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A B S T R A C T

Numerous drinking water plants and agricultural wastewaters generate water treatment residuals (WTR) during
coagulation processes. These WTRs may be effective at reducing nutrients entering waterways, thereby decreasing
the potential formation of algal blooms. Of the WTRs used in this study, Al-based WTR (Al-WTR) was the most
effective achieving a 20 �C cumulative adsorbed concentrations (qe) after 28 days of desorption of 63–76 mg PO4/
kg Al-WTR depending on the initial spiked concentration. When the isotherm temperature was 5 �C, Al-WTR
effectiveness decreased. Ferric chloride WTR (Fe-WTR) was only effective when 0.6 mg/L of PO4 was spiked to
surface water with 0.01 mg/PO4 stored at 20 �C yielding a 28 day cumulative qe 5.67 mg PO4/kg Fe-WTR. At 5
�C, the cumulative qe after extended desorption was 1–4.63 mg/kg Fe-WTR. Ferrous sulfate based WTR (Fe2-
WTR) was not capable of adsorbing any additional PO4 regardless of the spiked concentration or temperature.
1. Introduction

There are two primary approaches to providing clean water: treating
water so that it is safe for consumption and treating wastewater prior to
release to a nearby waterway. A key step used to achieve these goals is
coagulation and flocculation for removing suspended particles, dissolved
inorganics and organic matter (Ahmad et al., 2017; Rivas et al., 2010).
Although coagulation-flocculation processes are very effective, they
produce substantial volumes of waste streams. In 2010, a 26 million
gallon/day plant produced an average of 28,600 gal/day of water
treatment residual (USEPA, 2011). Factoring in that most major cities
have a drinking water plant, the global production of water treatment
residual (WTR) is estimated at over 10,000 tons/day (Ahmad et al.,
2017). However, drinking water plants are not the only source of WTRs.
Cheese manufacturing, one of the primary agricultural products, pro-
duces a cheese-whey wastewater that contains very high levels of ni-
trogen and phosphorus (Carvalho et al., 2013). The treatment of cheese
whey also produces significant wastewater residuals (Guerreiro et al.,
2020). For instance, the European cheese industry produced 126,718
tons/yr of wastewater residuals (Ashekuzzaman et al., 2019). As there is
a continuous generation of WTR from drinking water plants and cheese
ht).
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wastewater, finding a beneficial use for the WTRs would be
advantageous.

The primary water/wastewater coagulants used are aluminum sulfate
(alum), ferric chloride and ferrous chloride (Brennan et al., 2011; Mat-
ilainen et al., 2010). During coagulation treatment, the dominant re-
actions with alum, ferric chloride and ferrous chloride follow those
shown in Eqs. (1), (2), (3), and (4) (Reynolds and Richards, 1996; Ebeling
et al., 2003; Turner et al., 2019).

Al2ðSO4Þ3 � ð14� 18ÞH2Oþ 3CaðHCO3Þ2⇌2AlðOHÞ3 þ 6CO2 þ 3CaSO4

þ ð14� 18ÞH2O

(1)

FeCl3 þ 3H2O⇌FeðOHÞ3 þ 3CO2 þ 3Cl� ðwith alkalinityÞ (2)

FeCl3 þ 3H2O⇌FeðOHÞ3 þ 3HCl ðno alkalinityÞ (3)

FeSO4 � 7H2O→Fe2þ þ SO2�
4 þ 7H2O→FeðOHÞ2 þ SO2�

4 þ 2Hþ þ 5H2O

(4)
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Figure 1. Batch adsorption isotherm of PO4 for Al-WTR with (a) distilled water at 20 �C with spiked concentration, (b) surface water with spiked concentationþ0.39
mg/L background concentration at 20 �C and (c) surface water with the spiked concentrationþ0.03 mg/L background concentration at 5 �C. Error bars are standard
deviation of triplicate samples.
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Studies found that that the solids in the WTR have a strong adsorption
capacity for reactive phosphorus (PO4) as the WTR often contains sub-
stantial amounts aluminum or iron (Gao et al., 2013). Phosphorous
adsorption capacities of 4.8–37 mg PO4/g WTR have been achieved
depending on the WTR used, contact time, and pH (Wang et al., 2011).
The general reactions used to describe the adsorption of PO4 onto
Al-based and Fe-based WTR surfaces (Gibbons and Gagnon, 2011; Li
et al., 2019; Yang et al., 2006) are given in Eqs. (5) and (6), respectively.

� 2Al�OHþH2PO�
4 ⇌ �ðAlÞ2HPO4 þH2Oþ OH� (5)

� Fe� OH þ H2PO�
4 ⇌ � Fe� O� H2PO3 þ OH� (6)

Most studies reported that ligand exchange was the dominant
mechanism of PO4 adsorption with OH flocs regardless of whether the
WTR was alum or iron based (Gao et al., 2013; Zohar et al., 2017).
2

Additional reactions that are associated with the sorption capacity of
WTR include hydroxide exchange, surface complexation, and
co-precipitation (Xu et al., 2020).

As noted above, WTRs have an adsorption capacity for PO4. However,
the majority of the studies had processed the WTR before use. Pre-
processing steps of sieving/grinding to a particle size of ~ 2mm (Gao
et al., 2013; Razali et al., 2007; Zohar et al., 2017), thermal treatment
(Wang et al., 2016) or acid wash (Wang et al., 2011) have been done to
increase the number of potential adsorption sites. These steps can add to
the cost of using the WTR. The ultimate goal of the research sponsors was
to use WTR the without any additional processing. Therefore, the ob-
jectives of this research were to conduct a preliminary evaluation on the
i) feasibility of WTR that had not undergone preprocessing for reducing
reactive phosphorous in surface waters, ii) impact of temperature on PO4
sorption, and iii) differences between Al-based and Fe-based WTRs. It
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Figure 2. Al-WTR batch desorption isotherms with distilled water and stored statically at 20 �C for initial spiked PO4 concentration of: a) Control (0 mg/L spiked
PO4); b) 0.10 mg/L spiked PO4; c) 0.15 mg/L spiked PO4; d) 0.20 mg/L spiked PO4; e) 0.25 mg/L spiked PO4; and f) 0.30 mg/L spiked PO4. Error bars are standard
deviation of the triplicate samples. Data labels corresponds to the cumulative desorption day (i.e., d21 is cumulative desorption by day 21).

G. Carleton et al. Heliyon 6 (2020) e04681
was hypothesized that Al-WTR and Fe-WTRwould be more effective than
ferrous-based WTR (Fe2-WTR).

2. Experimental methods

2.1. Water treatment residual sources, collection, and characterization
methods

Three different WTRs were used in the study. Al-WTR was collected
from drying beds of a 35 million gallon/day (MGD) drinking water
plant located in northeast Ohio. Ferric-based WTR (Fe-WTR) was ob-
tained from a 4.5 MGD drinking water plant in northeast Ohio. The
ferrous-based WTR (Fe2-WTR) was collected from a cheese manufac-
turer that uses the coagulant to treat 600,000 gallon/day of
dairy wastewater. WTRs were placed into separate clean buckets using
clean shovels. Once filled, the buckets were sealed and transported
to the laboratory. Aluminum leachate testing, iron leachate testing,
and pH of each WTR were measured to establish baseline properties.
The particle size of the WTRs was determined with U.S. standard
sieves.
3

The potential initial release of target elements, Al or Fe, from theWTR
upon re-wettingwas assessedwith 0.01M CaCl2 with a contact time of 72
h, 0.01 M CaCl2 for 2 h, and distilled water with a contact time of 2 h
(Maiz et al., 1997). All conditions used five replicates of 5 mg of WTR
added to 50 mL of the appropriate solution. Flasks were sealed and
placed in a Lab-Line Orbital Environ-Shaker at 50 rpm for the specified
contact time. Afterwards, the flasks were decanted, filtered (Fisherbrand
Q2 Filter Paper, particle retention >2 μm) and analyzed following the
Aluminum Method 8012, Total Ferrover Method 8008 for ferric iron
(Fe3þ) and Method 8146 for ferrous iron (Fe2þ, HACH, 2009) and a
HACH DR 890 Colorimeter.

pH of the WTR samples were determined using 1:1 ratio of WTR to
distilled water (Ippolito, 2015). Triplicate beakers containing 10 g of
WTR and 10 mL of distilled water were stirred for 15 min. The super-
natant pH was measured using a Fisher Scientific Education AccuTupH.

2.2. Surface water

Experiments with Al-WTR used surface water obtained from a tribu-
tary entering the drinking water reservoir. Fe-WTR isotherms used
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Figure 3. Al-WTR batch desorption isotherms with surface water containing 0.39 mg/L PO4 and stored statically at 20 �C for initial spiked þ surface water PO4
concentration of: a) Control (0.39 mg/L PO4); b) 0.49 mg/L PO4, c) 0.54 mg/L PO4; d) 0.59 mg/L PO4; e) 0.64 mg/L PO4; f) 0.69 mg/L PO4; and g) 0.99 mg/L PO4.
Error bars are standard deviation of the triplicate samples. Data labels corresponds to the cumulative desorption day.
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surface water collected at the influent to the drinking water plant asso-
ciated with the Fe-WTR. Fe2-WTR experiments used the surface water
that the treated wastewater stream discharged to. For each collection,
surface water was placed in clean buckets and transported to the lab. The
PO4 levels were measured to determine the background concentration
that would be added during the initial sorption phase and each refill
during each desorption step. The background pH of each surface water
4

was determined using a pH probe (Fisher Scientific Education
AccuTupH).

2.3. Adsorption-desorption isotherms

Batch sorption-desorption experiments used 1.6 g WTR to 40 mL of
background solution in 40 mL glass vials. Depending on the specific
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Figure 4. Al-WTR batch desorption isotherms with surface water containing 0.03 mg/L PO4 and stored statically at 5 �C for initial spiked þ surface water PO4
concentration of: a) Control (0.03 mg/L PO4); b) 0.13 mg/L PO4, c) 0.18 mg/L PO4; d) 0.23 mg/L PO4; e) 0.28 mg/L PO4; and f) 0.33 mg/L PO4. Error bars are
standard deviation of the triplicate samples. Data labels corresponds to the cumulative desorption day.
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experimental set, the background solution was either: distilled water as a
control to assess if any of the PO4 already present in the WTR would
desorb; distilled water spiked with PO4 to determine the maximum that
would adsorb-desorb without interferences; or surface water spiked with
PO4 to mimic field conditions, assess the impact of impurities as well as
simultaneous sorption-desorption. The addition of the spiked PO4 initi-
ated the adsorption phase.

Three experimental sets were conducted for each WTR: distilled
water at 20 �C, surface water at 20 �C and surface water at 5 �C. Each
experimental set consisted of seven sets of triplicate reactors spiked at
0 (control), 0.10, 0.15, 0.20, 0.25, 0.30, and 0.60 mg/L of reactive PO4 to
mimic influent conditions at the drinking water plants. The initial spiked
reactive PO4 concentration used to initiate the experiment was the only
time that the samples were spiked. It is important to note that the 0.6 mg/
L PO4 with distilled water and Al-WTR was initially omitted. After 24 h,
the background solution was decanted, filtered through 2 μm filter
(Fisherbrand Q2), and analyzed for reactive PO4 following the Reactive
Phosphorus PhosVer 3 Method 8048 (HACH, 2009).

Immediately after the background solution used in the sorption
phase was decanted, fresh background solution with the same
composition as solution used in sorption phase was added to begin the
5

desorption phase of the experiment. Desorption was measured at
contact times of 1, 2, 3, 7, 14, 21, and 28 days. At each time interval,
the background solution was decanted for analysis, and new back-
ground solution was added. The first day was used as the traditional
equilibrium 24-hr time step. Days 2, 3, 7, 14, 21, and 28 were used to
assess the simultaneous adsorption-desorption that could occur when
surface water was used (Hale et al., 2013).

The adsorbed concentration, qe (mg/kg), for the adsorption phase
was found by:

qe ¼ ½ci � ce�*v
m

(7)

For the desorption phase of the experiment, Eq. (7) was modified to:

qe ¼ qe�1 þ ½cB þ ce�1*ð1� RÞ � ce�*v
m

(8)

where ci is the initial reactive PO4 concentration (mg/L), ce is the
measured equilibrium solution concentration (mg/L), v is the volume of
background solution (L), and m is the mass of sorbent (kg). Additional
parameters in Eq. (8) were cB the reactive PO4 concentration of the
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Figure 5. Batch adsorption isotherm of PO4 for ferric-chloride-based WTR (Fe-WTR) with (a) distilled water at 20 �C with spiked concentration, (b) surface water with
spiked concentationþ0.01 mg/L background concentration at 20 �C and (c) surface water with the spiked concentrationþ0.03 mg/L background concentration at 5 �C.
Error bars are standard deviation of triplicate samples.
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background solution (mg/L), ce-1 is the equilibrium concentration of the
previous sorption step, and R is the fraction of supernatant replaced. All
batch isotherms experiments had a v of 0.04 L, m of 0.016 kg, and R value
of 0.95.

After the adsorption phase qe's were calculated (equation 7), the data
were fitted to determine the kinetic coefficients. This was only possible
for the adsorption phase as desorption phase with surface water intro-
duced new PO4 at each refill step. The data was evaluated with both the
Langmuir and Freundlich equations models. The qm and Kads in the
Langmuir Eq. (9) are the maximum capacity of the WTR (i.e., adsorbent)
for PO4 (adsorbate), respectively (Reynolds and Richards, 1996; Cheng
et al., 2017). For the Freundlich equation (10),K is a measure of the
adsorption capacity (mass adsorbate/mass adsorbent) and n is an indi-
cation of how the affinity of the adsorbate changes with changes in the
amount adsorbed (Reynolds and Richards, 1996; Cheng et al., 2017). In
both equations, qe and ce are the adsorbed concentration and aqueous
phase concentration, respectively.
6

qe ¼ qm
Kadsce

1þ Kadsce
(9)
qe ¼Kc
1
=n
e (10)

2.4. Statistical analysis

Three factor analysis of variance (ANOVA) and Tukey comparison test
with 95% confidence were used to analyze the differences between the
varying batch isotherm conditions using Minitab (version 18.1). The
factors were WTR source (Al-, Fe- and Fe2-WTR), isotherm condition
(temperature and background solution), and spiked PO4 concentration.
The response variables for comparison of the factors were the cumulative
day 28 desorption qe values and change in qe values from the 24-hr
adsorption to the cumulative day 28 desorption step. Responses with p
< 0.05 were statistically significant.
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Figure 6. Fe-WTR batch desorption isotherms with distilled water and stored statically at 20 �C for initial spiked PO4 concentration of: a) Control (0 mg/L spiked
PO4); b) 0.10 mg/L spiked PO4; c) 0.15 mg/L spiked PO4; d) 0.20 mg/L spiked PO4; e) 0.25 mg/L spiked PO4; f) 0.30 mg/L spiked PO4 and g) 0.6 mg/L spiked PO4.
Error bars are standard deviation of the triplicate samples. Data labels corresponds to the cumulative desorption day (i.e., d21 is cumulative desorption by day 21).
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3. Results and discussion

3.1. Characteristics of WTRs

The Al-WTR was 29.11% gravel (4.75–75 mm), 62.43% sand
(0.075–4.75 mm) and 0.11% silt and clay (<0.75 mm). The potential
initial amount of aluminum that released when distilled water was used
0.019� 0.025mg Al/L. A 2-hr contact with CaCl2 yielded the same result
of 0.018 � 0.028 mg/Al (p > 0.05) while the 72 h contact time leached
slightly (p> 0.05) more aluminum 0.026� 0.020 but was still within the
acceptable range (0.63–3,200 μg/L) for the USEPA (2018) aquatic life
criterion. The pH value for the Al-WTR was 6.99� 0.21. This was similar
to the results of Dayton and Basta (2001) who reported an average pH for
Al-WTR to be 7.1.

The Fe-WTR 11.55% gravel, 62.99% sand and 21.05% silt/clay.
The pH was 7.32 � 0.07. Assessing the leaching release of Fe
upon rewetting was important as it will impact the efficiency of
7

the WTR to be beneficially reused. With distilled water as the back-
ground solution, 0.54 � 0.03 mg/L Fe was released. CaCl2 solution
released the same amount of Fe regardless of whether the contact time
was 2 h (5.31 � 0.38 mg/L Fe) or 72 h (4.65 � 1.16 mg/L Fe) (p >

0.05).
Fe2-WTR had the largest particle sizes with 69.35% gravel, 27.35%

sand and 1.45% silt/clay. As particle size WTRs with a smaller mean
particle size can absorb greater amounts of PO4 (Turner et al., 2019), this
may impact the extent of adsorption during isotherm experiments. The
Fe2-WTR depicted a greater fluctuation in Fe content for the five repli-
cates. The distilled water solution released 0.04� 0.05mg/L Fe while the
2 h CaCl2 and 72 h CaCl2 released 0.02 � 0.05 mg/L Fe and 0.03 � 0.02
mg/L Fe, respectively (p > 0.05). The average pH of the Fe2-WTR was
7.09 � 0.06.

None of the WTRs had a pH outside the optimum range 0f 6.5–8.5 for
most aquatic organisms (USEPA, 2018). This indicated that they would
not pose detrimental effects associated with pH.
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Figure 7. Fe-WTR batch desorption isotherms with surface water containing 0.01 mg/L PO4 and stored statically at 20 �C for initial spiked PO4 concentration of: a)
Control 0.01 mg/L PO4 spiked þ surface water; b) 0.11 mg/L spiked þ surface water PO4; c) 0.16 mg/L spiked þ surface water PO4; d) 0.21 mg/L spiked þ surface
water PO4; e) 0.26 mg/L spiked þ surface water PO4; f) 0.31 mg/L spiked þ surface water PO4, and g) 0.61 mg/L spiked þ surface water PO4. Error bars are standard
deviation of the triplicate samples. Data labels corresponds to the cumulative desorption day (i.e., d21 is cumulative desorption by day 21).
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The particle size of the WTRs were different. As mentioned above,
the dominant size for the Al- and Fe-WTR was 0.075–4.75 mm while
the Fe2-WTR was predominantly >4.75 mm. The smaller particle size
with Al-WTR and Fe-WTR provides a higher surface area; which could
lead to a higher sorption capacity (Bacelo et al., 2020; Caporale et al.,
2013).

3.2. Al-WTR adsorption-desorption isotherms

Figure 1 contains the amount of reactive PO4 that was adsorbed by Al-
WTR after 24 h. In general, as the spiked PO4 concentration increased,
the amount adsorbed to the Al-WTR (qe) increased. For instance, when
distilled water was the background solution (Figure 1a), the 0.1 mg/L
8

PO4 spiked condition yielded a qe of 2.14 mg/kg Al-WTR and aqueous
phase concentration (ce) of 0.01 mg/L while 0.3 mg/L spiked condition
adsorbed 6.65 mg/kg Al-WTR and 0.02 mg/L ce. Significantly higher qe's
(p < 0.05) were achieved during the sorption with surface water
(Figure 1b). This was expected as the surface water contained 0.39 mg/L
PO4. Therefore, the amount of PO4 present during the adsorption phase
was the 0.39 mg/L present in the surface water plus the spiked concen-
tration. The PO4 concentration in the surface water used for the 5 �C
experiments was 0.03 mg/L (Figure 1c). Although this led to similar
adsorption values when distilled water (Figure 1a) was the background
solution, the ce was higher (p < 0.05). Overall, the extent of adsorption
was in line with Zohar et al. (2017) study where Al-WTR removed more
than 80% of phosphorus (organic or inorganic).
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Figure 8. Fe-WTR batch desorption isotherms with surface water containing 0.03 mg/L PO4 and stored statically at 5 �C for initial spiked PO4 concentration of: a)
Control 0.03 mg/L PO4 spiked þ surface water; b) 0.13 mg/L spiked þ surface water PO4; c) 0.18 mg/L spiked þ surface water PO4; d) 0.23 mg/L spiked þ surface
water PO4; e) 0.28 mg/L spiked þ surface water PO4; f) 0.33 mg/L spiked þ surface water PO4, and g) 0.63 mg/L spiked þ surface water PO4. Error bars are standard
deviation of the triplicate samples. Data labels corresponds to the cumulative desorption day (i.e., d21 is cumulative desorption by day 21).
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As mentioned earlier, with distilled water background solution, PO4

was added only added to initiate the 24 h sorption and desorption phase
began immediately after the 24 h sorption. The control set (Figure 2a, no
spiked PO4) desorbed some of the PO4 that was sorbed when alum was
added as a coagulant during water treatment. This was attributed to a
reverse concentration gradient effect that occurs when the concentration
of the target in solution is less than that adsorbed to the sorbent (Corwin
and Summers, 2011). Even with spiked PO4 concentrations, the distilled
water experiments exhibited PO4 desorption during each successive
desorption step. For example, the 0.15 mg/L spiked condition (Figure 2c)
had a qe of 3.49 mg/L PO4/kg AL-WTR after the first desorption step that
decreased to a qe of 1.65 mg/kg Al-WTR by day 28.
9

As expected, Al-WTR exhibited less desorption when surface water
was used. The ‘fresh’ PO4 added during each refill of background solution
provided more PO4 to simultaneously adsorb-desorb which minimized
the reverse concentration gradient effect. The control surface water
condition (0.39 mg/L PO4 Figure 3a) depicted a qe of 63.93 mg PO4/kg
Al-WTR by the day-28 desorption step. When the combined spiked (0.6
mg/L) and surface (0.39mg/L) concentration was 0.99 mg/L (Figure 3g),
the qe for the 28-day cumulative desorption was 76.24 mg PO4/kg Al-
WTR with an aqueous phase ce of 0.04 mg/L PO4 (p < 0.05).

When the isotherm temperature was decreased to 5 �C to mimic late
fall conditions, the amount of PO4 released during desorption steps
increased. Extent of desorption was more pronounced at lower spiked
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Figure 9. Batch adsorption isotherm of PO4 for Ferrous-WTR (Fe2-WTR) with (a) distilled water with spiked concentration and (b) surface water with the spiked
concentrationþ1.306 mg/L background concentration. Error bars are standard deviation of triplicate samples.
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concentrations. Figure 4b shows that the cumulative qe at day 28
desorption step was 4.96 mg PO4/kg Al-WTR. As 0.03 mg/L was added at
each desorption step, the total PO4 in contact with Al-WTRwas 0.013mg,
the qe corresponds to a 61.7% removal. With a combined 0.28 mg/L
spiked (0.25 mg/L) and surface water (0.03 mg/L) concentration, the
total PO4 in solution with time was 0.02 mg. Therefore, the Al-WTR day
28 qe of 8.0 mg PO4/kg Al-WTR (Figure 4e) was a removed 69.2% of PO4
and had limited ce in solution. Bai et al. (2017) found that physical
sorption was dominant mechanism at low spiked concentrations. Phys-
ical sorption in conjunction with lower temperature would contribute to
the higher amounts of PO4 released during desorption.

3.3. Fe-WTR adsorption-desorption isotherms

The Fe-WTR originated from a drinking water facility where the
surface water has an average PO4 concentration of 0.02–0.03 mg/L. As
FeCl3 was also shown to have a high affinity toward phosphorus species
(Shi et al., 2011), it was not surprising that only the control set of distilled
water adsorption phase experiments released previously adsorbed PO4.
All the spiked conditions adsorbed PO4, with the sorption phase qe
increasing with increasing spiked concentration (Figure 5a). A similar
phenomenon was exhibited when surface water at 20 �C (Figure 5b) or 5
�C (Figure 5c) was used as the background solution. The surface water
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used for 20 �C and 5 �C experiments contained 0.01 mg/L PO4 and 0.03
mg/L PO4in the background solution, respectively. Other researchers had
found that more PO4 would adsorb to iron based materials at 20 �C than
lower temperatures (Choi et al., 2016). The slight increase in the PO4
surface water content was enough to offset the impact from the colder
temperature, leading to 20 �C and 5 �C conditions having similar qe
values (p > 0.05).

During the desorption phase, experiments that used distilled water as
the background solution continued to release previously bound PO4. As
with the Al-WTR, this was more pronounced at the lower spiked con-
centrations. The 0.25 mg/L PO4 spiked condition maintained a positive
qe only for the first three days (Figure 6e). Only the 0.6 mg/L PO4 spiked
condition continued to retain appreciable levels of sorbed PO4. However,
the 9.33 mg/kg Fe-WTR that had adsorbed during the 24 h adsorption
phase had decreased to 2.68 mg/kg Fe-WTR after 28 days of desorption
(Figure 6g).

The presence of 0.1 mg/L PO4 in the surface water used as back-
ground solution helped to mitigate the impact of the reverse concentra-
tion gradient effect. For example, the 0.26 mg/L spiked þ surface water
(Figure 7e) and did not desorb significant amounts (p < 0.05) of PO4
until the 14 day desorption step while the 0.31 mg/L spiked (0.30 mg/
L)þsurface water (0.01 mg/L) (Figure 7f) only desorbed significant
amounts on the 21 day desorption step. Although the 0.61 mg/L spikedþ
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Figure 10. Ferrous-WTR (Fe2-WTR) batch desorption isotherms with distilled water and stored statically at 20 �C for initial spiked PO4 concentration of: a) Control (0
mg/L spiked PO4); b) 0.10 mg/L spiked PO4; c) 0.15 mg/L spiked PO4; d) 0.20 mg/L spiked PO4; e) 0.25 mg/L spiked PO4; f) 0.30 mg/L spiked PO4; asnd g) 0.6 mg/L
PO4. Error bars are standard deviation of the triplicate samples. Data labels corresponds to the cumulative desorption day (i.e., d21 is cumulative desorption by day 21).

Table 1. Aqueous PO4 values (ce) and cumulative desorption of PO4 at day 3, 7 and 14 using Fe2-WTR with surface water containing 1.306 mg/L of PO4. Standard
deviations are based on three replicates. Note: negative qe indicates amount desorption of PO4 bound during in plant coagulation.

Spiked þ surface water PO4 (mg/L) Day 3 Day 7 Day 14

ce (mg/L) qe (mg/kg) ce (mg/L) qe (mg/kg) ce (mg/L) qe (mg/kg)

1.306 2.77 -56.9 � 26.1 3.07 -94 � 18.8 4.65 -194.8 � 30.9

1.406 2.44 -70.1 � 33.1 4.22 -135.3 � 35.9 4.92 -243.6 � 95.6

1.456 3.05 -71.7 � 25.5 4.58 -144.0 � 20.0 5.23 -227.7 � 16.7

1.506 2.26 -29.9 � 6.7 3.40 -199.6 � 49.3 3.40 -119.6 � 49.3

1.556 3.01 -57.4 � 36.5 3.58 -104.8 � 15.7 4.69 -178.4 � 15.9

1.606 2.39 -56.5 � 6.7 4.25 -120.2 � 12.6 4.87 -196.2 � 15.7

1.906 2.19 -31.8 � 5.1 3.74 -86.7 � 17.3 4.48 -156.1 � 10.4
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Table 2. Coefficients of Langmuir and Freundlich adsorption isothermmodels. (Negative values are indicative of the desorption of previously bound PO4 form theWTR).

Condition Langmuir Freundlich

qm (mg/kg WTR) Kads (L/mg) R2 1/n K R2

Al-WTR Distilled water, 20 �C 16.95 73.75 0.83 0.50 1.01 0.94

Surface water, 20 �C 6.64 55.56 0.63 0.08 2.27 0.02

Surface water, 5 �C 4.45 192.31 0.26 0.07 1.50 0.02

Fe-WTR Distilled water, 20 �C 0.11 -0.52 0.44 0.06 0.97 0.82

Surface water, 20 �C -10.50 35.84 0.38 0.54 0.92 0.88

Surface water, 5 �C 5.06 -156.25 0.009 0.29 1.37 0.20

Fe2-WTR Distilled water, 20 �C -2.66 7.49 0.31 Not mathematically valid calculation

Surface water, 20 �C 0.12 0.10 0.32 Not mathematically valid calculation
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surface water concentration yielded a 28 day cumulative desorption qe of
5.67 mg/kg Fe-WTR (Figure 7g), it was significantly higher (p < 0.05)
than that obtained when distilled water was used (Figure 6g).

The same general trend was exhibited with surface water that was
incubated at 5 �C experiment. As the spiked þ surface water PO4 con-
centration increased, the extent of desorption decreased (Figure 8). This
was evident by all but the control (Figure 8a) and 0.13 spiked þ surface
water (Figure 8b) being able to retain the adsorbed PO4 during the
extended desorption steps. Therefore Fe-WTR would not be recommend
for use at colder temperatures.

3.4. Fe2-WTR adsorption-desorption isotherms

As with the other WTRs, Fe2-WTR released previously bound PO4
during the initial 24 h adsorption (Figure 9a). However, the amount of
PO4 released during the adsorption phase was significantly higher than
with Al-WTR or Fe-WTR (p < 0.05). The larger particle size of Fe2-WTR
contributed to the lower sorption capacity. Caporale et al. (2013) re-
ported a lower sorption of arsenic on Fe-based WTR due to the lower
surface area. However, the primary reason of decreased sorption capacity
was attributed to the substantially higher levels of PO4 removed during
the coagulation process. Wastewater from cheese manufacture can
contain more than 3000 mg/L PO4 (Guerreiro et al., 2020). When surface
water containing an initial 1.31 mg/L PO4 was used as the background
solution (Figure 9b), positive qe values were obtained only for spiked þ
surface water concentrations greater than 1.46 mg/L PO4.

Although some spiked PO4 concentrations could be adsorbed by Fe2-
WTR, the desorption phase was more significant (<0.05). With distilled
water as the background solution, desorption was more pronounced at
lower spiked conditions (p< 0.05). Figure 10a shows that the cumulative
28 day qe released 131 mg PO4/kg Fe2-WTR for the control while the 0.3
mg/L PO4 spiked condition (Figure 10f) only released 64 mg PO4/kg Fe2-
WTR (p < 0.05). Even when surface water containing 1.306 mg/L of PO4
was used, the Fe2-WTR continued to release PO4 (Table 1). These results
indicated that additional sorption was not possible with this WTR. Gib-
bons and Gagnon (2011) found that differences in adsorption tied to the
mass of primary element left in the solid. A review by Xu et al. (2020)
reported that effective removal was possible for Fe-WTRs that contained
170 g total Fe/kg WTR. Therefore, if an excess dose was not used during
the coagulation application that generated the Fe2-WTR, the remaining
Fe content may have been insufficient for adsorbing PO4.

3.5. Comparison of WTRs

Alum -WTR was shown to selectively adsorb PO4 (Yang et al., 2006).
The Al-WTR adsorption isotherms yielded higher Langmuir and
Freundlich K values than Fe- or Fe2-WTRs (Table 2). This selectivity was
why Al-WTR depicted a higher overall adsorption than Fe-WTR, even
when other constituents were present (i.e., surface water as background
solution). An earlier study with arsenate, an analogue of phosphate, also
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indicated that Al-WTRwas more effective than Fe-WTR at a wide range of
pH values (Nagar et al., 2010). However other researchers had conflict-
ing results. For instance, de Sousa et al. (2012) documented that meso-
porous spheres containing Al-oxide and or Fe-oxides preferentially bound
to Fe sites. Castaldi et al. (2014) also found similar Fe-WTR to be more
effective than Al-WTR. The change could in adsorption effectiveness was
most likely due to the specific constituents present in each surface water.
The study by Nagar et al. (2010) indicated that sulfate would not have a
significant impact on either WTR. Conversely, low molecular weight
organic acids could interfere with initial PO4 sorption to alum-ferric
WTRs (Oliver et al., 2011). The level of natural organic matter in the
surface water used in the study may have resulted in Al-WTR being more
effective.

Unlike Al-WTR, Fe-WTR surface water results were better repre-
sented by the Freundlich model than the Langmuir model. The surface
water experiments 1/n (Table 2) at 20 �C (0.54) and 5 �C had indicated
a higher sorption than when distilled water was used (0.06) (Cheng
et al., 2017; Gao et al., 2013). Ferric based WTRs may have more
intraparticle diffusion (Gibbons and Gagnon, 2011) which could result
in higher removal efficiencies with high PO4 concentrations. This was
corroborated by the 0.6 mg/L PO4 spiked concentration exhibiting the
most adsorption and least desorption. Extent of sorption would also
depend on if WTR was used as a sludge (i.e., not processed) or sieved
prior to use (Brennan et al., 2011). Neither the Al-WTR or Fe-WTR were
sieved prior to use. However, the Fe-WTR initially contained more
water and had to be air-dried before use. The drying process increased
the final particle size which might have negatively impacted its
effectiveness.

Ferrous sulfate based WTR (Fe2-WTR) exhibited the worst overall
performance for this study. The amount of previously bound PO4 (during
coagulation operations) that desorbed prevented the data from being
modeled with the Freundlich equation (Table 2). Although Kads for the
Langmuir equation was calculated, the R2 was too low to be considered
good fit which rendered the Kads to be an unrealistic number (Khayyun
and Mseer, 2019). Ferrous sulfate is often used in as a coagulant in
wastewater applications as it is cheaper than ferric chloride. However, as
was shown in Eq. (4), once dosed it undergoes a two-step reaction to form
the iron hydroxide needed to react with inorganic constituents. Either
inadequate time for the reaction to complete, not applying an excess
FeSO4 dose or extremely high initial contaminant levels rendered the
Fe2-WTR used in this study ineffective for additional removal of PO4.

4. Conclusions

Al-WTR yield the most significant adsorption qe (p < 0.05) and least
amount of desorption for the conditions studied. Adsorption by iron-
based WTRs appeared to be more susceptible to the reverse concentra-
tion gradient effect, particularly at PO4 concentrations <0.25 mg/L. The
PO4 content in surface water mitigated some of the effect. Full potential
was not evident as the background PO4 in the Fe-WTR surface waters was
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low. Additional experiments would need to be conducted to determine if
Fe-WTR could be used to remove PO4 from other surface waters.
Although this research focused on PO4, it is recommended that the po-
tential desorption of nitrates and inorganics from the WTRs be assessed
prior to using the WTRs in field. The specific compounds to track will
depend on constituents were present in the source water.
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