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• PBP-NHS resin provided high Pi selec
tivity compared to LayneRT™ ion ex
change resin. 

• PBP-NHS resin’s Pi adsorption capacity 
was not affected by wastewater 
constituents. 

• PBP-NHS resin offered consistent 
adsorption/desorption over three col
umn cycles. 

• Thomas and Yoon-Nelson models had 
R2 > 0.95 for the column breakthrough 
data.  
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A B S T R A C T   

Bio-adsorption using high-affinity phosphate-binding proteins (PBP) has demonstrated effective phosphorus 
removal and recovery in batch-scale tests. Subsequent optimization of design and performance of fixed-bed 
column systems is essential for scaling up and implementation. Here, continuous-flow fixed-bed column tests 
were used to investigate the adsorption of inorganic phosphate (orthophosphate, Pi) using phosphate-binding 
proteins immobilized on resin (PBP–NHS) targeting Pi removal to ultra-low levels followed by recovery. Time 
to breakthrough decreased with higher influent Pi concentration, smaller bed volume, and higher influent flow 
rates. The Thomas and Yoon-Nelson breakthrough models adequately described PBP-NHS resin performance 
with a correlation coefficient of R2 > 0.95. The sharp S-shape of the breakthrough curves for both Pi-only so
lution and multi-ion solution indicated highly favorable and selective separation of Pi using PBP-NHS resin, 
beyond that achieved using LayneRT™, a commercial ion exchange resin. The Pi adsorption capacity of the PBP- 
NHS column was unaffected by competing anions, whereas capacity of the LayneRT™ column dropped by 20%. 
Tertiary wastewater effluent was also successfully treated in PBP-NHS column tests with a typical S-shaped 
breakthrough curve. Operating the fixed-bed column in multi-cycle mode evidenced the reusability of PBP-NHS 
resin with no significant decline in column performance. The results of this study contribute to efforts to scale up 
designs of PBP-NHS adsorption systems.   
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1. Introduction 

Excessive orthophosphate (Pi) released from domestic, agricultural, 
and industrial activities significantly contributes to eutrophication, 
which affects water quality and leads to losses in biodiversity. While too 
much Pi is therefore problematic, conversely, too little Pi also poses 
major challenges. Mineable phosphate is a finite resource that, on 
human timescales, is being continuously depleted to supply fertilizers 
for food production. Therefore, it is vital to efficiently manage Pi usage, 
and removing and recovering Pi from waste streams whenever viable 
can contribute to this effort. Numerous technologies have been applied 
to remove Pi from water/wastewater, including ion exchange resins, 
chemical precipitation and crystallization, adsorption, membrane tech
nology, and biological treatment (Bui et al., 2018; Huang et al., 2017; 
Mayer et al., 2013; Xu et al., 2019; S. Yang et al., 2016). Among these 
technologies, adsorption is a promising approach to remove Pi to low 
final concentrations (Jia et al., 2020; Mayer et al., 2013; Pap et al., 
2020). Advantages include the adsorbents’ high selectivity, low cost, 
and durability in batch or continuous-flow operating modes (Qiu et al., 
2017). Adsorption performance, however, depends on the material itself 
and system conditions such as pH and sorbate concentration (Pap et al., 
2020). 

Nature offers an effective Pi sorbent in the form of high-affinity 
phosphate-binding proteins (PBPs) such as PstS, which selectively 
binds Pi in a deep cleft using 12 hydrogen bonds (Ledvina et al., 1998; 
Luecke and Quiocho, 1990). Adsorptive systems utilizing PstS have been 
developed for Pi removal and recovery (Choi et al., 2013; Hussein et al., 
2020; Li et al., 2009; Venkiteshwaran et al., 2020, 2018; Y. Yang et al., 
2016). Using such systems, effective Pi removal to ultra-low levels, even 
when starting at low concentrations, has been demonstrated. PBP ad
sorbents also offer Pi recovery via pH adjustment to desorb the captured 
molecules in a pure, concentrated form suitable for reuse (Hussein et al., 
2020; Venkiteshwaran et al., 2020). PBP features rapid adsorption in 
comparison to metal oxide adsorbents (Venkiteshwaran et al., 2020). 
For example, Pi sorption using PBP was 30–240 times faster with 15–100 
times higher adsorption affinity compared to zirconium and copper 
oxides. Moreover, PBP can selectively adsorb Pi even in the presence of 
the structurally similar arsenate ion (Venkiteshwaran et al., 2021). 
Previous PBP research predominantly focused on proof-of-concept tests 
performed in batch systems rather than the more realistic flow-through 
columns needed to optimize performance for practical application. 

Continuous-flow, fixed-bed columns are most practical for waste
water treatment as they efficiently treat large volumetric flowrates (Hu 
et al., 2020). Fixed-bed column experiments provide reliable informa
tion pertaining to breakthrough times, adsorption conditions, and ad
sorbents’ stability during continuous use (Satya et al., 2021; Yanyan 
et al., 2018). This study examined Pi adsorption using PBP immobilized 
on a resin material (PBP–NHS) operated in continuous-flow, fixed-bed 
column mode. The research objectives were to (i) investigate the effect 
of column operating parameters (influent concentration, bed volume, 
and flow rate) to establish a basis for large-scale column design; (ii) 
Evaluate the column’s reusability in multi-cycle operating mode and 
examine its selectivity compared to a commercially available ion ex
change resin, LayneRT™; (iii) assess PBP-NHS resin performance 
treating tertiary wastewater effluent; and (iv) Explore the breakthrough 
characteristics of the fixed-bed column using the Thomas, 
Adams-Bohart, Yoon-Nelson, and bed depth service time (BDST) math
ematical models. 

2. Materials and methods 

2.1. Preparation of PBP-NHS resin 

The packed-bed material was prepared by immobilizing a purified 
solution of PBP onto NHS-activated Sepharose resin (schematic illus
tration is shown in the supplementary data, Fig. S1). This consisted of 

two major steps, expression and purification followed by immobiliza
tion, as described below. 

2.1.1. PBP expression and purification 
The backbone overexpression plasmid pET22b including the pstS 

gene (A197C) was obtained from Addgene, USA (plasmid #78198). The 
plasmid was transformed into E. coli BL21(DE3) competent cells, as 
described by Solscheid et al. (2015). To express and purify PBP, re
combinant cells were cultivated in Luria Broth (LB) with 100 mg mL−1 

ampicillin at 37 ◦C and vigorous agitation at 250 rpm. Once the cell 
suspension reached an OD600 value of 0.6–0.8, 1 mM isopropyl 
β-d-1-thiogalactopyranoside (IPTG) was added. The IPTG was allowed 
to react with the culture for 3–4 h, after which the induced cells were 
centrifuged for 20 min at 1250×g. PBP expression in the cells was 
confirmed using sodium dodecyl sulfate polyacrylamide gel electro
phoresis (SDS-PAGE), as described by Hussein et al. (2020). 

To obtain purified PBP solution, the PBP-expressed cell pellet was 
resuspended in 100 mL of binding buffer (50 mM NaH2PO4, 0.5 M NaCl, 
pH 8.0) and sonicated using a Q500 Sonicator (Qsonica, USA) set at 
amplitude = 45%, pulse rate = 15 s on and 45 s off. The lysate super
natant was collected following centrifugation at 6700×g for 45 min. The 
supernatant was then added to a Ni Sepharose™ 6 Fast Flow resin col
umn (GE Healthcare Life Sciences, USA) to bind for 60 min at room 
temperature with gentle agitation. Elution buffer (50 mM NaH2PO4, 0.5 
M NaCl, 250 mM imidazole, pH 8.0) was used to release the PBP, and 5 
mL eluted fractions were collected. The protein’s presence was verified 
in the eluted fractions using SDS-PAGE. The eluted PBP fraction was 
dialyzed in buffer (0.2 M NaHCO3, 0.5 M NaCl, pH 7), and the PBP 
concentration was measured using a Pierce™ BCA protein assay kit 
(Thermo Fisher Scientific, USA). The PBP was stored in 14% glycerol 
solution at −80 ◦C until use. 

2.1.2. PBP immobilization on NHS-activated Sepharose 
To immobilize PBP on the surface of NHS-activated Sepharose, pu

rified PBP samples were dialyzed using a Spectra/Por® 2 dialysis 
membrane (MWCO 12–14 kDa, Spectrum Laboratories, Inc., USA) to 
remove the glycerol preservative. PBP dialysis was conducted at room 
temperature for 2 h with 4–6 exchanges of buffer (0.2 M NaHCO3, 0.5 M 
NaCl, pH 8). The dialyzed PBP was immobilized on NHS-activated 
Sepharose™ 4 Fast Flow resins (GE Healthcare Life Sciences, USA) 
following the manufacturer’s instructions (71–5000–14 AD). Briefly, 
NHS-activated Sepharose resin was washed with 10–15 bed volumes of 
1 mM HCl solution at 4 ◦C. The washed resin was mixed with PBP so
lution at a 1:1 volumetric ratio. The coupling reaction was performed at 
room temperature for 4 h. 

After reaction completion, the supernatant was collected and the 
concentration of unbound PBP was measured using a Pierce™ BCA 
protein assay kit. The binding efficiency of the NHS-activated Sepharose 
was 60–80%. The modified resin was blocked against non-reacted 
groups using 2 bed volumes of 0.1 M Tris-HCl at pH 8.5 for 45 min. 
The resin was then washed with low pH (0.1 M acetate, 0.5 M NaCl, pH 
4–5) and high pH (0.1 M Tris-HCl, pH 8–9) buffers in 3 repetitions of 
alternating wash cycles. To remove the legacy Pi adsorbed on the PBP 
during the expression and purification process, PBP-NHS resin was 
washed with 5 bed volumes of Tris buffer at pH 12.5, which completely 
desorbed Pi from the PBP-NHS resin (Venkiteshwaran et al., 2018). The 
PBP-NHS resin was kept at 4 ◦C until use within 48 h. 

2.2. Fixed-bed adsorption studies 

Continuous-flow, fixed-bed column experiments were conducted to 
evaluate column performance under various operating parameters: 
influent concentration, bed volume, flow rate, and multi-cycle operating 
mode. These tests were performed in well-controlled laboratory buffers. 
The selectivity of PBP-NHS resin was evaluated in comparison to a 
commercially available resin, LayneRT™. Additionally, a lab-scale 
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experiment using tertiary wastewater effluent was performed to further 
assess the performance of PBP-NHS resin in more realistic settings. 

2.2.1. The influence of column operating parameters 
PBP-NHS resin was packed into Bio-Rad’s Poly-Prep® columns (0.8 

cm ID x 4 cm H). A peristaltic pump was used to maintain continuous 
downflow of Pi solution. Experimental conditions are listed in Table 1. 
Each set of experiments was conducted in duplicate. Effluent fractions 
(1.0 mL) were collected at room temperature for all experiments at 
regular time intervals until the bed was exhausted (i.e., the effluent Pi 
concentration [Ct] equaled the influent Pi concentration [C0]). The 
column’s breakthrough point was determined as Ct/C0 = 10%, and the 
column’s point of exhaustion was Ct/C0 = 90%. Influent and effluent Pi 
concentrations were measured using the standard ascorbic acid method 
(APHA, 2005). 

PBP-NHS resin must also be reusable such that the Pi binding ability 
of the system is restored following desorption (Kuroda et al., 2000). 
Moreover, the recovered Pi from desorption can be utilized for subse
quent reuse. To evaluate the system’s reusability, consecutive 
adsorption-desorption cycles were conducted three times with an 
influent Pi concentration of 1.1 mg PO3−

4 L−1, 1.0 mL bed volume of 
drained PBP-NHS resin, and 0.2 mL min−1 flow rate. The desorption 
cycle was performed using 3 bed volumes of Tris buffer at pH 12.5. A 
control column experiment with only NHS resin (without PBP) was also 
performed to ensure no Pi adsorption was associated with NHS-activated 
Sepharose. The control test showed that the NHS resin by itself did not 
adsorb Pi, meaning that all adsorptive performance was derived from the 
PBP’s functionality. 

2.2.2. PBP-NHS resin’s Pi selectivity 
To compare the selectivity of PBP-NHS resin to the commercially 

available P-selective resin LayneRT™ (Layne Christensen Co., The 
Woodlands, TX), parallel experiments using Pi-only solution and multi- 
ion solution were conducted. For PBP-NHS resin, the fixed-bed column 
was operated with 0.35 g PBP-NHS resin, flow rate of 0.2 mL min−1, and 
1.5 mg L−1 Pi-only solution (spiked as KH2PO4). An identical column 
was operated with a multi-ion solution containing 1.5 mg L−1 each of 
KH2PO4, MgSO4, CaCl2, KNO3, and NaHCO3. Tests using both water 
matrices were conducted in duplicate. Analogous experiments were 
conducted using LayneRT™ resin. The fixed-bed column was performed 
with 0.35 g LayneRT™ resin, flow rate of 0.2 mL min−1, and Pi-only 
solution of 1.0 g L−1. For multi-ion solution tests, 1.0 g L−1 of each 
(KH2PO4, MgSO4, CaCl2, KNO3, and NaHCO3), flow rate of 0.2 mL 
min−1, and 0.35 g LayneRT™ resin were used. Both experiments were 
conducted in duplicate. 

A continuous-flow, fixed-bed column test was also performed using 
tertiary wastewater effluent to evaluate the PBP column’s performance 
in more realistic applications. Tertiary wastewater effluent was 
collected from the fifth pass of the chlorination basin at the South Shore 
Water Reclamation Facility (Oak Creek, WI). Tertiary wastewater sam
ples were analyzed for water quality parameters, as shown in the 

supplementary data (Table S1). The influent Pi concentration was 
~0.75 mg PO3−

4 L−1 and the column was operated with 0.5 mL drained 
PBP-NHS resin and a flow rate of 0.3 mL min−1. Consecutive 1 mL 
samples were collected until the effluent concentration equaled the 
influent. A reusability test was conducted for tertiary wastewater 
effluent (three consecutive adsorption-desorption cycles) using these 
same fixed-bed column parameters, with desorption using 3 bed vol
umes of Tris buffer at pH 12.5. 

2.2.3. Statistical analysis 
One-way ANOVA was performed to assess the differences in break

through curves for multi-cycle operation mode (reusability study), as 
well as to assess the differences in breakthrough curves for the selec
tivity study. All statistics were performed using Excel with a significance 
level of α = 0.05. 

2.3. Mathematical modeling of breakthrough curves 

Breakthrough curves showing the ratio of effluent concentration to 
influent concentration with respect to time (Ct/C0 vs t) were modeled 
using the empirical Adams-Bohart, Thomas, Yoon-Nelson, and Bed- 
Depth/Service Time (BDST) models to determine the dynamic proper
ties of fixed-bed column operation for scaling-up purposes and perfor
mance comparison (Satya et al., 2021). These models are the most 
widely used to analyze adsorbent-adsorbate behavior in column-mode 
system operation (Patel, 2019). 

2.3.1. Adams-Bohart model 
The Adams-Bohart model was developed based on the surface reac

tion theory, which predicts that equilibrium is not immediate. Hence, 
the rate of adsorption is proportional to the remaining capacity of the 
adsorbent and the concentration of adsorbate (Chowdhury et al., 2015). 
The model equation and its linearized form are shown in Eq. (1) and Eq. 
(2), respectively. 

Ct

C0
= exp

(

KABC0t − KAB
N0Z
U0

)

(1)  

ln
Ct

C0
= KABC0t − KAB

N0Z
U0

(2)  

where C0 and Ct are the influent and effluent Pi concentrations (mg L−1), 
respectively. Z is the bed height (cm), U0 is the superficial velocity (cm 
min−1), KAB is the Adams-Bohart rate constant (L (mg-min)−1), and N0 is 
the saturation concentration (mg L−1). Values for KAB and N0 are 
calculated from the slope and the intercept of Eq. (2), respectively. 

2.3.2. Thomas model 
The Thomas model was developed based on the assumption of the 

Langmuir adsorption isotherm with no axial dispersion, with second- 
order biosorption reaction kinetics (Recepoğlua et al., 2018). The 
Thomas model is shown in equation Eq. (3) and its linearized form is in 
Eq. (4). 

Ct

C0
=

1

1 + exp
(

KTHq0m
Q − KTHC0t

) (3)  

ln
(

C0

Ct
− 1

)

=
KTHq0m

Q
− KTHC0t (4)  

where C0 and Ct are the influent and effluent Pi concentrations (mg L−1), 
m is the weight of PBP-resin (g), Q is the flow rate (mL min−1), KTH is the 
Thomas rate constant (L (mg-min)−1), and q0 is the adsorption capacity 
(mg g−1). Values for KTH and q0 are calculated from the slope and the 
intercept of Eq. (4), respectively. 

Table 1 
Continuous-flow fixed-bed column experimental design.  

Parameter Experimental Conditions 

Influent Concentration, 
C0 (mg PO3−

4 L−1)  
Bed Volume, 
BV (mL) 

Flow rate, Q 
(mL min−1) 

Variable influent 
concentration 

0.5 1.5 0.2 
1.0 1.5 0.2 
1.5 1.5 0.2 

Variable bed 
volume 

0.65 0.5 0.2 
0.65 1.0 0.2 
0.65 1.5 0.2 

Variable flow rate 0.75 1.0 0.1 
0.75 1.0 0.2 
0.75 1.0 0.3  
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2.3.3. Yoon-Nelson model 
The Yoon-Nelson model is a simple theoretical model derived based 

on the assumption that decreasing rate of adsorption for a molecule is 
proportional to adsorbate adsorption and breakthrough on the adsor
bent (Chowdhury et al., 2013; Patel, 2019). The model equation and its 
linearized form are described in Eq. (5) and Eq. (6), respectively. 

Ct

C0
=

exp (KYN t − τKYN)

1 + exp (KYN t − τKYN)
(5)  

ln
Ct

C0 − Ct
= KYN t − τKYN (6)  

where C0 and Ct are the influent and effluent Pi concentrations (mg L−1), 
KYN is Yoon-Nelson rate constant (min−1), and τ is the time required for 
50% adsorbate breakthrough (min). Values for KYN and τ can be found 
from the slope and the intercept of Eq. (6), respectively. 

2.3.4. Bed-Depth/Service Time model 
The BDST model is used to predict how long the column’s packed- 

bed material can last before regeneration or replacement (Samar
ghandi et al., 2014). The BDST model was developed based on a surface 
chemical reaction between the adsorbate and the unused capacity of the 
adsorbent, with negligible intraparticle diffusion (Oh et al., 2009; 
Samarghandi et al., 2014). The linear relationship of bed depth (i.e., 
height) to service time is given by Eq. (7) (Oh et al., 2009). 

t =
N0Z
C0F

−
1

KBDSTC0
ln

(
C0

Ct
− 1

)

(7)  

where C0 and Ct are the influent and effluent Pi concentrations (mg L−1), 
KBDST is the rate constant of the BDST model (L (mg-min)−1), N0 is the 
adsorption capacity (mg L−1), Z is the bed depth (cm), F is the linear 
velocity (cm min−1), and t is the service time (min). 

3. Results and discussion 

3.1. Fixed-bed adsorption studies 

To design and run fixed-bed columns for realistic full-scale opera
tion, smaller-scale breakthrough curves tested as a function of operating 
parameters are needed (Manjunath and Kumar, 2021). To inform 
scale-up and implementation, the breakthrough curves from the 
continuous-flow, fixed-bed column experiments using PBP-NHS are 
discussed in the following sections. 

3.1.1. Column operating parameters 

3.1.1.1. Effect of influent Pi concentration. The effect of influent Pi 
concentration on the breakthrough curve was investigated for influent 
levels of 0.5, 1.0, and 1.5 mg PO3−

4 L−1, as illustrated in Fig. 1a. 
Increasing influent Pi concentration resulted in a steeper breakthrough 
curve due to faster mass transfer. Time to breakthrough was faster as 
influent Pi concentration increased, with values of 100, 55, and 45 min 
for 0.5, 1.0, and 1.5 mg PO3−

4 L−1, respectively (145, 100, and 60 min for 
exhaustion). At the lowest influent Pi concentration tested (0.5 mg 
PO3−

4 L−1) the number of treated bed volumes was 20, or approximately 
twice that treated when the Pi concentration doubled. This general trend 
(i.e., increasing the concentration expedites breakthrough) was ex
pected because the available active PBP binding sites were more rapidly 
occupied in the presence of higher Pi concentration, and the column was 
saturated more quickly. Yet, the exact timing of column breakthrough 
and exhaustion under variable conditions is needed for scale-up and 
must be determined experimentally. 

3.1.1.2. Effect of bed volume. The effect of bed volume (controlled by 
bed height) on the breakthrough curve is shown in Fig. 1b. Noticeably 
longer time to breakthrough was obtained as the bed volume increased 

Fig. 1. Breakthrough curves (ratio of effluent to influent Pi concentration [Ct/C0] as a function of operating time) under different column operating parameters: (a) 
influent Pi concentration, (b) bed volume, (c) flow rate, and (d) multi-cycle column experiment at an influent concentration of 1.1 mg L−1, bed volume of 1 mL, and 
flow rate of 0.2 mL min−1. Note that the maximum time varies among the panels. All column tests were conducted in duplicate, as indicated by the error bars. 
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from 0.5 mL to 1.5 mL. Time to breakthrough was 25, 45, and 75 min for 
0.5, 1.0, and 1.5 mL of drained PBP-NHS resin, respectively (35, 70, and 
90 min for exhaustion). Increasing the bed volume provided more PBP 
active binding sites in the column to capture Pi; therefore, a longer time 
was needed to reach complete saturation (column exhaustion). The 
number of treated bed volumes doubled from 5 to approximately 10 as 
bed volume doubled, which suggests a uniform distribution of PBP 
adsorption on NHS-activated Sepharose. This lab-scale breakthrough 
data can be used to advance scaled-up design for large-scale column 
applications. 

3.1.1.3. Effect of feed flow rate. The effect of influent Pi flow rate on the 
breakthrough curve is shown in Fig. 1c. As expected, time to break
through was more rapid as influent Pi flow rate increased. Time to 
breakthrough was 80, 40, and 23 min for 0.1, 0.2, and 0.3 mL min−1, 
respectively (100, 55, and 37 min for exhaustion). The available PBP 
binding sites were rapidly occupied when higher rates of Pi molecules 
entered the column. 

3.1.1.4. Reusability. To evaluate the system’s reusability, consecutive 
adsorption-desorption cycles were conducted three times, as shown in 
Fig. 1d. The desorption cycle, which consisted of three bed volumes of 
wash with pH 12.5 Tris buffer, released all Pi from the column. For the 
first cycle, the breakthrough time was 40 min, and the exhaustion time 
was 55 min with a treated bed volume of 8 mL. For the second cycle, the 
breakthrough time was 40 min, and the exhaustion time was 50 min 
with a treated bed volume of 8 mL. For the third cycle, the breakthrough 
time was 35 min, and the exhaustion time was 45 min with a treated bed 
volume of 7 mL. The experimental data showed slight variation in the 
breakthrough curves between the cycles. However, one-way ANOVA 
showed no significant difference between the three cycles (p = 0.93). 
Thus, there was no loss in PBP-NHS resin performance for at least three 
cycles of adsorption/desorption in column mode operation. Ven
kiteshwaran et al. (2018) similarly showed no loss in performance over 
10 cycles of adsorption/desorption in batch-mode operation. 

3.1.2. Selectivity of PBP-NHS resin in more complex matrices 

3.1.2.1. Phosphate-only versus multi-ion buffer. An adsorbent’s selec
tivity is important for actual applications in which many potential 
competitors may be present in solution. Higher selectivity offers higher 
removal in the presence of other constituents, and also leads to a purer 
recovered product, which enhances the value of the process. The 
selectivity of PBP-NHS resin was investigated in parallel sets of experi
ments using Pi-only solution and multi-ion synthetic solution (Fig. 2a). 
There was no significant difference between the breakthrough curves (p 
= 0.81), with each having a breakthrough time of 20 min with 4 mL 

treated bed volume and time to exhaustion of approximately 35 min. 
This demonstrates the high Pi-selectivity of PBP-NHS resin, in agreement 
with previous batch tests (Venkiteshwaran et al., 2020). 

For comparison, Fig. 2b illustrates the breakthrough curves for Pi- 
only solution and multi-ion solution experiments using commercially 
available, phosphate-selective ion exchange resin, LayneRT™. Notice
ably, LayneRT™ resin’s performance was affected by competing anions, 
where competing anions decreased the time to exhaustion by 20 min. 
Additionally, the LayneRT™ resin’s Pi removal capacity (40 mg P g-1 

LayneRT resin) dropped by 20% due to the presence of competing an
ions. Accordingly, although LayneRT™ resin offers much more selective 
Pi adsorption relative to common adsorbents such as granular activated 
carbon, competition due to other ions can impact performance, as also 
reported in other studies (Martin et al., 2018; Ownby et al., 2021; Tang, 
2015; Williams et al., 2015; You et al., 2016). Conversely, the presence 
of other anions and cations did not impede Pi adsorption using the 
PBP-NHS resin. 

3.1.2.2. Wastewater. To investigate PBP-NHS resin’s performance 
under more realistic conditions, tertiary wastewater effluent was tested 
in continuous-flow, fixed-bed columns. The breakthrough curves for a 
single-column run and multi-cycle column run are illustrated in Fig. 3a 
and Fig. 3b, respectively. Compared to the Pi synthetic solution exper
iments, the wastewater breakthrough curve had a typical S-shape with a 
breakthrough time of 20 min and exhaustion time of 43 min. The curve 
was more gradual (i.e., there was not a quick jump in the effluent con
centration), with 23 min between breakthrough and exhaustion 
compared to 10 min using the Pi-only solution. The tertiary wastewater 
components likely served as a physical barrier, i.e., causing steric hin
drance to prevent Pi from accessing the immobilized PBP’s active 
binding, thus extending the time to exhaustion. While extending the 
time to exhaustion can be beneficial in application, it would be impor
tant to monitor effluent concentrations to ensure compliance with the 
discharge limits during the extended cycle. Although the shape of the 
breakthrough curves differed, there was no difference in adsorption 
capacity as the PBP-NHS resin achieved 96% of its maximum theoretical 
capacity in both synthetic solution and wastewater (20 μg P g-1 PBP-NHS 
resin). 

Three consecutive cycles of adsorption/desorption using the column 
to treat wastewater showed no significant reduction (p = 0.91) in the 
time to exhaustion and the treated bed volume. The first cycle had a 
breakthrough time of 23 min and exhaustion time of 40 min with a 7-mL 
treated bed volume. The second and third cycles had breakthrough times 
of 20 min and exhaustion times of 37 min with a 6-mL treated bed 
volume. 

Fig. 2. Comparison of breakthrough curves (ratio of effluent to influent Pi concentration [Ct/C0] as a function of operating time) using Pi-only solution versus multi- 
ion solution (containing phosphate, sulfate, chloride, nitrate, and bicarbonate ions) for two different phosphate-selective resins: (a) PBP-NHS resin, and (b) Lay
neRT™ resin. All column tests were conducted in duplicate, as indicated by the error bars. 
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3.2. Mathematical modeling of breakthrough curves 

3.2.1. Breakthrough curve fitting with the Adams-Bohart, Thomas, and 
Yoon-Nelson models 

Parameters for the Adams-Bohart, Thomas, and Yoon Nelson models 
are provided in Table 2. A comparison between the empirical and 
theoretical breakthrough curves predicted using these models at 
different influent Pi concentrations is shown in the Supplementary Data 
(Figs. S2-S4). The linear regression analyses and the breakthrough curve 
comparison at different bed volumes and flow rates for all models are 
shown in the Supplementary Data (Figs. S5-S10). The breakthrough 
curves were well fit using the Thomas and Yoon-Nelson models (R2 >

0.95). The strong alignment of the experimental data with the Thomas 
model suggests that Pi adsorption occurs in a monolayer (Langmuir 
isotherm assumption) with no axial dispersion. In contrast, the Adams- 
Bohart model only fit well to the initial part of the breakthrough 
curve (Ct/C0 < 0.1). This agrees with previous reports that the Adams- 
Bohart model is usually used to describe only the initial part of the 
breakthrough curve (Singh et al., 2020). 

As influent Pi concentration increased, the Thomas model rate con
stant (KTH) decreased, while the sorption capacity (q0) increased. The 
same trend was observed for the Adams-Bohart model. Higher adsorbate 
concentration increases the resistance to mass transfer and thus de
creases the rate constants (Manjunath and Kumar, 2021). Conversely, 
the Yoon-Nelson rate constant (KYN) increased as influent Pi concen
tration increased. Using the Yoon-Nelson model, the time to Ct/C0 =

50% (τ) decreased from 96.7 min to 44.2 min as Pi concentration 
increased from 0.5 to 1.5 mg PO3−

4 L−1. 
The percent error (ε) between τ determined using the experimental 

data versus the predicted model was 8%–12%. For the Thomas model, 

the error between Ct/C0 = 50% values determined using the experi
mental data versus the predicted model was 3%–9%, suggesting that 
both Thomas and Yoon-Nelson models provide good predictions of the 
dynamic behavior of the PBP-NHS resin column. 

All model rate constants decreased as bed volume increased, while 
the sorption capacity increased. Greater bed depth slows the mass 
transfer rate by increasing the residence time between the adsorbate and 
adsorbent (Manjunath and Kumar, 2021). The time required for Ct/C0 =

50% (τ) increased from 22.4 min to 67.6 min as bed volume increased 
from 0.5 to 1.5 mL of drained PBP-NHS resin. The error between 
experimental and predicted Ct/C0 = 50% values was 16%–20% using the 
Yoon-Nelson model and 0.1%–0.4% using the Thomas model. 

The Thomas model rate constant (KTH) and sorption capacity (q0) 
increased as flow rate increased. The same trend was observed for the 
Adams-Bohart model, where the mass transfer coefficient (KAB) and 
saturation concentration (N0) increased as influent Pi flow rate 
increased. Similarly, the Yoon-Nelson rate constant (KYN) increased as 
influent Pi flow rate increased. The time required for Ct/C0 = 50% (τ) 
decreased from 76.5 min to 24.8 min as influent Pi flow rates increased 
from 0.1 to 0.3 mL. The error (ε) between experimental and predicted 
values was 11% for all operating flow rates using the Yoon-Nelson model 
and 0.3%–0.7% using the Thomas model. 

3.2.2. Application of the Bed-Depth/Service Time (BDST) model 
Service time reflects the useful operating time prior to regeneration 

or replacing the column media under specific operating conditions and 
is useful to scale up and optimize a fixed-bed adsorption system (Ang 
et al., 2020). The predicted bed service time at different influent Pi 
concentrations and flow rates using the BDST model is illustrated in 
Fig. 4, with 10% and 90% breakthrough. Experimental data fit to the 

Fig. 3. Breakthrough curves (ratio of effluent to influent Pi concentration [Ct/C0] as a function of operating time) for tertiary wastewater effluent tests: (a) single- 
column experiment and (b) multi-cycle column experiment. Both tests were performed using a bed volume of 0.5 mL, flow rate of 0.3 mL min−1, and influent 
phosphate concentration of 0.75 mg PO3−

4 L−1. All column tests were conducted in duplicate, as indicated by the error bars. 

Table 2 
Adams-Bohart, Thomas, and Yoon-Nelson model parameters for varying column operating conditions.   

Adams-Bohart model Thomas model Yoon-Nelson model 

C0 (mg 
L−1) 

Z 
(cm) 

Q (mL 
min−1) 

EBCT 
(min) 

KAB (L [mg- 
min]−1) 

N0 (mg 
L−1) 

R2 KTH (L [mg- 
min]−1) 

q0 (mg 
g−1) 

R2 KYN 

(min−1) 
Τ 
(min) 

R2 

0.5 3 0.2 7.5 0.209 9.51 0.78 0.458 12.1 0.95 0.260 96.7 0.95 
1.0 3 0.2 7.5 0.164 10.5 0.80 0.276 13.1 0.95 0.308 57.5 0.89 
1.5 3 0.2 7.5 0.203 10.5 0.81 0.429 13.8 0.97 0.630 44.2 0.97 
0.65 1 0.2 2.5 0.249 8.62 0.85 0.882 10.0 1.00 0.562 22.4 1.00 
0.65 2 0.2 5.0 0.055 9.01 0.90 0.266 9.32 0.97 0.137 38.2 0.96 
0.65 3 0.2 7.5 0.156 8.03 0.97 0.376 10.3 1.00 0.169 67.6 1.00 
0.75 2 0.1 10.0 0.139 7.45 0.85 0.404 9.43 1.00 0.308 76.5 1.00 
0.75 2 0.2 5.0 0.143 8.07 0.83 0.458 9.63 1.00 0.350 39.1 1.00 
0.75 2 0.3 3.3 0.433 7.00 0.88 0.857 8.78 0.99 0.625 24.8 0.99 

C0, influent Pi concentration (mg PO3−
4 L−1); Z, bed depth (cm); Q, flow rate (mL min−1); EBCT, empty bed contact time (min); KAB, mass transfer coefficient (L [mg- 

min]−1); N0, saturation concentration (mg L−1); KTH, Thomas model rate constant (L [mg-min]−1); q0, sorption capacity (mg g−1); KYN, Yoon-Nelson rate constant 
(min−1); τ, time required for 50% breakthrough (min). 
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BDST equation (R2 > 0.95) are shown in the Supplementary Data 
(Figs. S11 and S12). For the tertiary wastewater effluent (Fig. S13, 
Fig. S14, and Table S2), the models also performed well (R2 = 0.99, error 
1%). 

Results from the lab-scale column breakthrough tests can be used to 
design large-scale columns using the scale-up approach (Jung et al., 
2017). An example of the scale-up design calculations and parameters is 
provided in the Supplementary Data (Table S3). 

4. Conclusions 

A comprehensive lab-scale, fixed-bed column study of Pi adsorption 
using PBP-NHS resin was conducted in this study. Highly selective Pi 
separation was observed, as illustrated by the sharp S-shape of the 
breakthrough curves. There was no significant decline in the column’s 
performance over three consecutive cycles in either synthetic solution or 
tertiary wastewater, substantiating PBP-NHS resin’s reusability, as well 
as the potential to recover the captured Pi for subsequent reuse. 
Furthermore, the resin’s capacity was unaffected by competing anions, 
whereas the LayneRT™ column capacity dropped 20% in the presence 
of other anions. The Thomas and Yoon-Nelson models satisfactorily 
described the breakthrough characteristics for PBP-NHS resin and BDST 
analysis predicted breakthrough service times. This study supports the 
potential for implementation of fixed-bed, flow through systems 
featuring the high-affinity PBP bioadsorbent to effectively remove Pi to 
ultra-low levels while recovering Pi from wastewater. The results herein 
inform design and scale up of PBP-NHS adsorption systems, although 
setting-specific parameters must also be accounted for during system 
design and implementation. 
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