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• PBP effectively adsorbed [in]organic 
soluble non-reactive phosphorus 
(sNRP). 

• Adsorption of sNRP compounds on PBP 
was thermodynamically favorable. 

• The immobilized PBP rapidly adsorbed 
sNRP. 

• Greater P removal was observed for 
compounds with higher P content. 

• Adsorption followed a Langmuir 
isotherm and desorption was high at pH 
12.  
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A B S T R A C T   

Currently available wastewater phosphorus (P) treatment technologies target removal of reactive forms of P. 
Selective adsorption of more recalcitrant soluble non-reactive phosphorus (sNRP) can improve P removal and 
recovery. A phosphate-selective phosphate-binding protein (PBP), PstS, was immobilized onto NHS-activated 
beads to assess the ability of this novel bioadsorbent to remove (adsorb) and subsequently recover (desorb) a 
range of sNRP compounds. Four sNRP compounds representative of wastewater sNRP were selected for use in 
this study: phytic acid (PA), sodium triphosphate (TrP), beta-glycerol phosphate (BGP), and sodium hexame
taphosphate (HMP). Using PBP, adsorption of all sNRP compounds was thermodynamically favorable. The PBP 
had nearly equivalent binding affinity for PA compared to PBP’s typical target, orthophosphate, although it had 
less affinity for the other sNRP compounds. Adsorption followed pseudo-second order reaction kinetics, with 
95% of maximum adsorption occurring within 4 min. This was substantially faster sNRP adsorption compared to 
other adsorbents in the literature. Adsorption was modeled using the Langmuir isotherm, reflecting that one 
phosphate molecule attached to one PBP binding site. Notably, this selective 1:1 attachment resulted in higher 
total P removal for sNRP molecules with high P content. The binding site lost activity with increasing pH, and as 
such, highest desorption was achieved at pH 12, making the system amenable to sNRP removal as well as 
controlled recovery.   
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1. Introduction 

Phosphorus (P) is the limiting nutrient in most freshwater ecosys
tems, such that excess P in surface waters can cause harmful algal 
blooms or eutrophication (Carpenter, 2008). Major sources of P release 
into surface waterbodies can include stormwater run-off of agricultural 
P products or wastewater-derived P discharge (Drolc and Zagorc Kon
can, 2002). Reducing P discharges into surface waterbodies is therefore 
critical. Water resource reclamation facilities (WRRFs) may need to 
consider advanced treatment to reduce P discharge as much as possible 
(Mayer et al., 2016). Beyond P removal, recovery of wastewater-derived 
P can enhance P sustainability as non-renewable mineral P resources are 
depleted to meet increasing fertilizer demands (Reijnders, 2014). A 
circular P economy recovering waste P for reuse as fertilizer is therefore 
important to meet both environmental protection goals and sustain high 
levels of global food production. 

Conventional biological and physical-chemical wastewater treat
ment processes used for P treatment include enhanced biological P 
removal, adsorption, ion exchange, chemical precipitation, micro- or 
ultra-filtration, and coagulation/flocculation/sedimentation (Morse 
et al., 1998). However, only particulate P and the reactive form of P 
(primarily consisting of orthophosphate) are generally removed using 
these conventional treatment processes (Venkiteshwaran et al., 2018a). 
Reactive P is defined as being detectable in a colorimetric test, whereas 
the remaining P, classified as non-reactive P, must undergo hydrolysis or 
oxidation to make it detectable (APHA, 2012). Gu et al. (2011) showed 
that conventional P treatment typically removes less than 40% of soluble 
non-reactive P (sNRP). Consequently, approximately 26–81% of 
wastewater effluent P can be in the more recalcitrant sNRP form (Qin 
et al., 2015). Following effluent discharge to environmental waters, 
sNRP can be transformed through enzymatic processes or photolysis, or 
directly utilized by microbes in a reactive-P-limited aquatic environ
ment (Qin et al., 2015; Venkiteshwaran et al., 2018a). For example, Qin 
et al. (2015) demonstrated approximately 75% utilization of effluent 
sNRP for algal biomass growth. Therefore, developing technologies to 
effectively remove sNRP from wastewater is critical to reduce P 
discharge and the associated negative effects. 

Currently, sNRP removal studies are limited, and focus primarily on 
advanced oxidation processes (AOPs). Removal, detoxification, or 
transformation of sNRP compounds using AOPs such as UV/H2O2, UV/ 
TiO2, Fenton, photo-Fenton, and electrooxidation has been reported 
(Badawy et al., 2006; Daneshvar et al., 2004; Gray et al., 2020; Mallick 
et al., 2021; Sindelar et al., 2016; Venkiteshwaran et al., 2021a). 

Adsorption offers another route to achieve effective sNRP removal 
without direct energy inputs, but there are currently limited reports of 
sNRP adsorption/desorption efficiency. Long contact times were needed 
to remove sNRP using hierarchical porous magnesium oxide (Hr-MgO), 

granular activated carbon (GAC), powdered activated carbon (PAC), 
carbon nanotubes, XAD resin, and lanthanum (La)-based adsorbents 
(Campos do Lago et al., 2020; Xu et al., 2020; Sharma and Kakkar, 2017; 
Wang et al., 2018b, 2018a). Most of these studies reported that the time 
to reach adsorption equilibrium ranged from hours to longer than a day 
(although adsorption of triphenyl phosphate on PAC was faster, at 
approximately 15 min). An additional consideration is that these ma
terials are non-selective for sNRP or other P species. This may negatively 
impact adsorption efficiency and limits the potential to recover pure P 
products. 

Resins with selectivity for orthophosphate, or reactive phosphorus 
(Pi), (e.g., LayneRT or phosphate-binding protein resin) may offer a 
means to adsorb sNRP compounds, particularly those compounds with 
phosphate functional groups, while minimizing non-target adsorption. 
However, evaluations of the adsorption potential of sNRP compounds on 
P-selective materials is lacking. In this study, we assessed the adsorp
tion/desorption potential of sNRP using a promising protein-based 
phosphate-selective adsorbent featuring immobilized PstS phosphate- 
binding proteins (PBP). 

The P-selective PBP PstS is an integral part of the high-affinity 
phosphate-specific transporter system expressed naturally by many 
microorganisms when Pi concentrations are low. The protein’s ability to 
adsorb monobasic (H2PO4

−) and dibasic (HPO4
2−) Pi (Wang et al., 1994) 

even at low levels makes it attractive for use in systems targeting 
ultra-low effluent P concentrations. The PBP sequesters Pi in a deep cleft 
using 12 strong hydrogen bonds formed between the phosphate mole
cule’s 4 oxygen atoms and the protein’s amino acid residues (Luecke and 
Quiocho, 1990). These interactions yield PBP’s exquisite Pi-specificity 
(Luecke and Quiocho, 1990), which has been harnessed to remove and 
recover Pi using both proteins in microbial cells and extracted proteins 
immobilized on resins suitable for flow-through filter operation (Hus
sein and Mayer, 2022; Venkiteshwaran et al., 2018b, 2021b; Yang et al., 
2016; Choi et al., 2013; Li et al., 2009; Kuroda et al., 2000). Notably, 
immobilized PBP adsorbents offer faster adsorption and greater Pi 
selectivity compared to metal-oxide Pi-selective materials, including 
LayneRT Pi-selective ion exchange material (Hussein and Mayer, 2022; 
Venkiteshwaran et al., 2020), but have yet to be tested for sNRP 
removal/recovery. Recalcitrant sNRP compounds with accessible 
phosphate functional groups may be able to bind to PBP’s active site, 
facilitating removal, followed by pH adjustment to stimulate sNRP 
release, facilitating recovery (Venkiteshwaran et al., 2020). Therefore, 
the objectives of this study were to: (1) assess sNRP adsorption efficiency 
using immobilized PBP, including testing sNRP binding affinity, ki
netics, adsorption isotherms, thermodynamics, and competition be
tween Pi and sNRP; and (2) evaluate the recoverability of adsorbed sNRP 
compounds through desorption experiments. 

Abbreviations 

BGP Beta-glycerol phosphate 
HMP Sodium hexa-metaphosphate 
IPTG Isopropyl ß-D-1-thiogalactopyranoside 
ITC Isothermal titration calorimetry 
KB Ligand-protein binding constant 
KD Ligand-protein dissociation constant 
KF Freundlich isotherm constant 
KL Langmuir isotherm constant 
KPFO Reaction constant for pseudo-first order reaction 
KPSO Reaction constant for pseudo-second order reaction 
LB Luria broth 
MDL Minimum detection limit 
MWCO Molecular weight cutoff 

NHS N-hydroxy-succinimide 
PA Phytic acid 
PFO Pseudo-first order 
P Phosphorus 
Pi Reactive phosphorus, or orthophosphate 
PSO Pseudo-second order 
qe Adsorption capacity at equilibrium 
qmax Maximum adsorption capacity 
SDS-PAGE Sodium dodecyl sulfate–polyacrylamide gel 

electrophoresis 
SEC Size exclusion chromatography 
sNRP Soluble non-reactive phosphorus 
sRP Soluble reactive phosphorus 
TEP Triethyl phosphate 
TP Total phosphorus  
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2. Materials and methods 

2.1. sNRP compounds 

Four sNRP compounds were selected to represent different types of 
wastewater sNRP (e.g., organic and inorganic compounds with cyclic or 
simple structure): beta-glycerol phosphate (BGP), phytic acid (PA), so
dium triphosphate (TrP), and sodium hexametaphosphate (HMP) 
(Fig. 1). BGP is a simple organic compound whereas PA is a cyclic 
organic compound. Among the inorganic sNRP compounds tested, TrP 
has a simple structure while HMP has a complex cyclic structure. All 
compounds were 99% pure, and purchased from Sigma Aldrich (St. 
Louis, MO). All sNRP solutions were made by spiking Tris buffer (10 mM 
Tris-HCl, 1 mM MgCl2, pH 7) with sNRP at an initial concentration of 
0.36 ± 0.02 mg P/L. During the adsorption isotherm experiments, a 
range of sNRP concentrations were tested: 0.075, 0.1, 0.2, 0.25, 0.3, and 
0.35 mg P/L. Low concentrations were used to assess the adsorption 
capacity of PBP resin targeting removal of total phosphorus (TP) from 
initially low levels to ultra-low levels (i.e., tertiary treatment to satisfy 
ultra-low discharge regulations). 

2.2. PBP resin preparation 

The adsorption and desorption experiments were conducted using 
immobilized PBP (PBP resin) as immobilized PBP is better suited for 
wastewater treatment applications. The PBP resin was prepared by 
expressing, purifying, and immobilizing PBP on NHS-activated Sephar
ose beads, in accordance with protocols described by Venkiteshwaran 
et al. (2018b). Briefly, His-tagged PBP was over-expressed into E. coli 
BL21 (DE3) cells (Thermo Fisher Scientific, Waltham, MA) grown in 
Luria broth (LB) using isopropyl β-D-1-thiogalactopyranoside (IPTG). 
After 4-h at 35 ◦C, cells were centrifuged and the cell pellets were 
collected and stored at 4 ◦C. Over-expression of PBP was confirmed 
using SDS-PAGE. Cell pellets were resuspended in a binding buffer (50 
mM NaH2PO4, 500 mM NaCl, 10 mM imidazole, pH 6) and lysed via 
sonication at 45% amplitude and a pulse rate of 15 s on and 45 s off 
(Q500 sonicator, QSonica, Newtown, CT). The solution was then 
centrifuged (1000 rpm, 6700×g) to remove cellular debris. The super
natant containing PBP was added to a Ni2+ column (Ni Sepharose™ 6 
Fast Flow, Cytiva, Marlborough, MA) containing the binding buffer and 
gently mixed for 1 h. The Ni2+ column was then rinsed 5 times using an 

elution buffer at pH 8. The elution buffer consisted of 137.5 mL of pu
rification buffer (50 mM NaH2PO4, 500 mM NaCl) and 12.5 mL of 3 M 
imidazole. An SDS-PAGE gel was used to confirm the presence of puri
fied PBP. Purified PBP was then dialyzed in a dialysis buffer (0.2 M 
NaHCO3, 0.5 M NaCl, pH 8) for 4.5 h and stored in 70% glycerol at 
−80 ◦C (volumetric ratio of PBP to glycerol was 4 to 1). The purified PBP 
concentration was 9.4 ± 0.3 mg/mL, as measured using a Pierce™ BCA 
Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA). 

To immobilize PBP on the NHS-activated Sepharose 4 Fast Flow 
beads (Cytiva, Marlborough, MA), purified PBP was first dialyzed for 
4.5 h in the dialysis buffer using a Spectra/Por 2 dialysis membrane 
(MWCO 12–14 kDa, Spectrum Laboratories Inc., Rancho Dominguez, 
CA) to remove the glycerol storage solution. The NHS beads were pre
pared following the manufacturer’s protocol (71-5000-14AAD, Cytiva, 
Marlborough, MA). Dialyzed PBP was added to the NHS beads and 
gently mixed for 4 h. After 4 h, the solution was drained and the PBP 
resin was washed 3 times using acid (0.1 M Na-acetate, 0.5 M NaCl, pH 
4.5) and base (0.1 M Tris-HCl, pH 8) solutions. The PBP resin was stored 
in storage buffer (10 mM Tris-HCl, 1 mM MgCl2, pH 7) at 4 ◦C for up to 
48 h prior to experimentation. Before experiments, PBP resin was 
washed in storage buffer at pH 7 and pH 12. The alkaline buffer solution 
removed residual P from the PBP resin. The PBP resin was then resus
pended in an equal bed volume of storage buffer at pH 7. The concen
tration of PBP was measured using a Pierce™ BCA Protein Assay Kit 
before and after attachment to determine attachment efficiency on the 
NHS beads. The PBP concentration on the NHS beads ranged from 15.6 
to 16.5 nmol/mL. Ultrapure water (resistivity of 18.2 MΩ*cm at 25 ±
1 ◦C, Elga, High Wycombe, UK) was used to prepare all solutions and 
buffers. 

2.3. PBP binding affinity for sNRP compared to Pi 

The PBP’s affinity for different sNRP compounds was evaluated using 
isothermal titration calorimetry (ITC) (performed by Charles River 
Laboratories, Essex, UK). Briefly, refolded PBP was dialyzed in size 
exclusion chromatography (SEC) buffer (20 mM Na-HEPES, 150 mM 
NaCl, pH 7.4). In individual experiments, 0.5–5 mM of each P compound 
(PA, BGP, HMP, TrP, or Pi) was titrated with 50 μM PBP in SEC buffer at 
25 ◦C. Changes in heat, or enthalpy (ΔH, kJ/mol), were measured using 
a VP-ITC MicroCalorimeter (MicroCal Incorporated, Commerce, CA). A 
plot of ΔH versus molar ratio was used to calculate the dissociation 

Fig. 1. Selected soluble non-reactive phosphorus (sNRP) compounds tested in this study. Different types of compounds (organic, inorganic, cyclic, non-cyclic) were 
tested to represent a range of wastewater sNRP compounds. All chemical structure images were taken from Chemspider. 
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constant, KD, and change in entropy (ΔS, kJ/mol-K). For protein-ligand 
binding, the lower the KD value, the higher the protein’s affinity to bind 
with the ligand. The thermodynamic feasibility of binding (change in 
Gibb’s free energy, ΔG = ΔH – TΔS, where T = temperature in K and ΔG 
is quantified in kJ/mol) was calculated using the ΔH and ΔS values to 
provide an indicator of thermodynamic feasibility of the binding reac
tion (signified by negative ΔG). 

2.4. Adsorption (kinetics, isotherms, competition) and desorption 
experiments 

Kinetic experiments were conducted using 15.6–17.3 nmol PBP (1.3 
mL of PBP resin suspension) together with 10.5 mL of sNRP solution (pH 
7) containing 0.36 ± 0.02 mg P/L mixed on a Multi-Purpose Tube Ro
tator at 20 rpm (Thermo Fisher Scientific, Waltham, MA). To determine 
how quickly sNRP compounds adsorbed, independent batch experi
ments were run for 0.5, 1, 2, 5, 10, and 20 min. 

Isotherm experiments were conducted using 16.6 nmol PBP (1.3 mL 
PBP resin suspension) together with 10.5 mL of sNRP solution (pH 7) 
containing different P concentrations: 0.071, 0.106, 0.204, 0.242, 0.301, 
and 0.363 mg P/L. These experiments were conducted for 10 min (suf
ficient to achieve equilibrium, as indicated by the kinetic experiments). 

To assess for competition between Pi and the sNRP compounds, a pH 
7 buffer containing varying ratios of sNRP to Pi (20%, 60%, 70%, or 
100% TP as sNRP) was exposed to 21 nmol PBP for 10 min. 

Phosphorus desorption experiments were conducted by first 
adsorbing sNRP onto 21 nmol PBP resin for 10 min at pH 7. After 10 min, 
the solution was decanted and the saturated PBP resin was resuspended 
into a Tris buffer (10 mM Tris-HCl, 1 mM MgCl2) at pH 8, 10, or 12 for 
10 min. All experiments were conducted at 25 ◦C. 

2.5. Kinetic modeling 

Adsorption kinetics generally follow pseudo-first order (PFO) or 
pseudo-second order (PSO) models (Revellame et al., 2020). The fit of 
both models was evaluated for the adsorption data in this study. The 
nonlinear forms of the PFO and PSO models are shown in Eqs. (1) and 
(2), respectively (the linear forms are shown in the supplementary in
formation [SI]): 

qt = qe(1 − e−KPFO t) (1)  

qt =
q2

e KPSO t
qe KPSO t + 1

(2)  

where, qe = adsorption of sNRP at equilibrium (nmol P/nmol PBP), 

qt = adsorption capacity of sNRP at time t in min (nmol P/nmol PBP), 
KPFO = pseudo-first order rate constant (1/min), and 
KPSO = pseudo-second order rate constant (nmol PBP/nmol P-min). 

2.6. Isotherm modeling 

Adsorption data were fit to the Langmuir and Freundlich isotherm 
models, the nonlinear forms of which are shown in Equations (3) and 
(4), respectively (the linear forms are shown in the SI). 

qe =
qmax KL Ce

1 + KL Ce
(3)  

qe = KF C1/n
e (4)  

where, Ce = concentration of sNRP in equilibrium (μM P), 

qmax = maximum sNRP adsorption capacity (nmol P/nmol PBP), 
KL = Langmuir constant (1/μM P), 
KF = Freundlich constant ([nmol P/nmol PBP]*[L/μmol P]1/n), and 

n = unitless empirical constant in the Freundlich isotherm model. 

2.7. Analytical methods and QA/QC 

The concentrations of Pi and sNRP were measured immediately after 
adsorption or desorption experiments in accordance with APHA (2012) 
standard methods for ascorbic acid Pi (4500-P E) and TP (4500-P B) 
analyses by means of absorbance at 880 nm (Agilent Technologies, Santa 
Clara, CA, USA). The minimum detection limit (MDL) for the Pi and TP 
tests was 0.017 and 0.015 mg P/L, respectively, as determined following 
the EPA method (EPA, 2016). Phosphorus-free storage buffer blanks (10 
mM Tris-HCl, 1 mM MgCl2, pH 7) were used for all Pi and TP analyses. 
All experiments were run in triplicate. Statistical analysis was performed 
using two-way ANOVA and Tukey post hoc tests (α = 0.05) using 
GraphPad Prism 9.3.1 (GraphPad Software Inc., La Jolla, CA). 

3. Results and discussion 

3.1. PBP binding affinity and thermodynamic feasibility for sNRP 
compared to Pi 

The ITC KD values indicated that, unsurprisingly, PBP (phosphate- 
binding protein) had the greatest affinity for Pi (Table 1). However, PBP 
was also able to bind sNRP, albeit with lesser affinity. Among the sNRP 
compounds, PBP exhibited the greatest affinity for PA (KD similar to Pi) 
followed by BGP, HMP, and TrP. 

The change in Gibb’s free energy (ΔG) for each ligand pairing 
calculated using ΔS from the ITC results indicated thermodynamic 
feasibility of sNRP binding to PBP, although Pi binding was most 
favorable (Table 1). 

Previously reported KD values for PBP-Pi binding (Wang et al., 1997) 
coincide with our findings. However, previously reported ΔG values for 
PBP-Pi binding indicated greater thermodynamic favorability for PBP-Pi 
binding (−41.3 kJ/mol) (Venkiteshwaran et al., 2020). Differences in 
approaches between the two studies may account for the variability. For 
example, Venkiteshwaran et al. (2020) calculated ΔG from experimental 
isotherm parameters, whereas calorimetric determination of the ther
modynamics of binding was performed here using ITC measurements. 
Moreover, the ITC experiments performed here were conducted with 
suspended PBP, whereas immobilized PBP was used previously (Ven
kiteshwaran et al., 2020). Finally, the PBP tested in the two studies may 
have differed in the proportion of initially available active sites as the 
suspended PBP used for ITC was unfolded to remove residual Pi while a 
pH 12 wash was used to remove residual Pi in the immobilized PBP tests. 

Table 1 
Thermodynamic properties of binding between phosphate-binding proteins 
(PBP) and soluble reactive phosphorus (sRP) or soluble nonreactive phosphorus 
(sNRP). The dissociation constant (KD), change in enthalpy (ΔH), change in 
entropy (ΔS), and change in Gibb’s free energy (ΔG) were assessed using 
isothermal titration calorimetry (ITC).  

Classification Compounds KD 

(μM 
P) 

ΔH 
(kJ/ 
mol) 

ΔS 
(kJ/ 
mol- 
K) 

ΔG 
(kJ/ 
mol) 

sRP Orthophosphate (Pi) 0.030 −14.5 8 ×
10−3 

−16.9 

sNRP Phytic acid (PA) 0.031 −2.9 1 ×
10−3 

−5.9 

Sodium triphosphate 
(TrP) 

1.80 −1.6 8 ×
10−3 

−4.0 

Sodium 
hexametaphosphate 
(HMP) 

0.167 −0.6 9 ×
10−3 

−3.4 

Beta-glycerol 
phosphate (BGP) 

0.106 −2.6 1 ×
10−3 

−5.7  
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3.2. Rates of sNRP adsorption on PBP resin 

Given that the ITC results showed that sNRP binding on PBP was 
thermodynamically feasible, experiments were performed to test sNRP 
adsorption using PBP resin. The rate of adsorption is an important 
parameter in system design as more rapid adsorption kinetics allow for 
smaller process volume or lower hydraulic retention times. 

The PSO model provided a better fit for sNRP adsorption onto PBP 
resin (R2 ≥ 0.98) compared to the PFO model (R2 ≤ 0.69). The non- 
linear PSO model is shown in Fig. 2a (the linear PFO and PSO models 
and associated R2 values are shown in Fig. S1 in the SI). Similarly, 
Venkiteshwaran et al. (2020) showed that Pi adsorption on PBP resin 
followed PSO kinetics. 

The relative rate of adsorption was HMP > PA > TrP > BGP. 
Adsorption of sNRP onto PBP was rapid (time for 95% adsorption, t95%, 
<4 min), whereas t95% was approximately an order of magnitude higher, 
generally exceeding 30 min, for sNRP adsorption using activated carbon, 
carbon nanotubes, XAD resins, or La-based adsorbents (Fig. 2b) (Campos 
do Lago et al., 2020; Xu et al., 2020; Wang et al., 2018a, 2018b). 
However, with the exception of HMP, PBP-sNRP binding was slower 
than PBP-Pi binding, which achieved 95% adsorption in less than 1 min 
(Venkiteshwaran et al., 2020). 

3.3. Isotherm modeling to determine capacity of PBP resin for sNRP 
adsorption 

The Langmuir isotherm model (nonlinear model shown in Fig. 3a; 
linear model, R2 ≥ 0.96, shown in Fig. S2a) provided a better fit to the 
experimental data compared to the Freundlich isotherm model (R2 ≤

0.80, Fig. S2b). The Langmuir isotherm model is used for adsorbents 
with homogeneous, identical, and energetically equivalent active 
adsorption sites, for which the adsorbate does not interact with other 
sites, and once a molecule is bound to an active site, no further binding is 
possible (Saadi et al., 2015). Accordingly, the strong Langmuir model fit 
indicates that the active protein-binding site on each PBP molecule binds 
one available phosphate group (either Pi or an available phosphate 
group in an sNRP molecule). As shown in Fig. 3b, PBP offers higher 
affinity for sNRP compared to sNRP affinity using XAD resins, activated 
carbon, carbon nanotubes, Hr-MgO, and La-based adsorbents. Notably, 
among the other adsorbents compared here, PAC had high affinity for 
triphenyl phosphate (similar order of magnitude to PBP resin, Fig. 3b), 
and also provided the most rapid sNRP adsorption after PBP resin 
(Fig. 2b). 

The qmax values for the sNRP compounds were generally higher 
compared to the maximum adsorption capacity for Pi on PBP resin (0.90 
nmol Pi/nmol PBP) reported by Venkiteshwaran et al. (2020). This is 
likely because one terminal phosphate group in an sNRP compound 
attached to the phosphate-binding site, but total P removal from the 

Fig. 2. (a) Pseudo-second order (PSO) kinetic model 
for adsorption of phytic acid (PA), sodium triphos
phate (TrP), beta-glycerol phosphate (BGP), and so
dium hexametaphosphate (HMP) on phosphate- 
binding protein (PBP) resin. Tests were run at 25 ◦C 
under neutral pH conditions. Error bars represent ±1 
standard error of triplicate experiments. (b) Compar
ison of the time required to achieve 95% adsorption of 
P using different adsorbates (written as adsorbent- 
adsorbate). The blue bars show results using PBP 
resin to adsorb soluble non-reactive phosphorus 
(sNRP, this study) as well as reactive phosphorus (Pi) 
(Venkiteshwaran et al., 2020). The orange bars show 
results of other adsorbent-sNRP pairings reported in 
the literature (Campos do Lago et al., 2020; Xu et al., 
2020; Sharma and Kakkar, 2017; Wang et al., 2018b, 
2018a), all of which take longer than PBP resin to 
achieve the same extent of sNRP adsorption. The 
sNRP compound IHP was myo-inositol hexaki
sphosphate (Na salt of PA). (For interpretation of the 
references to color in this figure legend, the reader is 
referred to the Web version of this article.)   
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solution was higher given that the captured sNRP compounds contained 
more than one P atom. Adsorption of the sNRP compound HMP (6 P 
atoms) did not, however, align with this finding. Binding of HMP on the 
phosphate-binding site might be negatively affected by the lack of two 
available oxygen atoms in the terminal phosphate group, which would 
reduce the number of hydrogen bonds formed, and ostensibly needed for 
effective attachment in the protein cleft (Wang et al., 1997). 

The relative order of sNRP adsorption capacity on PBP resin was PA 
> TrP > BGP > HMP. For comparison, suspended PBP’s relative order of 
binding affinity was PA > BGP > HMP > TrP. This variation highlights 
the potential for differences in binding and removal coefficients deter
mined using ITC (KD, calculated from molecular binding energy) versus 
adsorption isotherm experiments (KL, calculated from P removal). 
Although KD and KL can be calculated from one another, they reflect 
differences in determination based on objective. For example, while PBP 
has one to 1 M capacity for Pi binding, higher molar ratios of sNRP 
removal can be achieved due to higher P content in sNRP molecules. 
Moreover, as discussed previously, the experimental approach using ITC 
and adsorption experiments differed (mobilized versus immobilized PBP 
and unfolding versus alkaline wash to release residual Pi from the pu
rified proteins). Accordingly, the PBP-sNRP binding energy and the 
actual removal capacity of sNRP using PBP resin (more representative of 
wastewater treatment applications) are not necessarily directly 
proportional. 

3.4. Competition between Pi and sNRP for adsorption onto PBP resin 

PBP exhibits extraordinary affinity for Pi, even relative to very 
similarly structured oxyanions such as arsenate (Venkiteshwaran et al., 
2021b). The ITC results in this study also demonstrated that PBP has 
stronger affinity for Pi compared to sNRP. However, immobilized PBP’s 
ability to adsorb sNRP even in the presence of Pi, a likely scenario in 
wastewater matrices, has yet to be tested. Thus, mixtures of sNRP (PA) 
and Pi were used to assess competitive binding on the PBP resin (Fig. 4). 
For solutions containing a mixture of Pi and sNRP, no significant change 
in Pi binding was observed regardless of the relative ratio of the com
pounds (p ≥ 0.2437). This result aligns well with Poole and Hancock’s 
(1984) finding that Pi binding using suspended PBP was not inhibited by 
organophosphates, even when sNRP was present at 1000-fold higher 
levels than Pi. However, significantly less sNRP removal resulted as the 
fraction of sNRP decreased from 100% to 70% and 70% to 60% (p ≤
0.0002). No further reduction in sNRP removal was observed when 
sNRP decreased from 60% to 20% (p = 0.9711). 

As shown in Fig. 4, TP removal decreased significantly (p = 0.0068) 
when Pi was present in the bulk solution. This likely reflects preferential 
Pi binding, which reduces the number of sites available for sNRP; since 
each molecule of sNRP contains more P than a molecule of Pi, this results 
in less TP removal. 

Fig. 3. (a) Langmuir isotherm model for adsorption of 
phytic acid (PA), sodium triphosphate (TrP), beta- 
glycerol phosphate (BGP), and sodium hexameta
phosphate (HMP) on phosphate-binding protein (PBP) 
resin. Tests were run at 25 ◦C for 10 min under neutral 
pH conditions. Error bars represent ±1 standard error 
of triplicate experiments. (b) Comparison of adsorp
tion affinity, represented as the Langmuir constant 
(KL), for adsorption of different adsorbates (written as 
adsorbent-adsorbate). The blue bars show results 
using PBP resin to adsorb soluble non-reactive phos
phorus (sNRP, this study) as well as reactive phos
phorus (Pi) (Venkiteshwaran et al., 2020). The orange 
bars show results of other adsorbent-sNRP pairings 
reported in the literature (Campos do Lago et al., 
2020; Xu et al., 2020; Sharma and Kakkar, 2017; 
Wang et al., 2018b, 2018a), many of which have 
lower sNRP binding affinity compared to PBP resin. 
The sNRP compound IHP was myo-inositol hexaki
sphosphate (Na salt of PA). (For interpretation of the 
references to color in this figure legend, the reader is 
referred to the Web version of this article.)   
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3.5. Release of sNRP from PBP 

Desorption experiments were conducted to assess the recoverability 
of the sNRP compounds after adsorption on the PBP resin. Ven
kiteshwaran et al. (2018b) previously showed that PBP released Pi as pH 
increased; thus, desorption of sNRP was assessed at pH 8, 10, and 12. 
Desorption of PA and HMP did not increase significantly from pH 8 to 10 
(Fig. 5, p ≥ 0.8920), but significantly greater desorption occurred when 
pH increased from 10 to 12 (p ≤ 0.0189). Desorption of TrP and BGP did 
not increase significantly from pH 8 to pH 10, nor from pH 10 to pH 12 
(p ≥ 0.0670); however, desorption at pH 12 was significantly better than 
pH 8 (p ≤ 0.0269). Therefore, sNRP adsorption can be performed at 
circumneutral pH, while desorption can be achieved at pH 12, consistent 
with recommendations for Pi removal and recovery (Venkiteshwaran 
et al., 2018b). This result further supports that the sNRP bound to the 
protein’s phosphate-binding site (as opposed to adsorbing on the surface 
of PBP), which is most active at pH 5.6 to pH 7 and loses its binding 
activity at pH > 9 (Luecke and Quiocho, 1990; Wang et al., 1994). Via 
this desorption step, the sNRP can be concentrated into a smaller vol
ume, and subsequently transformed, e.g., using electrooxidation 

(Mallick et al., 2021) into more readily recoverable forms for enhanced 
recovery of P products such as struvite. 

3.6. Adsorption mechanism for sNRP binding with PBP 

As shown in the previous sections, PBP-sNRP binding demonstrated 
similarity with PBP-Pi binding in terms of rapid binding kinetics, strong 
Langmuir isotherm model fit, and release of adsorbed sNRP under 
alkaline condition. This cumulative evidence suggests that sNRP likely 
bound to PBP’s phosphate-binding site using the phosphate functional 
groups of the sNRP compounds. 

When PBP binds Pi, it relies on the formation of 12 hydrogen bonds 
between the protein’s amino acid residues and the oxygen atoms in 
monobasic or dibasic Pi molecules (Fig. 6). Although bacteria rely on 
phosphate-specific transporters (wherein PBP performs the critical 
initial attachment step) to uptake Pi, when Pi is not available, cells are 
also capable of using organophosphates (Pi esters, e.g., the organic sNRP 
species tested here, PA and BGP), inorganic phosphite, and phospho
nates. Some organophosphates and phosphonates can enter the cell 
intact (Santos-Beneit et al., 2008). For example, the 

Fig. 4. Adsorption of orthophosphate (Pi) and sNRP (phytic acid [PA] was used in this test) on phosphate-binding protein (PBP) resin for solutions with varying 
ratios of Pi to sNRP. The total phosphorus (TP) concentration was 0.35 mg P/L in all tests. Tests were run at 25 ◦C for 10 min under neutral pH conditions. The error 
bars represent ±1 standard error of triplicate experiments. 

Fig. 5. Desorption of sNRP – phytic acid (PA), sodium triphosphate (TrP), beta-glycerol phosphate (BGP), and sodium hexametaphosphate (HMP) – after adsorption 
on phosphate-binding protein (PBP) resin. Tests were run at 25 ◦C for 10 min. The test compounds were first adsorbed on PBP for 10 min under neutral pH conditions, 
then desorbed using pH 8, 10, or 12 buffers. The bars show averages and error bars represent ±1 standard error of triplicate experiments. 
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binding-protein-dependent Ugp transporter uptakes sn-glycer
ol-3-phosphate (G-3-P) and glycerophosphoryl diesters (whereas Pst or 
Pit transporters are responsible for Pi uptake) (Wanner, 1993). However, 
since most organophosphates are not transportable, the Pi is typically 
freed from the organic molecule prior to uptake, e.g., via enzymatic 
hydrolysis (Ohtake et al., 1998). While the phosphate-specific transport 
system (Pst) does not transport sNRP into cells, we hypothesize that the 
binding protein was able to bind accessible phosphate groups on the 
sNRP molecules that we tested, albeit at lower efficiency compared to Pi 
due to the presence of the other molecular constituents. For example, 
BGP’s phosphate group may form hydrogen bonds between the three 
available oxygens and PBP residues, identically to Pi, as shown in Fig. 6, 
while the remaining O attached to the C3H7O2 does not bind to the active 
site. Related, the availability of only a single oxygen atom in HMP may 
impede its PBP binding efficiency (thus yielding less P removal even 
though it has six phosphate functional groups). Future crystallography 
assessments of this binding mechanism and the structural and chemical 
properties of the ligand interactions are needed to further test this 
hypothesis. 

Accordingly, sNRP structure and the availability of oxygens to bind 
at PBP’s active site are likely to strongly influence TP removal and re
covery. A combination of other ambient water quality parameters has 
also been shown to influence P binding using immobilized PBP, partic
ularly pH and temperature (Venkiteshwaran et al., 2020). 

4. Conclusions 

Currently available P treatment technologies do not effectively 
remove or recover sNRP (Venkiteshwaran et al., 2018a). Previous 
adsorption studies targeting sNRP removal report long contact times for 
adsorption and low adsorption/desorption affinities (Campos do Lago 
et al., 2020; Xu et al., 2020; Sharma and Kakkar, 2017; Wang et al., 
2018a, 2018b). The phosphate-selective PBP resin tested in this study 
previously demonstrated effective adsorption and desorption for Pi 
removal and recovery, and here we showed for the first time that the 
PBP resin also effectively adsorbs sNRP. While PBP has stronger affinity 
for Pi, adsorption of all sNRP compounds tested, including organic 
(phosphoester bonds), inorganic (phosphoanhydride bonds), cyclic, and 
noncyclic molecules, was thermodynamically feasible using PBP, with 
95% of maximum adsorption occurring within 4 min. 

Adsorption of the sNRP compounds followed the Langmuir isotherm 
model, indicating 1:1 adsorption of a phosphate group on PBP’s single 
active site. As the PBP likely binds sNRP molecules using a single ter
minal phosphate, “bonus” P removal can be achieved without direct 
binding since some sNRP compounds contain more than one phosphate 
group. However, poorer removal of HMP suggests that when multiple 
oxygen atoms in the phosphate group are bound to other atoms, it 

reduces their ability to bind to the protein, and negatively affects sNRP 
adsorption. Compared to other adsorbents, PBP adsorbed sNRP at a 
higher rate with greater affinity. However, as noted by Venkiteshwaran 
et al. (2020) for Pi adsorption using PBP resin, the material’s overall 
sNRP capacity was low compared to other adsorbents due to the pro
tein’s high molecular weight relative to other commonly used P-binding 
chemical functional groups. Future work focused on increasing the 
adsorption capacity of immobilized PBP materials is needed. 

After adsorption on the PBP resin, controlled desorption of sNRP was 
achieved under high pH conditions (pH 12), demonstrating effective 
recoverability of the sNRP compounds. The PBP resin can thus be used to 
concentrate sNRP compounds for further treatment. For instance, 
concentrated PBP can be transformed to sRP using processes such as 
electrooxidation. Thus, PBP resin can contribute to a circular P economy 
by facilitating enhanced sNRP removal and recovery. 
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Fig. 6. a) Phosphate-binding protein (green) complexed with phosphate (red). b) Detailed view of the ligand interaction. The phosphate molecule is bound by 12 
hydrogen bonds, as specified in the table (Luecke and Quiocho, 1990). Panels a and b were created using PDB ID 1IXH as input to Mol* at www.rcb.org (Sehnal et al., 
2021). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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