO,RGHzO + XOH‘,RGOH‘ + XNa*,RGNa* + XCI‘,RGCI‘
XNH;,R In (7/NH4*,R XNH;,R ) + Xw, R In (7NH31RXNH3»R)
N ( )
P | FRT| +Xi0r IN{ 71,08 %008 )+ X g M 70 2% 2 ) Xou- 2 M Vo r¥on &

+XNa*,R In(}/Na*,RXNa*,R )+ XCI’,R In(yCI’,RXCI’,R)

XNH4*,FGNH4* + XNHsyFGNHs + XHZOxFGHZO + XOH’,FGOH’ + XNa*,FGNa* + Xcr,FGcr

XNHA*,F In (}/NHA*,FXNH4*,F)+ XNHis In (J/NHsR XNHsyR )
N ( )
p| +RT +XHzOVF In 7H20,FXH20F + XH*,F In }/H*,FXH*,F + XOH’,F In 7OH’,FXOH’,F

S(19)
+XNa+,F In (7/Na+,FXNa+,F ) + XCI',F In (yCI',FXCI',F)
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XNHs,PGNHs + XHzOPGHzO + XOH’,PGOH’ + X ,PGNa* + Xcr,PGcr

_ 1 XNH; P In (7/NH3,PXNH3,P ) *+ X0 In (7/H20,P X,0p )

min

m
Il

Xrane | +RT +XH*,P In (7H*,PXH*,P)+ XOH’,P In(}/OH’,PXOH’,P)

X P In (7Na*,PXNa*,P ) + XCI’,P In (yCI’,PXCI’,P )

XNH4*,RGNH4* + XNHavRGNHs + XHZOVRGHZO + XOH’,RGOH’ + XNa*,RGNa* + XCI’,RGCI’

N XNH[,R In (7NH4*,R XNH;,R )+ XNHs,R In (7/NH3~R XNHsz )
_ R
Xran o N ( )
ranp Np | +RT +X4,0r In Yi0R %08 ) ¥ Xy In Ve ¥ v ) Xou In You r¥oH R

X R In (7Na+,R Xha' R )+ Xer r In (yCI’,R Xer r )

XNH[,FGNH{ + XNHsyFGNHa + XHZOvFGHZO + XOH’,FGOH’ + XNa*,FGNa* + Xcr,FGcr

XNHA*,F In (yNHA*,FXNH;,F ) + XNHavF In (7NH3:FXNHavF)
X anp N ( )
anp Ne | +RT TXu0F In Th08 Xm0 ) T Xy In Ve e X 2 ) T %o £ In Yon £ Xon £ 5(20)

+XNa*,F In (yNa*,FXNa*,F)-'- XCI’,F In <7CI’,FXCI’,F)
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ACTIVITY COEFFICIENT MODELS

Davies Approximation for lon Activity Coefficients in Dilute Systems. The Davies
approximation, eqn S(21), is an empirical extension of the Debye-Huckel theory that can be used
to estimate activity coefficients in solutions with ionic strengths, 1, <0.5 M. For solutions with
ionic strengths comparable to or lower than hydrolyzed urine, the Davies approximation for
activity coefficients resulted in the best agreement with experimental results compared to other
methods, including the B-dot and Millero-Screiber methods.!!

|Ogy:—A22(i—O.3l]

o S(21)

Here, A=1.82x10°(eT) ¥ = 0.509, z is the valency of the ion, ¢ is the dielectric constant, T is

absolute temperature. | = 0.52 C,z’ and C is the concentration of ion.

The Davies approximation was applied to calculate the activity coefficient for ions,
including NH4*, SO4%~, H2PO4~, HPO42", Mg?*, K*, Na*, CI-, and NOs", for all streams that fit the
criteria, 1 <0.5, which includes the simplified versions of hydrolyzed urine that only include
nutrients and co-species components, fresh urine, domestic WW effluent, 2° WW effluent, and
greywater. Not that this method is not applicable for determining activity coefficients of neutral

components, such as, urea, CO(NH2)2.

Non-Random Two Liquid Model for NHs and H20 Activity Coefficients in
Concentrated Product Streams of 1.0 M, 5.0 M and 10 M NHa(ag). The Non-Random Two
Liquid (NRTL) model for a binary mixture, eqns S(22)-S(24), is widely applied in phase-equilibria
calculations for the quantification of activity coefficients. The NRTL method has been used to

determine y,, o and vy, in binary NHa/H20 systems.* **

2
Iny, =%, 121[ G ) b B 5(22)
Xl + X2G21 (X2 + XlelZ)
2
G G
SN PN, R s
X2+X1 12 (X1+X2 21)
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InG,, =—0a,1,,
InG,, =—a,1,
@
_ .0,
g0, T 5(24)

0, % w
_ 1
Ty =Ty F T

Here, G,, and G,, are interaction energy parameters, t,, and t,, are dimensionless interaction
parameters, at reference point 0 and state point 1, and a,, and a,, are non-randomness parameters.
Parameters values from literature were used for the calculations.'® 3 The NRTL method was
applied to determine vy,  and vy, inbinary TAN/H20 streams, where nearly all TAN is present

as NHs; product streams 1.0 M NH3(ag), 5.0 M NHs(ag), and 10 NH3(gq) met these criteria.

Experimentally Measured Osmotic and Activity Coefficients for Urea-Water
Solutions. To account for nonideal behavior of urea, CO(NH)2, and Hz0, reported literature

values for y_, NH,) and v, o determined using vapor pressure osmometry data were utilized. For
2

(
CO(NH2)2 concentrations ranging from 0.0103 to 1.6927 M, vy, , =—0.0663C.,, , +0.9976

and y,,=-00328,,, +0.9987. '* Urea and water activity coefficients at CO(NH2)2
concentrations relevant to the analysis in this study were calculated with the linear relationships.

Activity Coefficients for 1.0 M KNOg(@g) and 1.0 M NH4NOg3@q) recovery. To
account for nonideal behavior in systems with | > 0.5 M, specifically, 1.0 M KNO3(@g and 1.0 M
NH4NOs(aq), activity coefficients based on isopiestic data'® at compositions relevant to the analysis

were utilized.
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Table S3. Standard state Gibbs free energy of formation for species in an aqueous solution.6 17

Species in Aqueous Solution G’
(kJ/mol)
NH4* —79.3
NHs —26.6
S04 —744.5
H2PO4~ —-1130.2
HPO4* —1089.2
POs* -1081.7
K* —283.3
Mg?* —454.8
NOs~ -111.3
H20 —237.1
OH~ —-157.2
H* 0.0
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Table S4. Standard state Gibbs free energy of formation for liquid and solid products.'®*® For urea,

CO(NHy)2, the Gibbs free energy of dissolution, or the change in Gibbs free energy from CO(NH2)2q)

t0 CONH2)a, Gr', . 9 ~Crly,, o IS Presented. 20
Product G, (kJ/mol)
NHaqy -16.410
(NH4)2SOu4s) —901.7
(NH4)H2POA4s) —1210.38
KMgPO4-6H20¢s) -3241
NH4MgPO4-6H20¢s) —3051.1
KH2PO4s) —1415.85
KNOss) —394.93
NH4NOs3s) —-183.9
CO(NH?2)2(s) =5.77
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Table S5. Molar minimum energies of recovery, E_._, for TAN products from each waste stream

presented in Figure 3A of the main manuscript. E,,, values are calculated at low and high TAN
concentrations in the waste stream and low and high waste stream pH, i.e., four E, values calculated
for each recovery scenario. The high and low wastewater pH ranges are respectively indicated by H and
L, which correspond to the H and L E,,, values. Also shown is the percent decrease in E,_ of solution

L relative to solution H (i.e., from low to high pH range).

E,.. (kJ/mol-TAN)

Low [TAN] High [TAN]
Product Type of WW | High | Low H L Decrease H L Decrease
pH pH from L from L
(H) (L) to H (%) to H (%)
(NH4)2S04( Greywater 9 5 59.73 | 62.24 4.03 43.12 | 45.66 5.58

2° WW effluent | 7.7 6.8 | 53.37 | 53.56 0.36 39.94 | 39.75 0.47

Domestic WW 8.5 6.5 | 43.15 | 44.28 2.54 38.28 | 39.44 2.94

Fresh Urine 7.5 6 36.45 | 36.59 0.38 29.22 | 29.35 0.46

Hydrolyzed 9.2 9 25.45 | 26.24 2.99 21.02 | 21.73 3.28
Urine

NH3sq) Greywater 9 5 83.64 | 100.38 16.67 7297 | 89.72 18.67

2° WW effluent | 7.7 6.8 | 98.66 | 99.63 0.97 85.08 | 86.06 1.13

Domestic WW 8.5 6.5 | 8248 | 89.11 7.44 7751 | 84.16 7.90

Fresh Urine 7.5 6 79.87 | 80.54 0.83 77.53 | 78.20 0.86

Hydrolyzed 9.2 9 51.63 | 57.26 9.83 49.81 | 55.44 10.15
Urine

10 M NH3(aq) Greywater 9 5 67.64 | 85.28 20.68 56.97 | 74.63 23.67

2° WW effluent | 7.7 6.8 | 83.49 | 84.52 1.22 69.92 | 70.95 1.46

Domestic WW 8.5 6.5 | 67.00 | 74.01 9.47 62.03 | 69.06 10.18

Fresh Urine 7.5 64.73 | 65.44 1.09 62.39 | 63.10 1.13

(o]

Hydrolyzed 9.2 9 35.37 | 41.27 14.30 33.57 | 39.46 14.93
Urine

5.0 M NHs(ag) Greywater 9 5 54.14 | 8245 34.34 54.14 | 71.80 24.60

2° WW effluent | 7.7 6.8 | 80.67 | 81.70 1.26 67.09 | 68.12 1.52

Domestic WW 8.5 6.5 | 6417 | 71.18 9.84 59.20 | 66.23 10.61

Fresh Urine 7.5 6 61.90 | 62.61 1.13 59.56 | 60.27 1.18

Hydrolyzed 9.2 9 32.57 | 38.46 15.32 30.81 | 36.69 16.01
Urine

1.0 M NHs(ag) Greywater 9 5 48.10 | 76.41 37.05 48.10 | 65.76 26.86

2° WW effluent | 7.7 6.8 | 74.63 | 75.65 1.36 61.05 | 62.09 1.67

Domestic WW 8.5 6.5 | 58.13 | 65.14 10.76 53.17 | 60.20 11.69

Fresh Urine 7.5 6 55.86 | 56.62 1.34 53.52 | 54.36 1.54

Hydrolyzed 9.2 9 26.80 | 33.07 18.96 25.35 | 32.03 20.86
Urine
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Table S6. Molar minimum energies of recovery, E

'min !

for TOP products from each waste stream

presented in Figure 3B of the main manuscript. E, ., values are calculated at low and high TOP and co-

species concentrations in the waste stream and low and high waste stream pH, i.e., four E,, values

calculated for each recovery scenario. The high and low wastewater pH ranges are respectively indicated

by H and L, which correspond to the H and L E__ values. Also shown is the percent decrease in E,_

of solution L relative to solution H (i.e., from low to high pH range).

E,. (kJ/mol-TOP)

Low [TOP] and [Co-

High [TOP] and [Co-

species species]
Product Type of High | Low H L Decrease H L Decrease
Ww pH pH from L from L
H | L to H (%) to H (%)
KMgPO4-6(H20)¢) | Greywater 9 5 126.25 | 165.50 23.72 99.08 | 138.28 28.35
2° WW 7.7 6.8 | 106.56 | 125.56 15.13 96.30 | 114.97 16.24
effluent
Domestic 8.5 6.5 | 90.99 | 124.47 26.89 87.92 | 120.80 27.22
WW
Fresh 75 6 88.31 | 110.12 19.81 83.84 | 105.53 20.55
Urine
Hydrolyzed | 9.2 9
Urine
NH4MgPO4-6H20¢) | Greywater 9 5 108.07 | 147.60 26.78 79.79 | 119.16 33.04
2° Ww 7.7 6.8 | 102.84 | 120.90 14.93 81.54 | 99.27 17.86
effluent
Domestic 8.5 6.5 | 78.25 | 110.91 29.45 70.12 | 102.31 31.46
ww
Fresh 7.5 6 75.07 | 95.65 21.52 7153 | 91.83 22.11
Urine
Hydrolyzed | 9.2 9
Urine
KH2POx) Greywater 9 5 91.09 | 90.47 —0.69 64.68 | 63.72 -1.51
2° WwW 7.7 6.8 | 55.81 | 57.50 2.93 48.54 | 50.02 2.95
effluent
Domestic 85 6.5 | 50.94 | 51.25 0.61 48.94 | 48.85 -0.20
ww
Fresh 75 6 37.18 | 37.69 1.35 32.84 | 32.15 —2.14
Urine
Hydrolyzed | 9.2 9 42.28 | 41.26 —2.47 38.97 | 38.00 —2.56
Urine
NHsH2POus) Greywater 9 5 84.26 | 86.05 2.08 58.97 | 60.51 2.54
2° WW 7.7 6.8 | 65.87 | 67.74 2.76 49.04 | 50.43 2.74
effluent
Domestic 85 6.5 | 51.90 | 53.39 2.79 46.14 | 46.63 1.06
ww
Fresh 7.5 6 41.77 | 39.71 -5.18 39.26 | 35.48 -10.63
Urine
Hydrolyzed | 9.2 9 36.48 | 36.59 0.28 34.45 | 34.53 0.24
Urine

S20




METHOLODOLOGY TO DETERMINE THE MOLAR MINIMUM ENERGY
TO RECOVER N FROM HYDROLYZED URINE AT Y >0

For NHsgyand 1.0 M NHsaq) recovery from hydrolyzed urine, the speciation of TAN in the feed
and retentate are not equal. Using Visual Minteq, pH and TAN speciation in the feed and retentate
systems at various recovery yields were determined. To capture the buffering capacity of typical
hydrolyzed urine, a model solution, consisting of typical concentrations of TAN, HCO3~, SO4?",
and TOP found in hydrolyzed urine (Table S7) was applied as the initial feed stream. TAN material
balances were used to determine TAN mole fractions in the retentate. Then, Visual Minteq was

used to determine the pH, «y,, , and «, . for the feed and retentate streams in each recovery

scenario (Tables S8 for NHzsq) recovery and S8 for 1.0 M NHsq) recovery). TAN speciation and
material balance were used to determine NH4" and NHs mole fractions in each stream, which were

inputted into eqns S(10) and S(11) to calculate E, . for NHsgand 1.0 M NHa(ag), respectively.

Table S7. Model hydrolyzed urine solution composition consisting of typical TAN, HCO3~, SO4?, and
TOP concentrations found in hydrolyzed urine. The target pH, 9.1, is the mid-range pH of hydrolyzed

urine.

Salt Concentration (M)

NH4"* 0.424

Na* 0.068

H* 0.066

COs* 0.212

S04+ 0.01

PO4* 0.024

CI- 0.042
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Table S8. Visual Minteq outputs for hydrolyzed urine feed and retentate streams in NHsqy product

recovery scenarios at various recovery yields.

Stream pH Ay, .
Feed 9.106 0.420 0.580
Retentateat Y =0 9.106 0.420 0.580
Retentate at Y = 0.005 9.096 0.418 0.582
Retentate at Y = 0.2 8.812 0.272 0.728
Retentate at Y = 0.5 6.911 4.666%x107° 0.995
Retentate at Y = 0.8 5.843 4.007x10* 0.999
Retentateat Y =1 2.278 1.091x10°7 1.000

Table S9. Visual Minteq outputs for hydrolyzed urine feed and retentate streams in 1.0 M NHz(g)

product recovery scenarios at various recovery yields.

Stream pH Oy, R aNH;yR
Feed 9.106 0.420 0.580
Retentateat Y =0 9.106 0.420 0.580
Retentate at Y = 0.005 9.095 0.417 0.587
Retentate at Y = 0.2 8.813 0.272 0.728
Retentate at Y = 0.5 6.900 4.550x10°3 0.995
Retentate at Y = 0.8 5.823 5.754x1071° 1.000
Retentate at Y = 1 2.097 5.754x10710 1.000
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IMPACT OF RECOVERY YIELD ON MOLAR MINIMUM ENERGY OF
RECOVERY

The E . trends of NHsg and 1.0 M NHagg) recovery from hydrolyzed urine as a function of

recovery yield are not monotonic, but instead exhibit L-shaped rebounds with initial sharp
decreases and followed by gradual increases. To further investigate the underlying reasons for

these trends, E,, for NHsq) recovery from hydrolyzed urine, eqn S(10), was separated into its

contributing terms, A and B, and term B is then further separated into terms C and D (eqns S(25),
S(26), S(27), and S(28), respectively). The term that contributes most to the L-shape rebound is B
(= C + D), i.e., the terms C and D dictate the change in E,_, with different recovery yields. C

represents the difference in Gibbs free energy of formation of NH4*@ag) moles in the retentate and
feed normalized by moles of product captured; similarly, D is the difference in Gibbs free energy

of formation of NH4"@ag) moles in the retentate and feed normalized by moles of product captured.

Note that GNH4+ and Gy, are constant values of —79.3 kJ/mol and —26.6 kiJ/mol, respectively.

XNH;,R In (]/NHA*,R XNHA*,R ) + XNHs,R In (7NH3,R XNHsR )
— I RT| +Xy,05 In (VHZO,R xHZOYR)+ X, g N (7H+,RXH+,R>

Xon R In (}/OH’,R Xon R )

XNH[,F In (7NH4*,FXNH4*,F)+ XNHA*,F In (}/NHA*,FXNHA*,F)
——| RT| +X, o IN (}/HZO,FXHZO,F)+ X, ¢ In (7/H+,FXH+,F) S(25)

+XOH',F In (7OH',FXOH',F)

N —
_ F
X G+ X B, * %00+ Xy G }
P

N N
B= N_R|:XNH4+,RGNH4+ + Xun, RO, J _N_F[XNHJ,FGNHH * XNHstGNHJ 5(26)
P P
N N
C :N_R|:XNH4*,RGNH4*j|_N_F|:XNH4+,FGNH4+J S
p P
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N

D= N_i|:XNH3,RGNH3 ] - E_:[XNH3,FGNH3 ] S(28)

Figure S1 displays the contributions of each term toward E . and shows that C follows

an L-shaped rebound (i.e., a sharp decrease with increasing Y followed by a more gradual increase

with increasing Y), which is similar to the E, . trend. Initially, C decreases as Y increases,

indicating that the difference between moles of NH4" in the feed and retentate decreases with the
initial increase in Y. This is due to the decline in retentate pH with higher recovery yields, which

corresponds to increased ¢, . .and decreased a,  (see Tables S8 and S9 for pH and speciation

in the feed and retentate at different recovery yields). Although increased recovery yield results in
lower TAN in the retentate, a higher fraction of TAN remaining in the retentate speciates to NH4",
thus C initially decreases with higher recovery yield. However, once the pH of the retentate is
sufficiently lower than the pKa, such that NH4" is predominant compared to NHs, additional
increase in Y results in reduced NH4" in the retentate. At this point, C begins to increase with higher
recovery yield. D follows the opposite trend as C with an initial sharp increase with higher recovery
yields followed by a gradual decrease with higher recovery yields. Initially, NHs@ag) in the retentate
are lost to both the product and protonation to NH4". Then, once essentially all TAN is present as

NHs, increases in Y no longer result in significant changes to speciation, thus D increases.
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Figure S1. Molar minimum energy, Emin' as a function of recovery yield to recover NHszgy from

hydrolyzed urine and the contributing terms A, B, C, and D.
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Table S10. The change in the sum of the standard state Gibbs free energy of individual ions, inGi ,

between the final state (product and retentate) and initial state (waste stream feed); denoted by AZ XiGi .

Note that a range is provided for NH4NO3(g) and NH4NO3(s) recoveries because this value is dependent
on pH of the waste stream.

Waste Stream Product AZ XiGi
Secondary wastewater KNOs(s) —0.330
effluent NH4NO3(s) 5.797-7.569

KNO3(ag) 0.000

NH4NO3(aq) —0.002

Fresh urine Urea(ag) 0.000
Ureags) —5.774
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Table S11. Molar minimum energy for recovery of select products, NHzgyand 1.0 M NHz(g), from waste
streams of secondary wastewater effluent and hydrolyzed urine calculated with the exclusion and

inclusion of passive species, Na* and CI™. All calculations considered nutrients and co-species of TAN,
H,0, H*, and OH". Eqns S(6) and S(7) were applied for the determination of Emin to recover NHzqyand
1.0 M NHsq), from waste streams excluding Na*and CI~ species. Eqns S(19) and S(20) were applied
for the determination of E, . . Note that the mid-range pH and TAN concentration in each waste stream

were utilized in the analysis, thus the mid-range molar minimum energy of recovery is reported. The
percent increase in molar minimum energy for recovery observed when including Na*and CI~ species

in the analysis is also presented for each recovery scenario.

Specific Minimum Energy for Recovery,
E,.., (kd/mol)
Waste Stream Product Excluding | Including Percent
Na*and CI~ | Na*and CI~ | Increase (%)
Species Species

Secondary WW Effluent NHa) 87.45 87.48 0.22

Secondary WW Effluent | 1.0 M NHsaq) 63.46 63.70 0.38

Hydrolyzed Urine NHasq) 50.47 50.52 0.10

Hydrolyzed Urine 1.0 M NHs(ag) 26.39 26.89 1.89
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