Chemical Engineering Journal 419 (2021) 129626

FI. SEVIER

Chemical
Engineering
.. Journal

Contents lists available at ScienceDirect

Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej

Phosphorus recovery by Donnan dialysis: Membrane selectivity, diffusion

Check for
updates

coefficients, and speciation effects

Utsav Shashvatt, Fabian Amurrio, Charles Portner, Lee Blaney

University of Maryland Baltimore County, Department of Chemical, Biochemical, and Environmental Engineering, 1000 Hilltop Circle, Engineering Building 314,

Baltimore, MD 21250, USA

ARTICLE INFO

Keywords:
Donnan dialysis
Phosphorus

Ion exchange
Nutrient recovery
Circular economy
Resource recovery

ABSTRACT

Donnan dialysis occurs when an electrochemical potential gradient exists for ions on either side of an ion-
exchange membrane. We posit that this phenomenon can be leveraged to develop a sustainable process for
nutrient recovery from wastewater. In this work, we conducted a fundamental study of the key parameters that
control orthophosphate (P(V)) removal and recovery by Donnan dialysis. First, a new variable, namely the
minimum draw ion concentration ratio between the draw and waste solutions (Rq,w), was established as the
principal design parameter for Donnan dialysis. Then, the following variables were evaluated for their effects on
P(V) removal and recovery: waste solution composition; draw anion type and concentration; and, membrane
selectivity, thickness, and hydration. The waste solution pH controlled P(V) sorption to the anion-exchange
membrane, with HPOZ~ exhibiting a higher affinity than H,POZ. For an Ryq/w of 10, 90.7% of HoPO4 and
98.4% of HPO3~ were removed from a 10 mM P(V) waste solution using 100 mN and 218 mN NaCl draw so-
lutions, respectively. The P(V) removal efficiency was dependent on draw solution concentration, and 77.1%,
95.3%, and 98.4% HPO%’ removal was achieved with 48 (Rq/w = 2), 115 (Rgyw = 5), and 218 mM (Rgq,w = 10)
NaCl draw solutions, respectively. The rate of P(V) recovery was faster with HCOO™ draw anions than with C1~
due to (i) the higher separation factor for P(V) over HCOO™ (7.28) compared to Cl™ (1.27) and (ii) the greater
extent of membrane hydration with HCOO™ draw solutions. Overall, this work established a new design
parameter (Rq,w) and applied that parameter to optimize the draw solution chemistry for phosphorus recovery
by Donnan dialysis.

1. Introduction

processes that are expensive and produce waste brines that cannot be
easily disposed [14]. For these reasons, alternative approaches to

Phosphorus removal and recovery from municipal wastewater and
agricultural waste is of paramount importance due to the increasing
number of global eutrophication events and growing worldwide food
demand [1-3]. Ion exchange-based technologies offer more selective
removal and recovery of phosphorus from wastewater than the
precipitation-based processes often used during wastewater treatment
[4]. Metal (oxy)hydroxide sorbents [5-9], ion-exchange resins [10,11],
and hybrid anion exchangers [12,13] have been applied for phosphorus
removal from wastewater. These sorbents have a finite capacity that is
affected by competition from dissolved organic matter and other more-
prevalent anions, leading to variable operational times and perfor-
mance. Furthermore, pretreatment is needed to remove suspended
solids prior to packed-bed sorption columns to avoid maintenance is-
sues. Regeneration of the sorbents requires chemically-intensive
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phosphorus recovery are needed.

Donnan dialysis with ion-exchange membranes (IEMs) represents a
promising solution for phosphorus removal and recovery from waste-
water [15]. Unlike ion-exchange resins and metal (oxy)hydroxide sor-
bents, IEM-based processes do not have capacity constraints, exhibit
shorter diffusion pathways, and can be implemented in wastewater
containing suspended solids and dissolved organic matter. Donnan
dialysis separates chemicals across semi-permeable IEMs placed be-
tween waste and draw solutions [16]. It should be noted that electro-
dialysis operates on similar principles and has been employed for
phosphorus removal and recovery from wastewater [17,18]; however,
the high ion concentrations, organic matter content, and suspended
solids in concentrated waste streams [19] raise key challenges with
respect to the energy demand and maintenance of electrodialysis
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systems. Previous Donnan dialysis studies have employed draw solu-
tions composed of monovalent salts (e.g., NaCl) or strong acids (e.g., HCI,
HNO3, HySO4) for anion and cation recovery, respectively [20-22]. For
example, Prakash et al. [22] used Donnan dialysis with cation-exchange
membranes to recover Al** and Fe®' from drinking water treatment
residuals through exchange reactions with H3O™" from strong acid-based
draw solutions. Similarly, Chen et al. [23] demonstrated the feasibility of
ammonium recovery from wastewater by Donnan dialysis with a 100
mM NacCl draw solution. We posit that Donnan dialysis can be operated
with anion-exchange membranes (AEMs) to recover phosphorus in
wastewater using optimized draw solutions containing simple, low-cost,
monovalent anions.

In previous efforts, Donnan dialysis has been employed for removal
of arsenate [24], chromate [25], fluoride [20], and other anionic con-
taminants [26,27] from wastewater using chloride-based draw solu-
tions. Trifi et al. [28] reported 68% orthophosphate (P(V)) removal from
a 10 mg/L waste solution via Donnan dialysis, and the removal effi-
ciency was improved to 89.5% by adding a calcium alginate adsorbent
to the 100 mM NaCl draw solution at pH 12. Although the results of this
hybrid system were promising, the need for adsorbents and a high pH
draw solution may inhibit implementation. As such, major knowledge
gaps exist with respect to draw solution optimization for Donnan dial-
ysis. Hichour et al. [29] and Turki et al. [30] reported the effects of draw
ion valence on recovery of nitrate and fluoride, respectively; however,
these results were not analyzed or discussed from the perspective of
Donnan equilibrium. In addition, the aforementioned studies did not
provide a framework to optimize draw solution chemistry for different
waste solutions. Hasson et al. [31] evaluated P(V) recovery by Donnan
dialysis but only for the H,POZ species. Due to the acid/base chemistry
of P(V), multivalent species exist in waste solutions and exhibit different
(i) interactions with the AEM and (ii) diffusivities in the AEM. These pH-
dependent effects have not been systematically investigated for P(V).
Moreover, alternate draw anions need to be considered to maximize P
(V) transfer from the waste solution to the draw solution. The draw
anion valence controls the extent of P(V) recovery by Donnan dialysis,
but the draw anion charge density affects P(V) uptake by and diffusion
through the AEM. For this reason, monovalent draw anions with vari-
able charge density should be evaluated to optimize P(V) recovery by
Donnan dialysis. The membrane affinities for P(V) and the draw anion
also require careful consideration to ensure high membrane-phase P(V)
concentrations at the interface with the waste solution, which increases
the diffusion gradient across the AEM.

The majority of the recoverable phosphorus in wastewater is present
as P(V), which exists as the following species: H3PO$; HoPOg; HPO%’;
and, PO?(. The pK, values for the corresponding acid dissociation re-
actions are 2.15, 7.20, and 12.38 [32]. Solution pH controls P(V)
speciation in the waste and draw solutions; furthermore, the valence on
P(V) species affects uptake into the AEM and the overall extent of re-
covery by Donnan dialysis [33]. Other efforts involving chromate [34]
and arsenate [24] treatment by Donnan dialysis did not directly address
the uptake and transfer of multivalent, pH-dependent anions across the
AEM. This knowledge gap prevents calculation of key parameters
required to effectively design Donnan dialysis systems for P(V) removal
and recovery from wastewater. For example, the differences in charge
density between the four P(V) species suggest distinct affinities to the
positively-charged quaternary ammonium functional groups in AEMs.
The diffusion coefficients of P(V) species in the AEM vary for related
reasons. These species-specific properties complicate efforts to under-
stand P(V) recovery by Donnan dialysis since the monovalent and
divalent P(V) species are both relevant to wastewater pH conditions.

The objective of this work was to determine the fundamental pa-
rameters that influence P(V) transport through AEMs in order to (1)
improve overall understanding of Donnan dialysis and (2) increase P(V)
removal and recovery efficiencies. In particular, we investigated the
effects of waste and draw solution pH, membrane type and selectivity,
and draw solution composition on P(V) removal and recovery. The
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waste and draw solution pH control P(V) speciation in the respective
solutions, influence P(V) uptake by the AEM, and affect P(V) transport
across the membrane. Membrane thickness sets the diffusion pathlength,
with thinner membranes providing faster P(V) recovery but lower
robustness. The selectivity coefficients control the membrane-phase ion
composition at the interfaces with the waste and draw solutions,
establish the concentration gradient across the AEM, and, therefore,
influence the rate of P(V) recovery. The draw anion and its concentra-
tion, valence, diffusion coefficient, and membrane-phase affinity are
equally important to the extent and rate of P(V) recovery. To understand
the effects of these parameters on P(V) removal and recovery by Donnan
dialysis, we conducted experiments with waste solutions buffered at
specific pH values to isolate the behavior of the monovalent (HyPOZ)
and divalent (HPO%_) species. Experimental studies involved two AEMs
with different thicknesses and draw solutions comprised of sodium salts
of monovalent inorganic (e.g., chloride, C17) and organic (e.g., formate,
HCOO™) anions at different concentrations. While the two AEMs were
primarily selected for their varying thickness, the inherent chemistry of
the membranes also affects other parameters (e.g., selectivity, diffu-
sivity), generating important results for membrane selection in Donnan
dialysis applications. The two draw anions were selected to evaluate the
impacts of variable charge density on the rate of P(V) recovery. Overall,
this work not only establishes the impacts of waste solution composition,
membrane properties, and draw solution characteristics on the rate of P
(V) removal, but also highlights the technical feasibility of Donnan
dialysis for P(V) recovery.

2. Materials and methods
2.1. Chemicals

Unless otherwise stated, all chemicals were obtained from Fisher
Scientific (Waltham, MA) or Sigma-Aldrich (St. Louis, MO). Synthetic
wastewater solutions were prepared by adding monosodium hydrogen
phosphate (NaH,PO4) and disodium hydrogen phosphate (NasHPO4) to
deionized (DI) water. Due to our focus on the fundamental behavior of P
(V) in Donnan dialysis, the synthetic wastewater employed in this study
did not contain other background anions (e.g., Cl°, SO%‘, organic mat-
ter) present in real wastewater. The 4-morpholineethanesulfonic acid
(MES) and 3-(cyclohexylamino)-2-hydroxy-1-propanesulfonic acid
(CAPSO) organic buffers were employed to control the pH of the waste
and draw solutions. These buffers were used because they exert minimal
competition on P(V) interactions with AEMs (see Fig. S1 in the Sup-
porting Information (SI)). Sodium hydroxide (NaOH) was dissolved in
DI water to generate 1 M solutions for pH adjustment. Draw solutions
were prepared by adding sodium chloride (NaCl) or sodium formate
(HCOONa) to DI water. Ion chromatography calibration standards for P
(V), CI”, and HCOO™ were prepared using 1 g L' monoammonium
hydrogen phosphate (NH4H2PO,4), potassium chloride (KCl), and
HCOONa solutions, respectively, from Inorganic Ventures (Christians-
burg, VA).

2.2. Anion-exchange membranes

Two AEMs were used in this study, namely AMI-7001 (AMI; Mem-
branes International Inc.; Ringwood, NJ) and FAA-3-PK-130 (FAA;
Fumatech BWT GmbH; Germany). These AEMs offered wide pH toler-
ances (0-10) and high anion-exchange capacities (AECs, 1.3-1.4 meq
g™ D). Both membranes contained quaternary ammonium functional
groups. The AECs of the AMI and FAA membranes were confirmed by
standard methods (see Text S1-S2 of the SI). The AEMs were selected for
their distinct properties, particularly higher hydration (AMI) and lower
thickness (FAA); note, membrane hydration was measured using the
methods described in Text S3 of the SI. More details on membrane
properties are available in Table S1 of the SI.
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2.3. Measurement of separation factors

For each AEM, separation factors were calculated for the P(V)-Cl™
and P(V)-HCOO™ systems. First, AMI (1 x 1 cm?or 2 x 2 cm?) and FAA
(1.5 x 1.5 cm? or 3 x 3 cm?) coupons were placed in 1 M NaCl or 1 M
HCOONa for 24 h to saturate exchange sites with CI- or HCOO™,
respectively. Membranes were then rinsed with DI water, immersed in
fresh 1 M NaCl or 1 M HCOONa for 24 h, and rinsed with DI water. The
AEM coupons were then deposited into 250-mL Erlenmeyer flasks con-
taining solutions with total ion concentrations (Cr, sum of P(V) and
draw ion concentrations) representative of the waste and draw solutions
to be used for Donnan dialysis experiments (see Section 2.5). In partic-
ular, the tested Ct values were 1, 2, 10, 20, 100, and 218 mN. To ensure
that aqueous-phase P(V), CI, and HCOO™ concentrations were
measurable at equilibrium, the smaller coupon sizes were used in solu-
tions with Cr values of 1-2 mN, and the larger AEM coupons were added
to the 10-218 mN solutions. The 200-mL solutions were prepared at six
different compositions, corresponding to scenarios in which the initial
ratio of the P(V) concentration to Ct was 0, 0.2, 0.4, 0.6, 0.8, and 1.0.
These experimental solutions were generated by adding appropriate
volumes of 10 g L™! NaHyPO,4 (as P), NagHPO4 (as P), NaCl, and
HCOONa stock solutions to DI water. The mono- and di-sodium phos-
phate salts were used to generate solutions primarily consisting of the
monovalent (pH 4.5-5.2) and divalent (pH 8.6-9.2) P(V) species.

The flasks were sealed with Parafilm and mixed at 250 rpm on an
orbital shaker for 24 h to achieve equilibrium. Samples were collected at
0 h (before membrane addition) and 24 h (after membrane addition) for
analysis of the P(V), Cl7, and HCOO™ aqueous-phase concentrations.
Note, preliminary experiments demonstrated no change in concentra-
tion from 24 h to 48 h of contact (see Fig. S2 in the SI), and so 24 h was
deemed appropriate for evaluation of equilibrium conditions. For these
binary systems, the P(V) mole fractions in the solution and membrane
were calculated with Eq. (1a) and (1b), respectively.

(1a)

o — 2P0 Crw)
" 2w Coy + 56

_ 22) (Crwyin = Cry)) V

= 1b
YT TTABC X 107 (man) (1b)

InEq. 1, xp(v) and Yp(v) are the mole fractions (as eq/eq) of P(V) in the
solution and membrane, respectively, zpy) and z; are the valence of P(V)
and ClI~ or HCOO™, respectively, Cpy) and Cpy);, are the equilibrium
and initial aqueous-phase P(V) concentrations (mol m’3), respectively,
C; is the equilibrium concentration of CI~ or HCOO™ (mol m3), Vis the
volume of the solution (ms), and my,y is the dry mass of the membrane
coupon (g).

The mole fractions were used to calculate the separation factor (see
Eq. (2), written for the P(V)-A system, where A is a general, monovalent
anion).

X,
aﬁm _ Yr(v)*a )
Xp(v)ya

In Eq. (2), oc},:(v) is the separation factor for P(V) over A, and x, and y,,
are the mole fractions (as eq/eq) of A~ in the solution and membrane,
respectively. The separation factors were fit to six experimental mea-
surements using a least squares approach, and the values were reported
as mean + 95% confidence interval.

2.4. Donnan dialysis reactors

The Donnan dialysis reactors consisted of two 500-mL polycarbonate
compartments separated by an AEM. The membrane modules were
created by inserting AMI and FAA AEMs between silicon gaskets. Then,
the membrane module was placed between the two compartments, and
the whole system was secured with stainless steel screws (see Fig. S3 in
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the SI). The available membrane surface area was 60 cm?.

2.5. P(V) recovery by Donnan dialysis

Based on typical P(V) levels in concentrated waste streams, such as
source-separated urine (6-13 mM) [35,36] and animal manure (9-15
mM) [37,38], the P(V) concentration in the synthetic wastewater was set
to 10 mM. This P(V) concentration was equivalent to 10 mN and 20 mN
for pH conditions where the HoPO; and HPOZ species dominate,
respectively. The corresponding draw anion concentration was deter-
mined using the ratio of the minimum draw anion concentration in the

draw solution (Ciﬁ:’in) to the maximum draw anion concentration in the

waste solution (Cy%¢ ) for a target P(V) removal efficiency. This ratio

was defined as Ry/y, (Eq. (3)). In Section 3.1, Ry, is established as the
principal design variable for Donnan dialysis.

Citmin
R = | o ®

A,max

Using the fundamental framework developed in Section 3.1, Ry
values of 2, 5, and 10 were chosen for examination of P(V) removal and
recovery efficiencies in waste solutions with initial P(V) concentrations
of 10 mM. For the three Ry, values, the necessary draw anion (i.e., CI~
or HCOO™) concentrations were 20, 50, and 100 mM, respectively, for
conditions where H,PO; was dominant and 48, 115, and 218 mM,
respectively, for conditions where HPO5~ was dominant. These calcu-
lations are justified in Section 3.1. To conduct these experiments, the pH
values of the waste and draw solutions were buffered to 4.0-4.5 (for
H,PO3) and 8.5-9.0 (for HPO?{) using MES and CAPSO, respectively.
For these pH conditions, HoPOj accounts for 98.5-99.4% of P(V) in the
MES-buffered solutions, and HPO?( constitutes 95.2-98.4% of the P(V)
in the CAPSO-buffered solutions; note, the P(V) speciation diagram is
provided in Fig. S4 of the SI. The waste and draw solutions were
continuously mixed by magnetic stirrer (600 rpm). Sample collection (1-
mL aliquots) and pH measurements were routinely performed over 100-
h operational periods and, as needed, small volumes of 1 M NaOH were
added to maintain the pH conditions.

To measure the diffusion coefficients of P(V) species, Cl, and
HCOO™, separate Donnan dialysis experiments were performed with an
Ry/w of 10 for 60-h periods. The aqueous-phase P(V) concentrations in
the waste solution were used to calculate the corresponding diffusion
coefficients. Diffusion coefficients were calculated from the aggregate
data from two experiments, each of which involved 10-12 measure-
ments, and reported as mean + standard deviation. During operation,
the pH of the draw solutions for the HoPOs experiments was in the
4.8-5.8 range. For the HPOZ experiments, the draw solution pH
increased from 5.5 to 9.0 within 2 h due to rapid equilibration with the
recovered P(V) species and, possibly, HO™ migration from the waste
solution to the draw solution. As such, the pH gradient between the draw
and waste solutions was eliminated for both experimental conditions,
isolating transfer of HoPO4 and (separately) HPO%_ across the AEM and
enabling calculation of specific diffusion coefficients for H,POy, HPO?{,
Cl~, and HCOO™.

3. Results and discussion
3.1. Theoretical justification of Donnan dialysis for P(V) recovery

3.1.1. Thermodynamic framework for Donnan dialysis

A difference in electrochemical potential for an ion on either side of
an AEM prompts the spontaneous exchange reactions central to Donnan
dialysis. Fig. 1 highlights the application of Donnan dialysis to recover
HoPO4 in wastewater using a draw solution containing a monovalent
salt, NaTA™. Anions transport across the AEM until electrochemical
potential equilibrium is established for the P(V) species and A™. After
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Fig. 1. Schematic showing the exchange of H,PO4, as a representative P(V) species, and A™, as a general draw anion, through an AEM to achieve Donnan

equilibrium.

equating, expanding, and reconfiguring these expressions (see detailed
derivation in Text S4 of the SI), Donnan equilibrium can be defined by
Eq. (4). Since any of the three P(V) ions (i.e., HoPOy, HPO%’, and PO?{)
can participate in these exchange reactions, Eq. (4) was written for a
general P(V) species.

1
Cg'(‘f‘//“)’ ) . (szw ) Yy @
C;\;EI‘S/I)P CX'GS!{.’

In Eq. (4), k is a dimensionless constant comprised of the activity
coefficients for P(V) and A~ in the waste and draw solutions (see Text S4
in the SI). For Donnan dialysis with 10 mM P(V) waste solutions and
draw solutions containing 100 mM and 218 mM A", the k terms were
equal to 1.00 for HoPO7 and 1.17 for HPOZ, respectively (see Table S2
in the SI). It is important to note that while the individual activity co-
efficients were sensitive to Ry, the aggregate k term exhibited minor
variation (i.e., 0.99-1.00 for HyPO4, 1.00-1.19 for HPO%*) for Ry
values between 1 and 30.

The Ry, expression from Eq. (3) can be substituted into Eq. (4) to
yield Eq. (5).

Cdruw i )
(ciiife )— (k" (Rap) ®)

P(V)

According to Eq. (5), the Ry, operating condition controls P(V) re-
covery sinceXk, zp(v), and z, are all constant. For an Ry, of 10, the ratio of
HyPOy4 in the draw solution to HoPOjy in the waste solution was 10,
indicating 90.9% recovery; similarly, the HPO3 ™~ recovery was 99.3% for
this Ry, operating condition. This analysis highlights that polyvalent
species (e.g., HPO3~, PO3") are recovered to a greater extent than
monovalent species (e.g., HoPO4) and suggests that Donnan dialysis will
be most effective for wastewaters with pH greater than 7.2. Moreover,
monovalent draw ions (e.g, CI~, HCOO™) should be employed to in-
crease P(V) recovery. Prakash and SenGupta [22] reported similar
conclusions for recovery of AI** and Fe*' by Donnan dialysis with
cation-exchange membranes and draw solutions containing H3O™.

3.1.2. Donnan dialysis design conditions

The equilibrium concentrations of P(V) and A™ can be defined by
mass and charge balances in the waste and draw solutions, as shown in
Eq. 6-8; note, these expressions assume no change in the volume of the
draw or waste solutions.

, Z, ,
ot = iy~ gy ©
Cvaste _ owaste +ZP(V> Cdraw )

A = Lam . PW
Co = Gt — U ®

In Eq. 6-8, CI% and Cpivyin are the initial aqueous-phase

concentrations (mol m~3) of A~ and P(V) in the draw and waste solu-
tions, respectively, and Ci* is the initial concentration (mol m~%) of A~
in the waste solution, a term that is ideally 0 to maximize the electro-
chemical potential gradient across the membrane. After substitution of
Eq. 6-8 into Eq. (3) and Eq. (5), Rqw can be expressed as shown in Eq.
(9).

A
PO Lo e A <1> Gy \™ ©
d - - A~draw - 7 Awaste  ~draw
" 2w Chyy k) \Cri o — Chy

Eq. (9) can be rearranged to calculate the concentration of recovered
P(V) in the draw solution (Eq. (10)) and the required initial concentra-
tion of the draw anion in the draw solution (Eq. (11)). These two pa-
rameters represent the key outcome and input, respectively, of Donnan
dialysis operation.

p(v)

(K Rayw)

cl = e 10
[1+ (e Rap) |
raw Z raw
cro = —’;i” (14 Rap ) Clriy an

Combining Eq. 10-11, the required draw anion concentration can be

expressed in terms of zp(v), Ry, and C;,”g‘\i‘f_i“, as shown in Eq. (12).

P(v)

(kZA Rd / W) K waste
T W CP(W)in
[1+ (ke Rap) ™ |

Cri =0 (14 Ryp) (12)
A

This novel expression can be used to determine the necessary draw
anion concentration for specific operating conditions (i.e., Rqy/,) that
correspond to a target P(V) recovery efficiency from a waste solution
with CpiY,,. Note, Eq. (12) was used to calculate the draw anion con-
centrations for the experiments described in Section 2.5. Importantly,
this same mathematical framework can be applied to other Donnan
dialysis systems to recover other ions of interest.

3.1.3. P(V) removal and recovery efficiencies

To validate the relationship derived in Eq. (10), Donnan dialysis
experiments were conducted with NaCl-based draw solutions for 100-h
periods with Ry, values of 2, 5, and 10 (see Fig. S5 in the SI for exper-
imental data). The experiments were run with the AMI and FAA mem-
branes for pH conditions where H,PO4 and HPO%’ were the dominant P
(V) species (see Fig. 5S4 of the SI). The removal (Eq. (13)) and recovery
(Eq. (14)) efficiencies were calculated using the measured concentra-
tions at 100 h. The P(V) removal efficiency was always greater than the
P(V) recovery efficiency (Fig. 2), because a fraction of the P(V) removed
from the waste solution remained in the AEM at equilibrium. The frac-
tion of P(V) in the membrane was dependent on the initial P(V) con-
centration in the waste solution, the initial draw ion concentration, and
the AEC of the membrane. For this reason, the following discussion
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Fig. 2. Experimental and theoretical P(V) removal and recovery efficiencies for
variable Ry),, operating conditions. The initial P(V) concentration in the waste
solution was 10 mM. H,PO, data stem from waste and draw solutions main-
tained at pH 4.0-4.5 with 10 mM MES; similarly, the HPO;  data were
collected from experiments maintained at pH 8.5-9.0 with 10 mM CAPSO. As
needed, 1 M NaOH was dosed to maintain pH conditions. The draw solutions
were composed of 20 and 48 mM NaCl (Rg,w = 2), 50 and 115 mM NaCl (Rg/w
= 5), and 100 and 218 mM NaCl (R4 = 10) for the H,POs and HPO3~ sys-
tems, respectively. Donnan dialysis was performed for 100 h.

primarily focuses on P(V) removal efficiency to avoid unfair compari-
sons of recovery efficiency between operating conditions. It is important
to note that continuous-flow Donnan dialysis configurations will exhibit
P(V) recovery efficiencies that are more similar to the P(V) removal
efficiency, because a smaller fraction of the removed P(V) will remain in
the membrane as the volume of treated wastewater increases.

C;t-aste
_ (V)
Nremoval = (1 - (Cwaste ) (13)
P(V),in
C(;ruw
v)
r’re(‘overy = <Cwu\-te ) (14)
P(V),in

The experimental results in Fig. 2 show that R, values of 2, 5, and
10 provided 68.9-69.2%, 80.3-84.2%, and 88.6-90.7% P(V) removal at
pH 4.0-4.5 (HyPO4; dominant species) and 75.9-77.1%, 92.3-95.3%,
and 97.5-98.4% P(V) removal at pH 8.5-9.0 (HPO%’ dominant species).
The experimental removal efficiencies were in agreement with the
theoretical removal efficiencies predicted by Eq. (13). As explained
above, the experimental recovery efficiencies were lower than the
removal efficiencies, because a fraction of the P(V) remained in the
membrane phase after 100 h of Donnan dialysis. The percent of the total
P(V) in the membrane phase was 12.4-21.1% for the thicker AMI
membranes and 7.4-12.9% for the thinner FAA membranes. The lower
and higher bounds of these ranges corresponded to Ry, values of 10 and
2, respectively. This result was expected because higher Cl™ concen-
trations decrease the P(V) content in the membrane through competi-
tion effects. Osmosis resulted in a minor amount of water transport from
the waste solution to the draw solution. For experiments with the AMI
membranes, the waste and draw solution volumes changed by 0.2-4.5%
and 0.6-5.7%, respectively; the corresponding volume changes were
0.2-1.6% and 4.1-5.1%, respectively, with the FAA membranes.
Therefore, osmosis had a minimal effect on P(V) removal and recovery.
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To ensure high P(V) removal efficiencies, R4/, was set to 10 for most of
the experiments described below.

3.2. Factors affecting the selective uptake of P(V) species by AEMs

The composition of the waste and draw solutions affects the mem-
brane selectivity coefficients and separation factors for the P(V)-draw
ion system. These two ion-exchange parameters depend on the total
ion concentration in the solution, the valence of the P(V) species,
membrane characteristics, and the specific draw ion [39]. The effects of
these four properties on the separation factor are explored in greater
detail below. A separation factor greater than 1.0 signifies that the AEM
prefers P(V) over the draw ion, with higher separation factors indicating
higher P(V) content in the membrane phase. Separation factors provide
a fairer comparison of P(V) species due to the inherent differences in the
selectivity coefficient expressions for monovalent-monovalent exchange
reactions (e.g., the HoPO4-A~ system) and divalent-monovalent ex-
change reactions (e.g., the HPOF -A~ system). The effective separation

factors for P(V) over A~ ((xi(\/) ‘ H) can be calculated according to Eq.
el

(15), which was derived in Text S5 of the SI.

_ (qmt.P(V) ) (&) 1s)
eff CtoI.P(V) qa

In Eq. (15), Gy p(v) i the total membrane-phase concentration of P(V)
(mol m~3), and Crorp(v) is the total aqueous-phase concentration of P(V)
)

Pl

(mol m~3). In this study, (xi(v

was calculated at pH 4.5 and 9.0 and
.

eff
used to define ocﬁzpo; and (xipo‘z‘f, respectively. These two parameters can
be used to predict separation factors at other environmentally-relevant
pH conditions (see Fig. S6 of the SI).

The measured separation factors varied with Cr, as indicated in Fig. 3
and Table 1; note, the isotherms for all conditions are provided in
Figs. S7-518 of the SL For the two membranes (i.e., AMI, FAA) and two
draw anions (i.e., CI~, HCOO™), the separation factors varied as follows:
0.05-4.82 for HoPOZ and 0.18-25.87 for HPO3 ™ at low Cr (1 and 2 mN,
respectively); 0.21-2.26 for HyPOZ and 0.75-7.28 for HPO3~ at medium
Cr (10 and 20 mN, respectively); and, 0.51-1.13 for HpPOs and
0.81-1.86 for HPOZ ™~ at high Cr (100 and 218 mN, respectively). These
data indicate that separation factors are highest in solutions with low Cr
values and converge to 1 at higher Cr. The affinity of AEM sites for P(V)
should, therefore, be higher in the low Cr conditions that exist in the
waste solution. In the high Ct draw solution, the separation factors are
expected to be closer to 1. These separation factors are important
because they set the boundary conditions for P(V) concentrations in the
AEM and control the rate of Fickian diffusion across the membrane.

As indicated in Fig. 3, the HPOZ ™~ species exhibited greater separation
factors than H,PO4 with the CI~ and HCOO™ draw ions. This result was
expected because the higher charge density of HPO3~ leads to a higher
affinity for the quaternary ammonium functional groups in the AEMs, as
observed for other ions [40]. The higher separation factors observed for
the AMI membrane increased the membrane-phase P(V) concentrations
at the waste solution interface compared to those for the FAA mem-
brane. Because the draw solution separation factors converge to 1 for all
conditions, a higher membrane-phase P(V) concentration at the waste
solution interface increases the P(V) concentration gradient in the
membrane (see Fig. S19 of the SI). These conditions should increase the
rate of P(V) recovery in the AMI membranes; however, other factors (e.
&, diffusion coefficient, membrane thickness) also influence the rate of P
(V) removal. The cumulative effects of these parameters on P(V) flux is
discussed in Section 3.5.

The greater magnitude of aﬁ(c\gof compared to (xgiy) indicated that P
(V) is more competitive against HCOO ™~ than against Cl ", particularly at
low and medium Cr. These results can be attributed to the impacts of
draw ion hydration and charge density on ion affinity [41]. The non-
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Fig. 3. Effective separation factors for (a) monovalent H,PO4 and (b) divalent HPO3™ over ClI~ and HCOO™ for the AMI and FAA AEMs. The membranes were
initially in the C1~ or HCOO™ form. The pH of the solutions in (a) and (b) were in the range of 4.3-5.5 and 8.8-9.5, respectively. The solutions were continuously

mixed on an orbital shaker at 150 rpm for 24 h.

hydrated ionic radii of HCOO™ (1.8-1.9 A) and CI™ (1.8 f\) are similar
[42]; however, the median hydration number (from available literature)
of HCOO™ (5.5) is greater than Cl™ (3.7) [43-47]. Therefore, HCOO™
undergoes greater hydration and exhibits a lower charge density than
Cl7, resulting in less competition for interaction with the quaternary
ammonium groups of the AMI and FAA membranes. This result was also
confirmed by the higher degree of hydration measured for both AMI and
FAA membranes when submerged in HCOONa solutions compared to
those immersed in NaCl solutions (see Table S1 of the SI). Teppen et al
reported similar observations with cations of equal valence [48]. To
confirm this point, the oo values were calculated for all conditions
(not shown) and found to be consistently greater than one. The out-
comes of these experiments indicate that small organic anions may serve
as better draw anions than Cl™ in Donnan dialysis operations.

3.3. Transport of mono- and di-valent P(V) species in Donnan dialysis

The rate of P(V) removal from the 10 mM waste solution was limited
by P(V) transport through the AEM via Fickian diffusion and electro-
migration. The P(V) flux through the membrane was modeled using the
Nernst-Planck equation (Eq. (16)).

dqrwv) | z2egrmF <d£ )}

-D
"V g T RT dx

Tpwy = (16)

In Eq. (16), J (mol m~2 min!) is the flux, D (m? min~!) is the
diffusion coefficient, R is the universal gas constant, T is the tempera-
ture, F is the Faraday constant, @ is the electric potential of the solution,
and x is the distance into the membrane.

Following a series of mathematical steps and substitutions, which are
comprehensively detailed in Text S6 of the SI, Eq. (16) was converted
into an expression for the rate of P(V) removal in the waste solution in
terms of known (i.e., zp(v), za, L, V, Q, aw, ap, Cpy) |y, CF™', CF,
C;’(‘@Sﬁin) and modeled (ie., Dpy), Ds) parameters (Eq. (17)). The
analytical expression was a large nested function and was not included
here for the sake of brevity.

dCP(V> |W
dt

L (HCOO™ form) (m) ?
L (Cl” form) (m) ?

Q (HCOO™ form) (eq m’3)

Q (C1™ form) (eq m~3)
Dr,po; (m? min~1) ®

DHPO% (m? min™ 1) b
D¢ (m? min™Y) b
Diicoo- (m? min ™)

(6.3+0.1) x 107*
(5.7 £0.1) x 10
1.38 x 10°

1.72 x 10°

(2.5 +0.6) x 1071°
(2.1 +£0.1) x 1071°
(6.7 +0.3) x 107°
(9.0 £ <0.1) x 10°°

Table 1
Summary of parameters for P(V), Cl~, and HCOO™~ transport by Donnan dialysis.
Parameter Value
Design / operational
V (m®) 5.0 x 107*
S (m?) 6.0 x 1073
Cy*e(eq m~%) 10 or 20
C%"‘“’(eq m’3) 100 or 218
Cpae. (mol m™3) 10
Membrane-specific AMI FAA

(1.1 +<0.1) x 107
(0.9 £ <0.1) x 107
1.40 x 10°

1.52 x 10°

8.0+1.3)x107 1!
35+07)x10° 1!
(4.8 +£1.5) x 1071

(8.8+1.1)x10°1°

= fn(zp(w-,ZA-,DP(v)-,DA ,S, L, V0,0, ap, Cpy) W-,C?“yr‘lycl;raw'yc}?\szl)e_in)

a: Thickness and standard deviation calculated from three replicates.
b: Diffusion coefficient and standard deviation calculated from duplicate
experiments.

In Eq. (17), S is the membrane surface area (mz), L is the hydrated
membrane thickness (m), V is the volume of the waste and draw solu-
tions (equivalent in this study, m®), Q is the anion-exchange capacity (eq
m’?’), aw and ap are the separation factors at the membrane interfaces
is the
membrane-phase P(V) concentration at the interface of the waste
solution.

Eq. (17) was solved using the Runge-Kutta numerical method in
Matlab. In the mathematical analysis, a number of common assumptions
were avoided to attain a more comprehensive, universal, and accurate
model. For example, the diffusion coefficient of the P(V) ion was not
equated to that of the draw ion (as in Hasson et al. [49]) and the draw ion
diffusion coefficient was not neglected (as in Zhao et al [50]). In

with the waste and draw solutions, respectively, and Cpy) ‘w

a7
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previous models reported by Miyoshi et al. [51] and Agarwal et al. [52],
the membrane-phase ion concentration was assumed to be negligible;
however, this assumption is not valid for some Rq,y operating condi-
tions, as indicated by the differences in removal and recovery effi-
ciencies from Fig. 2. Importantly, the use of separation factors allowed
derivation of an expression that applies to all P(V) species. Previous
researchers have used selectivity coefficients to derive expressions
similar to Eq. (17) for monovalent and divalent ions, but the derivations
become mathematically complex for trivalent ions [53]. The separation
factor-based expression in Eq. (17) can be employed for HoPOZ, HPO3 ™,
or PO} and, therefore, represents an effective tool to model P(V)
transport in diverse Donnan dialysis applications.

The rate of P(V) removal from the waste solution was governed by
the following operational parameters: initial P(V) concentration in the
waste solution; Ct values of the waste and draw solutions; membrane
capacity, thickness, and surface area; and, waste and draw solution
volume. The values of these parameters for the Donnan dialysis system
used in this study are reported in Table 1. In addition, parameters
related to membrane chemistry also play a crucial role in the rate of P(V)
removal from the waste solution. These parameters include (i) separa-
tion factors for P(V) species over draw ions (e.g., CI~, HCOO™) in the
waste and draw solutions and (ii) diffusion coefficients for the individual
P(V) species and draw ions in the AEM. The separation factors were
reported in Fig. 3. Using the operational parameters and measured
separation factors, the diffusion coefficients were determined by fitting
the experimental P(V) concentration data to Eq. (17). The calculated
diffusion coefficients are reported in Table 1.

Overall, the rates of removal for HoPO; and HPO3~ were higher
when HCOO™ was used as the draw ion (see Fig. 4). The mean initial
rates of removal for HoPO4 and HPOZ ™ in the AEMs were (2.4 4+ 0.1) x
1072 and (1.2 £ 0.2) x 1072 mol m~3 min_l, respectively, with the
HCOO™ draw ion; additionally, the initial rates of removal for HoPO4
and HPO3~ were (1.3 + 0.1) x 10 2 and (8.4 + 2.3) x 10 % mol m 3
min~}, respectively, for the ClI~ draw ion. The initial rate of HoPOZ
removal was almost 2 x that of HPO3™ due to the 2 x uptake of
monovalent species (compared to divalent species) by the AEM. Draw
solutions with HCOO™ provided as much as 85% faster P(V) removal
compared to draw solutions comprised of C1™ due to the higher sepa-
ration factor for P(V) against HCOO ™, which resulted in a greater P(V)
concentration gradient in the AEM. The diffusion coefficients for HyPO4
and HPO%’ in the FAA membrane were (8.0 + 1.3) x 107! and (3.5 +
0.7) x 107" m? min~}, respectively; likewise, the diffusion coefficients
for HoPO4 and HPOZ ™ in the AMI membrane were (2.5 + 0.6) x 10710

A n,po,/cr
A wpoz/cr
A H,PO,-/HCOO~
A Hpo,>/HCO0-

AMI

P(V) concentration (mol m3)

Time (h)
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and (2.1 £ 0.1) x 1071% m? min~!, respectively. The higher charge
density of HPOZ~ compared to HoPO7 resulted in stronger binding with
quaternary ammonium exchange sites, thereby reducing the diffusivity
of HPOZ  in the AEM. This result differs from the findings of Zhao et al.
[50], who reported faster removal of HAsO3 ™ than H,AsOz by Donnan
dialysis for a waste stream containing 15 uM As(V) and 10 mM NaCl and
a draw solution with 100 mM NaCl. These contrasting results likely stem
from the lower As(V) concentration in the waste solution, raising
important insight into differences in Donnan dialysis systems aimed at
trace contaminant treatment and resource recovery from more concen-
trated waste streams.

The calculated diffusion coefficient of HCOO™ [(8.8 & 1.1) x 107 '°
m? min~!] was 83% greater than that of Cl™ [(4.8 £+ 1.5) x 10719 m?
min '] for FAA, highlighting the benefits of using small organic anions
in draw solutions. Similarly, the diffusion coefficient for HCOO™ [(9.0 &+
<0.1) x 10~° m? min~!] was 34% greater than that of CI~ [(6.7 & 1.3)
x 107° m? min~!] in the AMI membrane. Interestingly, the faster
diffusivity of HCOO™ in the AEM contrasts with the diffusion coefficients
of CI™ (1.2 x 10~ m? min~" at 25 °C [54]) and HCOO™ (8.46 x 10~8 m?
min ! at 25 °C [55]) in water. However, the magnitude and order of the
calculated diffusion coefficients in the AEM agree with previous studies.
For example, Mazrou et al. [56] and Akgemci et al. [57] reported the
diffusion coefficients of CI~ and HCOO™ to be 6.03 x 107° m? min~!
and 1.9 x 10~° m? min~, respectively, in the Neosepta ACM membrane.
Note, a larger (more hydrated) monovalent anion (e.g., HCOO™) exerts
more swelling potential, leading to an increase in intermolecular spacing
in the AEM, than a smaller (less hydrated) monovalent anion (e.g., Cl7)
because the number of moles of both anions has to be equivalent to
maintain electroneutrality in the membrane. Therefore, the ion mobility
within the AEM was higher for the HCOO™ system.

The difference in the ratio of the diffusion coefficient of HCOO™ over
that of C1” in the FAA and AMI membranes might stem from the extent
of membrane hydration. The AMI membrane was more hydrated and,
therefore, exhibited less specificity between the two draw ions [58-61],
whereas FAA was less hydrated and resulted in higher diffusivity for the
more hydrated (i.e., lower charge density) HCOO™ ion. These effects can
be observed in Fig. 4. Although the greater extent of hydration in the
AMI membrane enabled faster ion diffusion, the increased thickness of
the AMI membranes resulted in a lower P(V) concentration gradient
which, ultimately, reduced P(V) flux (Fig. S19 of the SI). It is important
to note that the overall P(V) recovery at Donnan equilibrium should be
similar for both draw anions (see Eq. (14), after substitution of Eq. (10));
however, the faster rate of P(V) removal is an important design

(b) 12

EAA @ H,PO,/CI
10 @ HPO,/CI
© H,PO,/HCOO~

@ HPO,*/HCOO~

P(V) concentration (mol m3)

0 T T T T T
0 10 20 30 40 50 60

Time (h)

Fig. 4. Time-dependent concentration profiles of P(V) in the waste solution for Donnan dialysis with CI~ and HCOO™~ draw solutions and (a) AMI and (b) FAA
membranes. The pH values of the waste and draw solutions in the H;PO3-A~ and HPOZ -A~ systems were maintained at 4.5-5.0 and 8.5-9.0, respectively. The Rq/w
was 10 for all conditions. Solutions were continuously mixed at 600 rpm on a magnetic stirring station.
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consideration for high-throughput Donnan dialysis systems.

3.4. Effect of Rqy on the rate of P(V) removal in Donnan dialysis

The rate expression for P(V) removal from the waste solution (Eq.
(17)) was reconfigured to be a function of Ry, (Eq. (18)), following the
steps documented in Text S6 of the SI.

dCP(V) |W waste
—a fn (zpv); 24, Dpv), Da, S, L, V, Q, 8w, 0D, Hremovats Rajws Covyin

(18)

For a design 1> EQ- (18) can be solved for the rate of P(V)
removal from the waste solution as a function of Ry/,. Eq. (14) (after
substituting Eq. (10)), Eq. (12), and Eq. (18) were solved for Ry, values
of 1-30 to determine the recovery efficiency, required draw ion con-
centration, and rate of removal, respectively, for both HyPO; and
HPO3~ (Fig. 5). One important conclusion from Fig. 5 is that Ry w had a
negligible impact on the rate of removal, which was measured at 1, ..
= 0.1. Rather, the rate of removal was more dependent on the P(V)
concentration gradient in the membrane. In the initial stage of Donnan
dialysis, the P(V) concentration gradient in the membrane is determined
by Cl‘;“{‘f,‘f and ay; therefore, the rate is independent of the draw solution
composition and, hence, Rqy/,. For high Ry, operating conditions, ap
goes to 1, and the membrane-phase P(V) concentration at the interface
with the draw solution will be low. For these reasons, Ry, does not
affect the initial rate of P(V) removal. This conclusion was experimen-
tally confirmed for Ry, values of 5, 10, and 50 (see Fig. S21 of the SI)
and reinforced by a sensitivity analysis to determine the impact of ap on
the rate of P(V) removal (see Section 3.5). It is important to note that the
rates of removal for HoPO4 and HPOZ ™ were sensitive to other param-
eters, such as membrane properties (e.g., membrane capacity, thickness,
and hydration), oy, and the diffusion coefficients of P(V) species and
draw ions (see Section 3.5).

3.5. Sensitivity analysis of operational and fundamental parameters on
the initial rate of P(V) removal by Donnan dialysis

Eq. (18) was used to assess the sensitivity of the initial rate of HoPO4

0.04 1.2
Ryw=1

HPO,? (efficiency)
e e

. P H,PO,” (efficiency) i
v L 08
’/ HPO,2 I

(draw conc.) |
H,PO, (rate) P 0.6

— .

0.02 A

HPO,?" (rate) -

0.01 A

Rate of removal (mol m=mint)
Recovery efficiency (fractional)
Draw salt concentration (M)

4 -

-
-
-7 ~ = 7 HpO F 02

- - (draw conc.)

0.00 T T T T T 0.0

Rd/w

Fig. 5. The P(V) recovery efficiency, initial rate of P(V) removal, and required
salt concentration in the draw solution as a function of Ry/,,. These relationships
correspond to an initial P(V) concentration of 10 mM in the waste solution.
Removal efficiencies, draw ion concentrations, and removal rates were calcu-
lated using Eq. (14) (after substituting Eq. (10)), Eq. (12), and Eq. (18),
respectively. The rate of removal curves stem from average data from four
experimental conditions that employed different membranes and draw ions.
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Fig. 6. Sensitivity analysis on the initial rate of P(V) removal for a 10% in-
crease in the listed parameters. The initial rate of P(V) removal was calculated
for Nemova = 0.1. The base values for each parameter are shown in Table 1.

and HPO3 ™ removal to the following operational and fundamental pa-
rameters: P(V) and draw ion diffusion coefficients; separation factors in
the draw and waste solutions; membrane properties, such as thickness
and density of anion-exchange sites; and, reactor-specific parameters,
such as volume and membrane surface area. Note, some of these pa-
rameters are dependent on each other and, therefore, cannot be exclu-
sively controlled (e.g., a change in the density of anion-exchange sites
will also affect the diffusion coefficient). Nevertheless, this analysis
determined which system variables had the greatest and least impacts on
P(V) removal rate.

Fig. 6 shows that the rate of P(V) removal was more sensitive to a
10% change in P(V) diffusion coefficient (7.2-8.9%) than a 10% change
in draw ion diffusion coefficient (0.2-2.6%). From an operational
standpoint, it is more convenient to employ different draw ions with
higher diffusion coefficients; however, the above findings suggest that
fabrication of AEMs with higher P(V) diffusivity will lead to greater
improvements in the rate of P(V) removal. Hasson et al. [31] alluded to
the same result but did not present experimental data to confirm this
finding. With respect to separation factors, a 10% change in op had a
negligible effect on P(V) removal rate (~0.01%); however, a 10% in-
crease in ay improved the rate of P(V) removal (1.8-3.5%). This result
was expected because the oy separation factor directly controls the P(V)
concentration gradient in the membrane (see Fig. S19 in the SI). Based
on these findings, it may be acceptable to assume that ap = 1 in Donnan
dialysis systems operating at high Ry/,,. A 10% increase in Q had a strong
impact on the rate of P(V) removal (10%) due to greater P(V) uptake by
the membrane. A 10% change in membrane thickness almost propor-
tionally changed the rate of P(V) removal (9%) due to linear effects on
the concentration gradient in the AEM. The impact of reactor configu-
ration parameters, such as reactor volume or membrane surface area,
were not experimentally evaluated, but these parameters are expected to
have a proportional impact on the rate of P(V) removal based on Eq.
(18). The results of the sensitivity analysis indicated that fundamental
factors, such as higher membrane selectivity for P(V) and faster diffusion
of P(V) in the membrane, can further improve P(V) recovery by Donnan
dialysis. Overall, this information, along with the experimental data
reported above, will enable future technoeconomic assessments to
compare the performance and cost of Donnan dialysis systems to other
technologies.

4. Conclusion
This study provided, for the first time, a conceptual framework for

the equilibrium and kinetic aspects of Donnan dialysis-based P(V)
removal and recovery. A new parameter, Ry, was established as the
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primary design variable for achieving targeted P(V) removal and re-
covery efficiencies. The main advantage of this parameter is that it is
independent of the P(V) concentration in the waste solution and can be
broadly applied to different systems. Overall, the equilibrium P(V)
removal efficiency was found to be dependent on three main parame-
ters: P(V) valence; draw anion valence; and, Rg/,. For the same Ry,
condition, higher recovery efficiencies were obtained for HPO5~ than
HoPOy4. According to the derived expressions, monovalent draw ions (e.
g, Cl7, HCOO™) enable greater P(V) removal than polyvalent anions. A
higher Ry, can be achieved by increasing the salt concentration in the
draw solution, conditions that enhanced the P(V) removal and recovery
efficiencies. However, this strategy involves diminishing returns when
Ry/w exceeds 10. At this operating condition, removal efficiencies of up
to 90.7% for H,POZ and 98.4% for HPOZ~ were achieved using NaCl as
the only chemical input. Importantly, the experimental measurements
closely matched theoretical expectations.

The rate of P(V) removal was determined to be a function of the P(V)
speciation, separation factors for the P(V) species over the draw anion,
diffusion coefficients of P(V) species and draw anions, and membrane
properties. The separation factor of P(V) over the draw anion was
strongly influenced by the P(V) valence, the Cr of the waste and draw
solutions, and the draw anion type. For the tested conditions, the sep-
aration factors for HoPO3 and HPOZ~ over HCOO™~ were both greater
than 1, but the AEMs exhibited a higher affinity for the divalent P(V)
species. Interestingly, the separation factors for HyPO4 and HPO3 ™ over
Cl™ were<1, indicating less selective P(V) uptake in the presence of
prevalent inorganic anions at the tested conditions. Due to the high Cr
maintained in the draw solution, the separation factor at the membrane
interface with the draw solution was approximately 1.0 for all tested
conditions. On the other hand, the separation factor at the membrane
interface with the waste solution was highly dependent on the P(V)
valence, draw anion, and membrane characteristics. The two separation
factors set the P(V) concentration gradient in the AEM and, thereby,
controlled P(V) flux through the membrane. The P(V) flux also depends
on diffusion coefficients for P(V) and the draw anion. The diffusion
coefficient of HoPO; was similar to or greater than that of HPOZ™,
depending on AEM properties. Membrane properties, such as hydration
and thickness, strongly impacted the rate of P(V) recovery. In general,
higher membrane hydration increased the diffusion coefficients and
thicker membranes lowered the diffusion gradient.

In this study, optimal P(V) recovery by Donnan dialysis was achieved
using the FAA membrane and a HCOO™ draw anion at pH conditions
that favor the presence of HoPO4. Overall, the results provided novel
insight into opportunities to design, optimize, and apply Donnan dialysis
systems. These insights will enable application of Donnan dialysis for
phosphorus recovery from municipal wastewater, source-separated
urine, animal manure, and other nutrient-rich waste streams. The next
steps to scale-up of Donnan dialysis processes will require (i) perfor-
mance evaluation in real waste streams that contain high levels of
competing anions, dissolved organic matter, and suspended solids and
(ii) development of unique membrane configurations that increase the
surface area-to-volume ratio and improve the overall rate of recovery.
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