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Abstract

Using biochar to remove phosphorus (P) from wastewater has the potential to improve sur-
face water quality and recycle recovered P as a fertilizer. In this research, effects of iron
modification on P sorption behavior and molecular characterization on two different biochars
and an activated carbon were studied. A biochar produced from cow manure anaerobic
digest fibers (AD) pyrolyzed under NH5 gas had the greatest phosphate sorption capacity
(2300 mg/kg), followed by the activated carbon (AC) (1500 mg/kg), and then the biochar
produced from coniferous forest biomass (BN) (300 mg/kg). Modifying the biochars and AC
with 2% iron by mass increased sorption capacities of the BN biochar to 2000 mg/kg and the
AC to 2300 mg/kg, but decreased sorption capacity of the AD biochar to 1700 mg/kg. Molec-
ular analysis of the biochars using P K-edge X-ray absorption near edge structure (XANES)
spectroscopy indicated that calcium phosphate minerals were the predominant species in
the unmodified biochar. However, in the Fe-modified biochars, XANES data suggest that P
was sorbed as P-Fe-biochar ternary complexes. Phosphorus sorbed on unmodified BN bio-
char was more available for release (greater than 35% of total P released) than the AD bio-
char (less than 1%). Iron modification of the BN biochar decreased P release to 3% of its
total P content, but in the AD biochar, P release increased from 1% of total P in the unmodi-
fied biochar to 3% after Fe modification. Results provide fundamental information needed to
advance the use of biochar in wastewater treatment processes and recover it for recycling
as a slow-release soil fertilizer.

1. Introduction

Phosphorus (P) is a limited resource that is mined and thus it is imperative that P recycling
technologies are developed to support sustainable resource utilization [1]. The current end-of-
life cycle for much of the mined P is human or agricultural waste streams such as wastewater
treatment plants or confined animal feeding operations. Because of wastewater treatment
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process deficiencies, some of the P ends up in surface waters where, together with nitrogen (N)
loading, it promotes algal blooms that impair water quality [2]. To improve the sustainability
of P, it is imperative to recover P from wastewater in a form that can be added back to soils as
fertilizer [3-7]. Currently, there are major initiatives to explore opportunities to recycle phos-
phorus from wastewaters (European Sustainable Phosphorus Platform http://
phosphorusplatform.eu/, and a United States effort called Sustainable Phosphorus Initiative
https://sustainablep.asu.edu/). Phosphorus recycling from wastewater would close the P supply
and reuse cycle, improving sustainability and preventing water quality degradation.

A common treatment method for P removal from wastewater is adding iron or aluminum
salts that form metal oxides with high phosphate adsorption capacity [8,9]. For example, reac-
tive filtration injects iron salt solutions to produce highly reactive hydrous ferric oxide coatings
on the sand in a moving bed sand filter reactor [9-11]. While effective, the recovered Fe-treat-
ment residual is of limited use for direct application to soils as a fertilizer, thus limiting P recy-
cling [12]. Other technologies, such as struvite precipitation [13], although effective at
recovering P and N, do not typically treat water to the low levels required for discharge and
have limitations in continuous-flow treatment processes that present challenges for wastewater
engineering [14].

An alternative to using salts to promote flocculation and mineral precipitation of P from
wastewater is using modified biochar as a solid substrate water treatment reagent. Numerous
studies have investigated the potential and challenges of using biochar for wastewater treat-
ment; recent reviews on this topic are Li et al. [15], Nobaharan et al. [16], Wang et al. [17],
Xiang et al. [18], and the edited book by Mohan et al. [19]. To optimize biochar for use in
wastewater treatment, biochar is often modified by amending the feedstock pre-pyrolysis.
Fewer studies have investigated post pyrolysis biochar modification that may have operational
advantages in wastewater treatment practices [13,20-22]. This could be of great practical value
when developing adsorbents from commercially available chars. Additionally, only a few of
the biochar P recovery papers have documented the availability of the recovered P for release
[23], or conducted molecular characterization to learn the species of P on the biochar control-
ling sorption and release reactions.

Using biochar in water filtration to recover P has the advantage of producing a nutrient-
enriched biochar that facilitates P recycling by replacing fertilizers [4,15,20,24-27]. Recent
meta-analysis studies have demonstrated that, on average, the application of biochar to soils
can lead to a 16% increase in plant productivity(n = 1254) [28], and 4.6 times increase in P
availability (n = 108) [29]. A meta-analysis done by Melo et al. [30] found that biochar amend-
ment increased plant productivity by an average of 10% compared to traditional fertilizer, sug-
gesting enhanced benefits of biochar to soil properties that promote plant growth. Thus, there
is an overall positive benefit to adding biochar to soils, and after biochar use in wastewater
treatment, the recovered biochar will be enriched in nutrients, which can offset the need for
traditional fertilizers allowing for cost savings that will support the biochar production and
soil amendment costs. Another major advantage for soil biochar amendment is that biochar
persist in soils for several hundred years [31,32], facilitating a long-term carbon storage pro-
cess that can decrease the carbon footprint of the water treatment process, even making it car-
bon-negative [33].

The ability of biochars to remove phosphate from solution by either adsorption or precipi-
tation reactions is dictated by the physical and chemical properties of the biochar, including
the specific surface area of the biochar, the amount and types of surface functional groups, and
the cation composition [34,35]. Between pH 4 and 9, phosphate is a negatively charged oxya-
nion with either one or two negatively charged weak acid oxygen moieties. It can attach to pos-
itively charged surfaces via electrostatic attraction and covalent bonds, or through formation
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of cation bridges that link phosphate to negatively charged surfaces. In most cases, phosphate
adsorbs to mineral surfaces through formation of either bidentate or monodentate coordi-
nated inner-sphere bonds [36-38].

The surface charge of biochar is dominated by functional groups that are negatively charged
weak acids [35,39,40]. Thus, the adsorption of phosphate anions on these sites most likely
occurs through cation bridging, which is enhanced by the adsorption of multivalent cations
like Ca**, Mg>", AI’* and Fe’* [41,42]. A second reaction process for removal of P from solu-
tion is formation of metal-phosphate precipitates, such as Ca-P minerals (e.g., hydroxyapatite)
[43,44], Fe-P minerals (e.g., strengite) [45,46], or struvite (MgNH,PO,) [44,47,48]. Availability
of the metal from the modified biochar for phosphate precipitation reactions depends on its
availability and species in the modified biochar.

To enhance P removal from solution onto biochar, several biochar modifications have been
proposed, including Fe [21,49-57], and alkaline earth metals Mg or Ca [58-64]. Other less
common biochar modifications, such as Zr [65,66], polymer modification [40], or creation of
a magnetic Fe-doped biochar [67-70] have also been proposed. Metal modifications facilitate
formation of biochar-metal bridges between the phosphate anion and the negatively charged
weak-acid functional groups on the biochar surfaces, and can also act as nucleation sites for
phosphate mineral precipitation [71-73]. For example, a pretreatment of biomass feedstock
with Mg®" salts creates Mg-oxide mineral phases in the biochar that facilitate struvite precipi-
tation on the biochar [53,59,64]; and pretreatment with Fe creates nanoparticulate iron oxide
minerals (e.g., hydrous ferric oxide) that have a high adsorption affinity for phosphate [52,74].
Zhang et al. [74] prepared activated carbon (carbonized coconut shells) with four different
iron oxide coatings (magnetite, hematite, goethite, and ferrihydrite). They observed that the
goethite-coated activated carbon had the greatest adsorption capacity, which was several times
the adsorption capacity reported for raw activated carbon in other studies. Zhang et al. [74]
also conducted molecular analysis of the adsorbed P on the Fe-treated activated carbon and
observed that the phosphate was sorbed as both inner-sphere complexes and as Fe-P surface
precipitates, which was similar to the molecular analysis results observed on Fe-modified bio-
char produced from corn stover feedstock by Liu et al. [50]. While biochar modification has
been demonstrated to be successful, it adds cost to the treatment. Additionally, the modifica-
tion can impact the recycling potential of the recovered P because it alters its release behavior
and also the modified biochar can have distinct impacts on the soil physicochemical
properties.

Wastewater treatment and P recovery on biochar provides an enhanced sustainability
opportunity. The recovered P-enriched biochar has four value-added benefits as a soil amend-
ment: 1) improvements to soil physical properties (e.g., water holding capacity); 2) addition of
plant nutrients (P, N and others); 3) slow release of nutrients; and 4) addition of soil carbon
that can help the global carbon balance challenges [75]. However, the efficacy of recovered
phosphorus on biochar for availability to crops is not yet known [76]. If the biochar is modi-
fied to maximize removal of phosphate from wastewater using Fe-modification, the sorbed P
may not be released to the soil solution to supply nutrients for plant growth. Or, alternatively,
it could be a beneficial slow-release P source for plant nutrient needs [23,77,78]. Several recent
reviews have indicated the need for availability studies and speciation studies to better under-
stand the mechanisms controlling P uptake and release from biochar [76,79,80]. Thus, the goal
of this research is to test the potential of biochar and activated carbon to sorb P, identify speci-
ation of the P on the biochar, and measure the subsequent P release behaviors.

Iron is an important chemical used in water treatment and can have lower life-cycle impacts
compared to other metal salts often used for waste water treatment [81]. Since iron modifica-
tion of biochar will increase P recovery potential, this research will test how Fe modification
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Table 1. Biochar source and production.

Biochar Feedstock

Biochar Now (BN) Lodgepole pine forests,

(acquired 2019) western USA

Anaerobic digest (AD) | Dairy manure anaerobic
digest

Activated carbon Coconut shells

(acquired 2019)

https://doi.org/10.1371/journal.pwat.0000092.t001

affects P sorption and release. One biochar used in this study is a commercially available prod-
uct produced from woody conifer forest biomass, the other is produced from anaerobically
digested dairy waste biomass that is specifically designed to have enhanced P recovery proper-
ties [44]. Activated carbon was tested in this study since this is a standard water treatment sub-
strate. While many studies create custom biochar to test properties and behaviors, in this
study, a commercially available biochar was compared to a custom biochar to assess if a bio-
char produced using common manufacturing processes can be used in wastewater treatment
plants to recover P. Sorption isotherm experiments were done to measure the amount of P
that the unmodified and modified biochars sorb. Phosphorus release behaviors from the differ-
ent biochars and activated carbon were characterized using stirred-flow reactor experiments,
which simulates P release behavior in soils caused by either leaching or plant uptake. To sup-
port mechanistic understanding of sorption and release processes, X-ray spectroscopy was
used to investigate P speciation on the biochars and activated carbon.

2. Methods
2.1 Biochar and activated carbon materials

Biochar and activated carbon production details are listed in Table 1. The AD biochar was
added since it is a modified biochar designed for optimal P sorption and is thus a state-of-the-
art biochar material for comparison to the commercially available pine feedstock biochar
(BN). The activated carbon (AC) is a specially produced for water purification (product
PSC325, particle size < 325 microns, certified by NSF-61 and AWWA-B600). The BN was
sieved to a particle size of 850-150 pm. The AD Biochar was used as received (less than 850-
um fraction).

2.2 Iron-modified biochar preparation

To modify the biochars and AC, concentrated FeCl; solution was acquired from Kemira Inc.
(Helsinki, Finland) (product PIX-311, which is a water treatment chemical; 39.8% w/w Fe con-
centration). For modification, 15 g biochar or AC was suspended in ~500 ml of 18 mQ ultra-
pure water. The solution was stirred for 10 min at 700 rpm using a magnetic stir bar, after
which 1M HCI was added dropwise until the suspension reached a pH of ~ 3.5-4. After the pH
was stable, FeCl; was added to the suspension to create Fe weight percents from 0.5% to 8%; in
this paper the focus is on the 2% Fe-modified biochar because it showed maximum increase in
P sorption per Fe addition. The modification suspension was reacted for ~15 min and then
titrated with 1.0 and 0.1 M NaOH to achieve a final pH of 6.5. Care was taken to slowly bring
the solution up to the final pH to promote Fe sorption on the biochar particles as opposed to
formation of a separate solid phase. After 10 min of stable pH, the suspension was centrifuged
at 3000 relative centrifugal force for 10 min. The sedimented biochar or AC were then resus-
pended twice in 200 ml of 18 mQ) ultrapure water followed by another centrifugation and

Production details Source

Pyrolyzed at 550°C to 650°C Biochar Now, LLC (Loveland CO, USA)
Pyrolyzed at 750°C under ammonia gas (detailed in Mood | Professor M. Garcia-Perez, Washington State
et al. [44] University, (Washington, USA)

Pyrolyzed at 500°C to 600°C; steam at 800°C to 1100°C; Karbonous Inc. (California, USA)

optimized for use in water treatment [82]
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separation. The modified biochar and AC were air dried for 72 h. The non-modified biochar
was also rinsed three times to make it comparable to the Fe-modified biochar.

2.3 Biochar characterization

Biochars were digested with a modified dry ash method as described by Enders et al. [83].
Briefly, 200 mg of air-dried sample was added to ceramic crucibles, placed in a muffle furnace,
and slowly heated to 500°C for 10 h. The ash was transferred to plastic digestion tubes and
digested twice with concentrated HNO; at 120°C to dryness. Next, 1.0 ml trace metal grade
HNOj; and 4.0 ml reagent grade 30% H,0, was added, and the tubes were placed back in the
pre-heated block and processed at 120°C to dryness. The residue was solubilized with 1.4 ml of
concentrated HNOj3 and 48.6 ml 18 Q0m water. Samples were vortexed for 1 min and filtered
through a 0.45 um PES syringe filter (Tisch Scientific, Cleves, OH). Samples were analyzed by
ICP spectrometer for elemental composition using certified standards (SPEX CertiPrep
(Metuchen, NJ USA)). Duplicates were run in all digestion batches and were within 10% of
each other. For CNS analysis, samples were air-dried for 72 hours, ground to pass a 250-pum
sieve and oven dried for 24 hrs at 65°C.

Biochar and AC samples were analyzed for total carbon, nitrogen, and sulfur on an Elemen-
tar vario Max cube (Elementar Americas Inc., Ronkonkoma, NY, USA). pH and electrical con-
ductivity were measured on a 1:10 solid to solution slurry.

2.4 Phosphorus sorption isotherms

Phosphorus sorption behavior on the biochars was measured using isotherm methods
described in Graetz et al. [84]. Briefly, a 1000 mg/L P stock solution was prepared with
Na,HPO, -7H,0 (Fisher Scientific Inc., Massachusetts, USA) diluted to 100, 75, 50, 20, 10, 5,
2,1,and 0.5 mg/L P. The pH of the solutions was adjusted to 6.5 with 0.1 and 0.01 M HCL. In
this study we chose pH 6.5 because it is a near neutral pH, reflecting the pH of many wastewa-
ters, and because P adsorption on iron oxides is relatively high at that pH and decreases as pH
increases [85]. 0.2 g of rinsed biochar or AC for each concentration was placed in 15 ml poly-
propylene centrifuge tubes. Each sample concentration was run in triplicate. 5.0 ml of 18 mQ
ultra-pure water was added to each tube. The suspensions were allowed to equilibrate for ~30
minutes, then the pH checked again and adjusted to 6.5. The appropriate volume of stock solu-
tion was then added to the pH adjusted slurry. The remaining volume of water was added to
bring the total solution volume to 10 ml, yielding a 1:50 solid to solution ratio. The tubes were
placed on an end-over-end shaker and reacted at lab temperature ~22°C for 24 hours at 30
rpm. Post-incubation samples were allowed to settle for ~30 min and a final pH was measured.
The samples were centrifuged at 3000 relative centrifugal force for 10 min, and supernatant
was syringe filtered through a 0.45 um PES filter. Solutions were analyzed by either molybdate
blue colorimetric assay for dissolved reactive phosphorus [86], or by ICP-AES as described
above. The molybdate blue reagent was prepared as outlined by Pote et al. [87]. Solutions were
analyzed on a GENESYS 10S UV-VIS Spectrophotometer (Thermo Scientific, Waltham, MA)
at 880 nm wavelength.

The amount of P sorbed (Q) on the biochars and AC was calculated using the following
equation:

Q= (C—C,) x (V/m)
Where Q is phosphorus adsorbed (mg/kg); C; is initial P concentration (mg/L); C. is equilib-

rium concentration (mg/L); V = volume of solution (L); m = mass of biochar (kg). The adsorp-
tion isotherms were fit using Freundlich and Langmuir adsorption isotherm models [88],

PLOS Water | https://doi.org/10.1371/journal.pwat.0000092  April 28, 2023 5/21


https://doi.org/10.1371/journal.pwat.0000092

PLOS WATER

Reactivity of biochar for phosphorus removal and recycling from wastewater

implemented as nonlinear fit optimization algorithms in the software OriginLab (Northamp-
ton, MA, USA).

2.5 Phosphorus release

Phosphorus release studies were done on biochar and AC that had no P addition, and bio-
chars incubated in 10 mg/L P solution using the same procedure described in the isotherm
experiments. The release studies were done by leaching DI water adjusted to pH 6.5 through
a polycarbonate stir-flow cell [89] with a peristaltic pump at 2.0 ml min™". The stirred-flow
cell was fitted with a 0.45 um PES filter. The effluent was collected in 6.0 ml increments in a
fraction collector. The pH of the effluent was periodically checked in the collection tubes.
Solutions were analyzed on the ICP-AES or colorimetric analysis as previously described.
Release data are plotted as percent P release as a function of the volume of effluent. Percent P
released per volume effluent was calculated as the area of the release concentration curve,
summed for each time interval, divided by the total amount of P on the biochar as deter-
mined by digestion.

2.6 Phosphorus K-edge XANES analysis methods

X-ray absorption near edge structure (XANES) spectroscopy was used to determine P species
present in biochar and AC samples. All samples were ground and sieved to less than 500 pm
before mounting to a sample holder. P K-edge XANES spectra of biochars and AC were col-
lected at the Canadian Light Source (CLS) on the Soft X-ray Micro-Characterization Beamline
(SXRMB). SXRMB uses an InSb(IIT) monochromator with a 300 pm x 300 pm beam. The
beamline was calibrated to 2158 eV using ZnPO, powder. Spectra were collected from 2135-
2190 eV with a step size of 1 eV on the pre-edge region (2110-2145 eV), 0.25 eV in the near
edge region (2145.25-2180 eV), and 0.5 eV in the post edge region (2180.5-2200 eV). Multiple
spectra were collected for each sample.

The collected scans were analyzed using the Athena software program [90]. Replicate spec-
tra from each sample were averaged. Each spectrum was calibrated at 2151.6 eV set as the
inflection point of the main edge, allowing for the main edge peak height and shape, and pre-
edge or post-edge peaks to be linearly separable elements in linear combination fitting (LCF).
The same background subtraction parameters were used for each spectrum to provide consis-
tent background subtraction effects across the samples and standards. Supervised linear com-
bination fitting was performed to determine the speciation of each spectrum. Initially, all
standards were used to fit the spectra, followed by a reduction to five standards that were
deemed to represent the major species possible in the sample spectra (adsorbed P, apatite,
dicalcium phosphate dihydrate (DCPD), DCDP with 50:50 Ca to Mg ratio, and phytic acid as
an organic P standard). Standards were iteratively removed if they comprised zero or negative
contributions to the sample fit. The fits were not forced to sum to 100% but were checked to
ensure that all fits were within 10% of 100%, which is an important criterion for evaluating
normalization effects. Accuracy of LCF has been estimated to be between 5% to 15% percent
absolute in the sample and standard sets that are carefully calibrated and screened to reduce
data collection and processing artifacts [91,92], and likely higher when these artifacts are less
well controlled. In fitting of the spectra, it was observed that in some spectra, Ca-P minerals
could be substituted for each other with only a slightly decreased fit quality as judged by
reduced chi-square. However, in no cases could the Ca-P minerals be eliminated or replaced
with another component in a fit. Thus, the fit of these mineral standards is grouped as Ca-P
minerals instead of individual Ca-P species.
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Table 2. Chemical properties of biochar and activated carbon.

Name EC (us/ |pH |Volatile Ash FixedC |C N Ca (mg/ |Fe(mg/ |Mg(mg/ |Mn(mg/ |P(mg/ |FormicAcid

cm) (%) (%) (%) (%) |(%) |kg) kg) kg) kg) kg) Extractable
(mg/kg)

Biochar Now 190 9.6 | 15.1 29.0 55.8 70.3 | 0.6 10500 7400 1910 211 315 150

Anaerobic Digested | 3550 11.6 | 21.7 28.3 50.0 51.4 |10.2 | 49700 2840 18600 397 16500 14800

Fiber

Powdered Activated | 512 9.8 19.12 14.0 76.9 78.7 0.1 20150 6540 4780 612 1020 710

Carbon

https://doi.org/10.1371/journal.pwat.0000092.t002

2.7 SEM analysis of biochar

Scanning electron microscopy (SEM) and X-ray fluorescence analysis of the BN biochar sam-
ples were done using a Zeiss Supra 35 FEG-SEM. AD biochar SEM was previously reported in
Mood et al. [44]. Biochar samples were mounted on a metal stub and carbon coated and ana-

lyzed at an accelerating voltage of 20 kV.

3. Results and discussion
3.1 Biochar characterization

The pH of the biochar and activated carbon are alkaline (Table 2), likely due to the presence of
carbonate minerals and alkali salts [93]. The pH of the Fe-modified AD, BN, and AC samples
were 8.19, 6.98 and 6.51, respectively. The Fe modification process treats the biochar in an
acidic suspension followed by base addition to increase the pH to 6.5, which should dissolve
and rinse out many of the salts and carbonates that create alkaline biochar solutions; however,
the amount of carbonates removed may vary depending on the mineral size and reactivity.
The decreased pH may impact soil solution chemistry when the Fe-modified biochars are
amended to soils.

Total P in the biochar and AC samples ranged from 314 mg/kg in the BN sample to 16,500
mg/kg in the AD sample (Table 2). Feedstock is the major factor controlling total P. Phospho-
rus content of plants is variable, and in wood from pine trees (feedstock for the BN biochar),
total P may be as low as 100 mg/kg [94]. The AD biochar created from anaerobically digested
cow manure has the highest P content due to the high P concentration in the cow manure
feedstock.

Plant available P from the biochar and activated carbon samples was assessed using the for-
mic acid leachable P test [95]. The P in the AD biochar sample was 90% plant available. In the
BN biochar and AC samples, P was 48% and 69% available, respectively. Thus, the availability
of the biochars’ native P is variable, depending on feedstock and production methods, which
has been observed in many studies on plant uptake of P from biochar [28,29]. Other element
compositions are also reported in Table 2, including N, which is an important macronutrient,
and Fe, Ca, and Mg, which are important nutrients for plants and are also reactive components
of biochar that promote P sorption.

SEM images of the BN biochar showed some mineral grains of silicates and calcium car-
bonates amongst the biochar particles (S4 Fig). SEM analysis of the AD biochar by Mood et al.
[44] showed the presence of small clusters of Mg and Ca minerals dispersed on the surface of
the biochars. SEM images from the Fe-modified biochars did not show any Fe mineral parti-
cles, only slightly enriched Fe biochar particle regions (S4 Fig), suggesting the Fe is precipitated
or sorbed on the biochar surfaces.
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3.2 P sorption behavior

Phosphate sorption behavior on the biochars and activated carbon showed high relative
amounts of sorption at low concentrations, followed by decreased sorption as concentration
increased (Fig 1). The sorption isotherms on BN and AD biochars and the AC sample show
typical sorption behavior that occurs when there is a high affinity for sorption, but sorption
sites are limited and become saturated as solution P concentration increases [96]. If phosphate
removal was dominated by a bulk precipitation process, the sorption isotherm would continu-
ously increase as solution concentration increases, dictated by the solubility of a solid. The iso-
therm data on the BN biochar (Fig 1C) and the AC (Fig 1A) were fit using the Freundlich
isotherm model equations (S1 Table); the Langmuir isotherm model was a poor fit to the data
on these samples. On the AD biochar (Fig 1B), the Langmuir isotherm model fit the sorption
data slightly better than the Freundlich model, although both fits were good. While both the
Freundlich and Langmuir isotherm equations fit non-linear adsorption trends with steep ini-
tial slopes, the Langmuir isotherm equation fit provides a sorption maximum value, while the
Freundlich isotherm equation does not predict a maximum sorption amount but fits a loga-
rithmic growth sorption curve [97]. Sorption isotherms are useful for predicting concentra-
tions of sorbate at a particular solution concentration, however, interpreting mechanistic
reaction processes from the isotherm fit parameters is not possible [98].

After Fe modification, P sorption increased in the BN biochar and AC sample (Fig 1C); P
sorption maximum in 2% Fe-modified BN biochar increased by nearly 10 times more than the
unmodified BN biochar. The untreated AC had a high P sorption capacity and modifying with
2% Fe increased the sorption capacity by ~30% (Fig 1A), which is a much smaller percent
increase than observed in the BN biochar.

The unmodified AD biochar had the highest P sorption capacity of all biochars tested in
this study, and when it was modified with Fe, P sorption capacity decreased (Fig 1B). Phospho-
rus sorption behavior of the AD biochar was studied by Mood et al. [44]. They reported that
the P sorption capacity was three orders of magnitude greater than observed in this study,
however, the incubation pH used in their study was much higher (pH = 10) than this study
(pH = 6.5). At higher pH, the solution will be supersaturated with respect to Mg-P and Ca-P
minerals, and the P sorption is not limited by surface properties, and thus greater P removal
from solution occurs because of mineral precipitation. SEM and X-ray photoemission spec-
troscopy (XPS) analysis by Mood et al. [44] confirmed the presence of Ca-P minerals. At pH
6.5, phosphate bonding to the positively charged amine functional groups on the AD biochar
may be a dominant sorption mechanism in addition to possible Ca or Mg phosphate mineral
precipitation. Modifying the AD biochar with 0.5% Fe may have blocked access to the amine
functional groups, thus decreasing sorption capacity (Fig 1B). Increasing the Fe modification
of the AD biochar from 0.5 to 2% Fe, the sorption capacity increased, but it still did not surpass
the P sorption capacity of the unmodified AD biochar. This is likely due to the blocking of the
amine functional groups that is countered by addition of more iron-phosphorus adsorption
sites than occurred in the 0.5% Fe-modified AD biochar.

Research on biochars made from traditional carbon-rich biomass feedstock such as forest
biomass, plant fibers from agricultural residue, and coconut fibers, indicates that they do not
sorb large amounts of P. Several papers have provided methods for modifying the biochars to
enhance P sorption [15]. Some of the most common modifications include adding Fe to the
biochar [50,52,55] or adding Ca or Mg [60,63,64]. Other more complex modification methods
have also been developed to produce magnetic biochars [68-70] as well as the AD biochar that
was modified by pyrolyzing anaerobic digestate in the presence of ammonia gas to create posi-
tively charged amine functional groups that can adsorb P [44]. Iron modification is often
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proposed because it is an inexpensive method to increase P adsorption on biochars; addition-
ally, the addition of Fe may be beneficial as a soil amendment on the P-loaded biochar. Results
from the P sorption isotherm studies show that Fe modification enhances P sorption on bio-
char or activated carbon made from woody biomass (AC (Fig 1A) and BN (Fig 1C)), but that
more specialized biochars, like the AD biochar (Fig 1B), may not need post-production iron
modification. The enhanced P sorption on Fe-modified biochars provides a method for recov-
ering P from waste waters and supports creating an enhanced efficiency P fertilizer needed to
support a circular bioeconomy that includes P recycling [12,15,16].

3.3 Phosphorus K-edge XANES spectra

Phosphorus K-edge XANES spectra from the biochars and activated carbon are shown in Fig 2
and fit results are reported in S3 Table. Linear combination fitting of P XANES has a fair
amount of uncertainty because of the lack of differences in spectral features between molecular
species and spectral artifacts that may cause errors in the LCF results [91,99-101]. This uncer-
tainty is especially problematic in natural samples because the standard set may be missing
species that are present in the sample, but the fit can still have good fit statistics [101,102]. The
standards used in fitting the biochar and activated carbons are shown in S3 Fig. For some spe-
cies, there are distinguishing features that can be used for species identification, such as the
post-edge shoulder at 2155 eV in the spectra of the Ca-P minerals. While other species are dis-
tinguished only by the intensity of the main-edge peak. Because the biochar and AC sample
spectra are comprised of several species, the LCF results are used to categorize the P as either
Ca-P or adsorbed/organic P rather than assigning specific species. In all but one sample, either
hydroxyapatite or DCPD were fit as one of the species present that were categorized as Ca-P
minerals. Ca-P species fit results ranged from 28% to 83% of the total P species in the biochar
samples (S3 Table).

The P K-edge XANES spectra from the biochar and activated carbon samples are shown in
Fig 2. There are distinct differences between the untreated and Fe-modified samples, especially
in the post-edge shoulder at 2155 eV and the small peak at 2163 eV. Both features are indica-
tive of Ca-P minerals; these peaks are most prominent in hydroxyapatite (S1 Fig). The unmod-
ified BN, AD and AC samples all had strong Ca-P minerals peaks. Despite the uncertainty in
LCF of P in natural samples, these peaks are distinctive, and their presence clearly shows that
Ca-P minerals are a major species occurring in the biochars. The AC and BN samples had the
most Ca-P mineral present in the LCF results (82%, S3 Table). Calcium phosphate minerals,
like hydroxyapatite, have low solubility [103,104]. Thus, it is anticipated that P release from
these biochars would be less than P sorbed on mineral surfaces [105,106]. The occurrence of P
in Ca-P species in biochar is likely a result of the presence of Ca in the ash, which comes from
Ca in the biomass feedstock. The Ca in the feedstock can either be plant-based Ca that gets
released during pyrolysis (Ca is a significant element of biological tissues), or as mineral dust
in the biomass feedstock taken in from soil attached to the biomass feedstock or mixed in with
the biomass when it is collected from the environment during harvesting.

The P K-edge XANES spectra from the Fe-modified AD and BN biochars and the AC sam-
ple all show decreased peak intensity for the Ca-P peaks at 2155 eV and 2163 eV compared to
the non-Fe modified samples (Fig 2). In the AC sample, there is nearly a complete loss of the
Ca-P mineral features in the spectrum after Fe modification. The LCF results of the AC sam-
ples show that the Ca-P mineral species decreased from 82% in the unmodified AC sample to
only 28% in the Fe-modified AC sample, indicating a major shift in species to P sorption on
iron oxides in the Fe-modified AC sample. Possible sorption mechanisms for P on the Fe-
modified biochar are: 1) ternary biochar-Fe-P complexes similar to how P adsorbs on natural
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Fig 2. Phosphorus K-edge XANES spectra (solid lines) from biochar and activated carbon samples, and best fits
from LCF using standards (dashed lines). Fit results are reported in S3 Table. Vertical lines indicate distinctive
XANES spectral features.
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organic matter [16,107]; 2) phosphate adsorption on iron oxide phases that may exist either on
the surfaces of the biochar as surface precipitates; or 3) P sorption on small, possibly nano-
sized, precipitates co-mingled with the biochar. Fe-modified BN and AD biochar also had a
decrease in Ca-P species in them, as indicated by the decrease in the peaks at 2155 eV and
2163 eV, suggesting that P is sorbing on the Fe phases on the biochar in these samples.

3.4 P release behavior

Recovery of P on biochar creates a pathway for nutrient recycling when the biochar is used as
a soil amendment and may promote additional soil health benefits [30,77], such as increasing
soil carbon, providing required nutrients, and promoting soil structure that allows better
water retention, root development and gas exchange. Phosphorus in soils is not typically read-
ily available because it strongly bonds to iron and aluminum oxides in acidic soils and forms
calcium phosphate minerals in alkaline soils [108]. Thus, P release from the Fe-modified bio-
char needs to be measured to understand how much of it is available for plant uptake.

The percentage of total P released from the different biochars and activated carbon are
shown in Fig 3A and 3B (total P is listed in Tables 2 and S2). An important factor in P sorption
and release behavior is solution pH. The influent solution pH was adjusted to 6.5 in these
experiments, however, the effluent pHs were different: AC sample pHs ranged from 8.8-9.5;
Fe-modified AC pHs ranged from 4.5-4.8; BN sample pHs ranged from 9.3-9.4; Fe-modified
BN pHs ranged from 6.1-6.8; AD sample pHs ranged from 6.9-9.2; and Fe-modified AD sam-
ple pHs ranged from 4.6-7.1. In all Fe-treated biochar samples, the effluent pHs were 2-3
units lower than they were in the untreated samples. This occurs because the Fe-modification
procedure used an acidic Fe solution to incubate the biochars before titrating the suspensions
to pH 6.5, which leached out many of the alkaline salts and carbonate minerals. Additionally,
the release of phosphate adsorbed on iron oxides is a ligand exchange reaction, thus consum-
ing hydroxide ions and decreasing pH. The varying pH of the biochar and AC samples is an
important factor in the behavior of the P release curves. The change in effluent pH in the stir-
red-flow reactor simulates the effects that would occur in biochar-amended soils when P
desorbs and leaches out of the soils into surface or groundwaters.
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Fig 3. Percent P released into solution from unmodified (panel a) and Fe-modified (panel b) biochars and activated carbon. Fe-modified chars were incubated
in a 10 mg/L P solution prior to the stirred-flow reactor leaching experiments (P loading reported in S2 Table).
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The unmodified BN biochar released the most P (Fig 3A); ~35% of the total P was released
after 0.35 L of leaching, and the positive slope at the end of the experiment suggests P release
will continue with more leaching. The AD biochar released very little P (<1% of its total P),
indicating that the P is strongly bound in the AD biochar as a poorly soluble species. Phospho-
rus release from the AC sample was only about 13% of total P after 0.35 L, but even after 0.35 L
of leaching, the slope remains positive, suggesting that P leaching will continue. The P species
in the AC sample may be a low solubility species that has slow release.

The percentage of P released from the Fe-modified BN biochar and AC sample (Fig 3B)
were much less than in the unmodified samples (Fig 3A). Iron-modified AD biochar released
slightly more P (~4% after 0.7 L) compared to the unmodified AD biochar (<1%). The greatest
amount of P release was from the Fe-modified AC sample, which released ~14% of the P after
~0.7 L of leaching, and the steep slope indicates that additional leaching will release more P.
The Fe-modified BN and AD biochar samples both released ~4% of the sorbed P after 0.7 L,
and the slope also suggests that P release will continue. The continuous P release in the Fe-
modified samples suggests that their use as a slow release fertilizer is promising. However,
complete assessment of P availability would require a plant growth trial since plant rhizosphere
reactions may enhance P mobility by release of low molecular weight organic acids [109].

Release of Ca and Mg cations during the stirred-flow experiments was also measured (S1
and S2 Figs). Initially, Ca and Mg concentrations were high in all the biochar leaching experi-
ments, followed by a tailing off to a constant low concentration. There are direct relationships
between Ca concentrations and P release in the AC sample and AD biochar, which likely
reflects the solubility control from calcium phosphate minerals. The Mg release in the AD bio-
char was inhibited until Ca concentrations decreased. It has been observed that the presence of
Mg inhibits apatite formation, favoring meta-stable Ca-P minerals because of the isomorphic
substitution of Mg for Ca [110]. Upon Fe amendment, P release was not related to Ca and Mg
in the BN and AD biochars. However, there remained a significant inhibition of P release con-
centration in the AC sample when the Ca and Mg concentrations were high (S2 Fig).

Amongst the Fe-modified samples, the Fe-modified AC sample had the most P release in
the stirred flow experiments (Fig 3B), which corresponds to the XANES spectra results show-
ing it had the biggest decrease in the poorly soluble Ca-P minerals. While sorbed P is more
available for release to solution than many Ca-P species, its desorbability should still be low
[111]. The release curves of P from the Fe-modified BN and AD samples were less than the Fe-
modified AC sample. The XANES spectra showed that in the Fe-modified BN and AD samples
there was still 37-65% Ca-P minerals (S3 Table), which is more than remained in the Fe-modi-
fied AC sample (28% Ca-P species, decreased from 83% in the non-Fe-modified AC sample).

3.5 Phosphorus sorption and release mechanisms

The highest phosphorus sorption capacity by unmodified biochars occurred on the AD bio-
char produced from anaerobic digest solid separates under ammonia gas pyrolysis. This bio-
char has positively charged amine functional groups that can adsorb the phosphate anions,
thus facilitating a high sorption capacity [44]. However, the P XANES spectra from the AD
biochar sample showed that the majority of P in this biochar exists as Ca-P mineral phases,
which is in agreement with the findings of Mood et al. [44], who characterized the P sorption
behavior of AD biochar at a higher equilibrium pH than used in this experiment.

Based on the P release experiments, the Ca-P species in the AD biochar are not soluble,
which agrees with the expected solubility of Ca-P minerals such as hydroxyapatite [104]. In
contrast, Kizito et al. [112] measured P sorption from anaerobically digested swine manure
effluent onto biochars and observed that the sorbed P was completely reversible. Based on
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sorption and molecular analysis, Kizito et al. [112] proposed that phosphate was precipitating
as Ca-P minerals, which generally have low solubility when they exists in the most stable forms
(i.e., hydroxyapatite). However, biochar produced from animal manures may have meta-stable
Ca-P minerals that have higher solubility than the hydroxyapatite. The meta-stable Ca-P min-
erals are favored because high concentrations of Mg in the dairy manure may isomorphically
substitute for Ca inhibiting hydroxyapatite formation [110], and also because dissolved
organic matter inhibits hydroxyapatite formation [113,114]. These mechanisms could have
inhibited the formation of the most stable Ca-P minerals in the biochar produced by Kizito

et al. [112], but, due to differences in pyrolysis methods, may not have inhibited formation of
more crystalline Ca-P minerals in the AD biochar, explaining why it had very low P release
behavior. Iron modification decreased the amount of P sorption on the AD biochar, and P
XANES indicated that more of the P in this sample existed as P sorbed as Fe-ternary complexes
or sorbed on Fe-oxide nanoparticles on the biochar surface rather than Ca-P species. When Fe
modified, the AD biochar released more P in the stirred-flow reactor compared to the unmod-
ified AD biochar. Thus, this may be a suitable strategy to create a biochar that has both slow
and fast release P for use as a soil amendment.

The BN biochar had low P sorption capacity, and Fe modification increased the sorption
capacity. The most prominent P species in the BN biochar was a Ca-P species, which likely
formed from the Ca released from Ca carbonates in the ash fraction of the sample. Iron modi-
fication of the BN biochar increased the amount of P-Fe-biochar ternary complexes. Phospho-
rus release concentrations from the Fe-modified BN sample were much less than in the
unmodified BN sample.

Results from this study show that Ca-P minerals are common in biochar, likely due to the
alkaline pH and high amounts of Ca salts in the ash contained within the biochar. Magnesium
phosphate minerals may also be present in biochars, particularly in biochars with high Mg
concentrations [41,53,58,59,64], such as the AD biochar sample. Although Ca-P minerals typi-
cally have low solubility, the solubility varies, depending on the crystallinity of the Ca-P species
[103]. Thus, some Ca-P minerals may be soluble and would be a good P fertilizer in the bio-
char-amended soils.

4. Conclusion

Biochar can be used in water treatment to recover P for recycling as a beneficial soil amend-
ment, however, modification with metals such as iron may be required to sufficiently increase
the biochar P sorption capacity. Modification of biochar with Fe changes the P speciation on
the biochar and thus will change the P release behavior and the potential biochar fertilizer
properties. In a recent review, Nobaharan et al. [16] proposed several areas of research that are
needed to realize the potential of biochar uses in wastewater treatment to promote P recycling.
The suggestions included: 1) best practices for biochar modification to increase P recovery
from wastewaters, 2) characterization of the P-enhanced biochar to understand P sorption
mechanisms, and 3) determination of P release from the P-loaded biochar. Results from the
research presented in this paper address these research needs, providing fundamental informa-
tion needed to advance P-biochar sustainability. However, to accurately evaluate the potential
of P-loaded biochar to supply P for plant uptake, plant growth studies in amended soils is
needed since root rhizosphere processes alter the chemistry of the soil solution and thus P bio-
availability [109]. Additionally, since organic contaminants in wastewater may pass through
the primary and secondary treatment (e.g., perfluoroalkyl and polyfluoroalkyl substances
(PFAS)) and are known to adsorb on activated carbon and biochar [115], the effects of Fe
modification on this process and potential impacts and risks of transferring these
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contaminants to soil needs to be addressed. Despite these challenges, using biochar to recover
P is a promising technology for sustainable P use that can support a carbon negative water
treatment process.
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