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ure solids as scaffolding for
phosphorus release/retention via in situ iron-
phosphate complexes procured with Fe-biochar +
FeCl3 treatment

Krishna Yadav, † Chumki Banik and Santanu Bakshi *

Swine manure mismanagement can lead to several environmental issues, such as eutrophication and

gaseous emissions. This study examines swine manure solid separation using a coagulant (0.15 M FeCl3)

with unmodified and iron-modified corn stover biochar, and evaluates phosphorus (P) recovery

efficiency from the separated solids using Mehlich-III, Olsen, and citrate-bicarbonate-dithionite (CBD)

extractants. Adding a combination of 0.15 M FeCl3 and iron-modified biochar to manure effectively

separated 100% P from the solution into the solid fraction by forming a strong iron phosphate (P−)

complex using inner-sphere and cation-bridging mechanisms. The spontaneity and feasibility of the

process were assessed through a change in the Gibbs' free energy (DG0), which was determined to be

−23.3 kJ mol−1. We evaluated the nutrient stability of the manure solid fraction using conductometric

and pH metric analyses, and Mehlich-III solution in the presence of a dispersive medium (0.15 M NaCl),

and the manure was characterized using Raman and FTIR spectra. Furthermore, the release pattern of

macronutrients was determined by the degree of dissociation under the influence of different

extractants. It is worth mentioning that CBD successfully extracted P (7477 mg kg−1) from cation-bridged

P− and iron-bound P−. This study presents an effective technique to separate P into solid fractions and

offers a promising strategy for P recovery.
Environmental signicance

This study highlights a sustainable approach to nutrient recovery from Fe-stabilized swine manure solids by demonstrating the superior efficacy of citrate-
bicarbonate-dithionite (CBD) in mobilizing recalcitrant phosphorus (P) bound through complex iron interactions. Unlike conventional extractants, CBD
leverages redox-driven mechanisms such as Fe3+ reduction and Fe2+ chelation to disrupt mineral-bound P phases, thereby signicantly enhancing P availability.
This work advances our understanding of environmental sciences related to phosphorus chemistry in waste matrices and promotes more effective strategies for
nutrient recycling, aligning with circular bioeconomy and sustainable waste management goals.
1 Introduction

Swine manure is frequently introduced into soil in place of
chemical fertilizers to boost crop productivity and reduce agri-
cultural expenses. Utilizing swine manure has several addi-
tional advantages, including its low-cost availability and ability
to add organic matter and enhance the soil's physical and
biological characteristics.1 However, the overapplication of
swine manure to soil can lead to nutrient imbalance, water
contamination, emission of greenhouse gases, and accumula-
tion of heavy metals.2,3 Therefore, it is imperative to employ
rsity, Ames, IA 50011, USA. E-mail:
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istry, School of Applied Sciences and
Science, Technology and Research,
sh, India.

the Royal Society of Chemistry
effective pretreatment strategies to reduce the issues related to
the overapplication of swine manure to the agricultural elds.

Among the several available pretreatment methods, the
solid–liquid separation technique has been widely acknowl-
edged in the literature.4 This method can produce a solid frac-
tion rich in phosphorus (P) fertilizer and a liquid fraction rich in
nitrogen (N as NH4

+) and potassium (K) at the expense of
coagulants. In our previous study, we tested various coagulants
(FeCl3, HCl, and H3PO4) with iron-modied corn stover biochar
for the solid–liquid separation of swine manure.5 Among the
coagulants tested, FeCl3 was more efficient than the others,
successfully separating 93% P from swine manure, of which
12% P was recycled using the Mehlich-III extractant. The
optimum separation of P (93%) in the solid fraction and less
recycling of P (12%) motivated us to evaluate the processes
involved in P association and its release with biochar and
manure colloids.
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A literature survey revealed several studies that employed
biochar to remove P from simulated wastewater and swine farm
wastewater.3,5–9 Biochar derived from coniferous forest biomass
showed low P sorption capacity (300 mg kg−1) while modica-
tion with 2% iron increased the sorption capacity (2000 mg
kg−1).10 The P sorbed on the unmodied biochar from conif-
erous forests showed high release (∼35% of total P released),
while iron-modied biochar released only ∼4% of the total P.10

Several factors inuence the retention of P by biochar and
manure colloids (MC), such as solution pH, the mineralogical
composition of manure solids, and association with macronu-
trients (Fe, Ca, and Mg). It has been found that MC, consisting
of humic acid, lipids, and peptides, stabilized P when bound to
mineral surfaces.11–13 MC forms a strong organo-mineral
complex through anion exchange with –OH groups on
mineral surfaces, carboxyl groups, or phenolic groups of the
MC.14 The complexation of MC on mineral surfaces occurs
primarily through ligand exchange mechanisms, which are
favored under acidic conditions (with peak at a pH 4.3–4.7).
This pH range corresponds to the pKa values of most carboxylic
acids and organic carboxyl groups, where surface complexation
is most efficient.15 Solution pH also affects their degree of
dissociation by changing the positive or negative charges of the
charged groups in the complex. Colloidal interactions and
metal ions may lead to polyvalent cation bridging. The MC
cations (Fe, Ca, and Mg) interact with MC anions –COO− and
maintain neutrality on the surface by neutralizing the charge on
both the negatively charged MC and phosphate ion (P−), acting
as a bridge.15 Moreover, ionic strength (IS) and zeta potential
(ZP) strongly inuence P− complex stability and ligand
exchange efficiency. The IS plays an important role in the degree
of electrostatic binding and structure of the cation-bridged
manure colloid-P− complex.16–18 Kumar et al.19 employed iron-
modied biochar in P− transport and reported that high IS
inuenced P− sorption. Zeta potential is a measure of the
surface potential and includes the particle surface and the
potential at the shear plane.20 Zeta potential provides important
insights into the suspension stability of the manure solids in
various solution conditions. Iron-modied biochar has been
used for P− removal from water, where a decrease in solution
pH resulted in a decrease in ZP due to the adsorption of OH− by
biochar during pH adjustment with NaOH.21,22 Based on the
results of these studies, we inferred that experiments using
solutions with different pH values, ZPs, and ISs can provide
important insights into the mechanism of P association with
MC.

Herein, we have adopted ferric chloride (FeCl3) as a coagu-
lant for the solid–liquid separation of swine manure and
present four conditions as follows: (i) freeze-dried swine
manure, (ii) swine manure with 0.15 M FeCl3 solution (without
biochar addition), (iii) swine manure mixed with corn stover-
derived biochar followed by the addition of 0.15 M FeCl3 solu-
tion, and (iv) swine manure mixed with iron-modied corn
stover biochar followed by the addition of 0.15M FeCl3 solution.
We selected the combination of coagulant and biochar based on
its ability to adjust manure pH, strong coagulating properties,
improvement of nutrient solubility, and the potential to
144 | Environ. Sci.: Adv., 2026, 5, 143–155
concentrate the P in the solid fraction. The specic objectives of
this study were to (i) assess the effects of biochar, FeCl3, and
a combination of biochar and FeCl3 on P release due to cation
and ligand bridging; and (ii) evaluate the P availability by
changing H+/OH− activity. We hypothesized that the addition of
biochar and FeCl3 to swine manure would enhance P separation
through cation bridging and the formation of inner-sphere
complexes that immobilize P in the manure solid fraction,
thereby decreasing its extractability with traditional extractants.
We further hypothesized that altering the experimental pH
conditions might inuence the availability of P by disrupting its
binding and increasing its solubility through different reaction
mechanisms.

2 Materials and methods
2.1. Materials used in this study

The corn stover biomass was converted into biochar for this
study using an autothermal fast pyrolyzer run at 500 °C with an
ample air supply, keeping the equivalence ratio constant (12%).
The biochar (BC) modication involved ferrous sulfate, and
detailed information related to the preparation and modica-
tion of biochar was provided in our previously published
paper.23 The unmodied biochar is called control biochar (CB),
and the biochar modied with ferrous sulfate is called iron
biochar (IB).

The swine manure was collected from a commercial swine
nishing barn in North Central Iowa. The manure collection
details are provided elsewhere.24 For manure solids, the swine
manure was freeze-dried using a freeze dryer (Labconco
benchtop) for 36 h with 0.04 mbar pressure, and the tempera-
ture was kept at −40 °C. The solid–liquid separation of swine
manure was done using 0.15 M FeCl3. We selected FeCl3 based
on our previous study and the high solubility of FeCl3 compared
to the ferric sulfate salt.3 Initially, 0.15 M FeCl3 solution was
prepared separately using 80.1 g of FeCl3$6H2O salt in 2 L of
distilled water using a 2 L volumetric ask. For the solid–liquid
separation process, we utilized three different treatments. All
treatments received 2 L of swine manure and 3 L of 0.15 M FeCl3
solution; the only difference was 0 g BC, 20 g CB, and 20 g IB for
the rst, second, and third treatments, respectively. The
resulting mixture was stirred adequately for 1 h using
amagnetic stirrer and then kept at room temperature (23 °C) for
24 h to achieve a distinct solid–liquid phase separation. The
equilibrium solution pH values for all the samples were noted.
The manure solid fractions were collected by vacuum ltration
employing regular Whatman lter paper (Grade I). Manure
solids without any treatment derived aer freeze drying are
referred to as ‘FDSM’ henceforth, and manure solids derived
aer solid–liquid separation are termed as (a) manure solids
with 0.15 M FeCl3 (MSWF), (b) manure solids with control bi-
ochar (MSCB), and (c) manure solids with iron biochar (MSIB),
respectively. The manure solids were dried at 40 °C for 36 h and
were ground into powder form to achieve a uniform size (z0.84
mm) using a ball mill (Retsch, PA, USA), operated for 10 min.
The manure liquid fractions were stored in Nalgene plastic
bottles at 4 °C until NH4

+–N was determined colorimetrically.4
© 2026 The Author(s). Published by the Royal Society of Chemistry
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The other part of the materials and methods section is provided
in the supporting information.
3 Results and discussion
3.1. Physicochemical characteristics of swine manure

The physicochemical properties of swine manure are provided
in Table 1. The pH of the swine manure was alkaline (pH > 8).
Gravimetric analysis revealed that the moisture content was
95.4%. The ultimate analysis included carbon (36.9%), nitrogen
(3.88%), and hydrogen (5.68%). The NH4

+–N and ortho-P
concentrations in swine manure were recorded as 5487 mg L−1

and 388 mg L−1, respectively. The total manure solids were
46.3 g kg−1, and the solid content of manure includes oxygen,
alkali, and alkaline earth metals in addition to C, H, N, S, and P.
This study's scope is restricted; thus, it does not provide infor-
mation related to other essential and optional components that
contribute to the overall solid content of swine manure.
3.2. Importance of biochar for solid–liquid separation

We utilized different treatments for solid–liquid separation, as
mentioned in the materials and methods section, including
biochar (CB and IB) and without biochar, to evaluate the
applicability of biochar for effective separation (Fig. S1). The
effectiveness of the solid–liquid separation process depends on
how well nutrients can be stabilized in the separate phases.25

The manure liquid fractions derived aer different treatments
were analyzed for P (total P) concentration. We detected P in the
liquid fractions derived aer FeCl3 treatment (without biochar)
and FeCl3 with CB, which were 23.63 mg L−1 (5.43% of total P)
and 5.52 mg L−1 (2.27% of total P), respectively. FeCl3 with IB
treatment had 0 mg L−1 in its manure liquid fraction, which
indicates that P remained in the solid fraction (100% P in the
solid fraction). The probable reason could be the aggregation of
negatively charged colloidal particles using IB, followed by the
addition of 0.15 M FeCl3, resulting in ocs rst, and settling
under gravity.5 The change in the standard state Gibbs' free
energy (DG0) is an important parameter for understanding the
spontaneity and feasibility of the P separation process. We
evaluated the DG0 values of P for all three treatments, and the
values were−16.4 kJ mol−1,−18.2 kJ mol−1, and−23.3 kJ mol−1
Table 1 Physicochemical properties of the swine manure used in this
study

Parameters Valuesa

pH 8.11 � 0.01
Moisture (%) 95.4 � 0.14
C (dry basis %) 36.9 � 0.17
N (dry basis %) 3.88 � 0.06
H (dry basis %) 5.68 � 0.06
S (dry basis %) 0.0005 � 0.008
NH4

+–N (mg L−1) 5487 � 93
Ortho-P (mg L−1) 388 � 18
Total solids (g kg−1) 46.3 � 0.14

a Results are the means of triplicates ± standard deviation.

© 2026 The Author(s). Published by the Royal Society of Chemistry
for manure liquid fractions aer 0.15 M FeCl3, 0.15 M FeCl3
with CB, and 0.15 M FeCl3 with IB, respectively. Biochar derived
from wheat straw and modied with Fe also showed negative
DG0 values of −17.6 kJ mol−1, −18.7 kJ mol−1, and
−19.9 kJ mol−1 at 10 °C, 25 °C, and 40 °C, respectively.26

Based on these results, we noticed that the DG0 value was
more negative for manure treated with 0.15 M FeCl3 with IB for
P, showing that this treatment was thermodynamically more
favorable and the separation of P was more spontaneous and
exothermic in nature. Therefore, the addition of IB is necessary
for the separation of P into the solid fraction of swine manure
during solid–liquid separation.
3.3. The inuence of different manure solids on the
conductometric analysis

Conductometric analysis was carried out with varied manure
solids aer FeCl3 treatment to understand the dispersive
pattern of the cations associated with cation bridging between
MC and P− (i.e., H2PO4

− and HPO4
2−, which are the dominant

forms of P in the 2.12–12.67 pH range). The extent of cation
dispersion depends on how the cations (Ca, Mg, and Fe) can
move into a dispersive medium. We utilized 0.15 M NaCl as
a dispersing medium to assess the cation's release pattern. This
addition of Na will disperse the cations involved in cation
bridging, reduce the Na concentration, and increase the
concentration of other cations (Ca, Mg, and Fe). This conduc-
tometric analysis includes solution pH, ZP, and IS.

Surface charge is the primary determinant of colloidal
particle stability and is inuenced by both solution pH and IS.
The solution pH of FDSM varied from 7 to 7.5 with the volume
(0–30 mL) of the 0.15 M NaCl solution. The solution pH of other
manure solids (MSWF, MSCB, and MSIB) ranged from 4 to 5
and it decreased further aer the 0.15 M FeCl3 treatment due to
the hydrolysis of FeCl3, which produced protons (Fig. 1a). We
observed that MSIB had the lowest solution pH among the
solids at 0 mL of NaCl solution; this could be due to the IB,
which releases protons during the hydrolysis of Fe+3 ions.5

Fig. 1b shows that the particles of the investigated suspen-
sions are negatively charged, and the ZP of FDSM ranged from
−20 mV to −16 mV over the entire volume of 0.15 M NaCl (0 to
30 mL). The negative ZP values indicate the inadequate desta-
bilization of colloidal particles of swine manure.27 As previously
reported, the negatively charged surface of swine manure
particles is primarily attributed to the abundance of ionizable
functional groups, including carboxylic, phenolic, and aldehyde
groups.20,28 The manure solids (MSWF, MSCB, and MSIB) had
positive surface charges varying from 3.4 to 21.8 mV. The
presence of positively charged surface ions (Fe3+, Ca2+, and
Mg2+) on manure solids indicates electrostatic repulsion among
the particles themselves. However, these positively charged
particles can interact with negatively charged particles (clay
minerals, humic acid, and colloidal P−). A higher ZP leads to
stronger repulsion between the colloidal particles, resulting in
slower aggregation and can cause sedimentation.29

The IS of differentmanure solids under the inuence of NaCl is
presented in Fig. 1c. At a low volume (0 mL) of NaCl, the lowest IS
Environ. Sci.: Adv., 2026, 5, 143–155 | 145
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Fig. 1 Effect of dispersingmedium (0.15MNaCl) on the solution pH (a)
zeta potential, (b) and ionic strength, and (c) of swine manure (FDSM)
and manure solids (MSWF, MSCB, and MSIB) derived after treatment
with 0.15 M FeCl3. Experimental conditions: FDSM-freeze-dried swine
manure, MSWF-manure solid with FeCl3, MSCB-manure solid with
control biochar, MSIB-manure solid with iron biochar; 0.1 g of manure
solidsmixedwith 10mL of deionized water, followed by the addition of
0 to 30 mL of 0.15 M NaCl solution. Error bars represent the standard
deviation of the sample size (n = 3). Error bars that are not visible are
smaller than the symbol.
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was recorded for MSIB (0.03 mol L−1) and the highest was docu-
mented forMSCB (0.09mol L−1), followed by FDSM (0.08mol L−1),
and MSWF (0.05 mol L−1). As the 0.15 M NaCl solution volume
increased, the respective solution's IS also increased because of the
high dissociation ability of NaCl, resulting in more Na+ and Cl−

ions in the solution. We noticed that the IS for MSIB remained low
compared to the others (FDSM, MSWF, and MSCB) until NaCl (20
mL) was added. We suspect that NaCl's dispersive effect could not
completely disperse the cations associated with cation-bridging,
resulting in low numbers of dissociated ions and, therefore,
a low IS was observed. However, for FDSM over a range of NaCl
volumes (0–20 mL), NaCl showed a signicant dispersive effect,
resulting in high IS.
146 | Environ. Sci.: Adv., 2026, 5, 143–155
Raman spectra of different manure solids under the inuence
of different volumes of dispersing medium (NaCl, 0–30 mL) are
presented in Fig. S2. Two noticeable peaks were identied at
1580 cm−1 (G-band) and 1350–1380 cm−1 (D-band) in all samples
(FDSM, MSWF, MSCB, and MSIB), referring to the graphitic (E2g
vibrational mode of sp2-C) and disordered carbon structure (A1g
symmetry breathing modes in disordered sp2-C), respectively.30

All types of manure solids showed an increase in the Raman
spectra intensity, especially at the G and D bands, aer 30 mL of
NaCl solution was added. However, there was a signicant
increment in the peak intensity of G- and D-bands of MSCB and
MSIB samples (Fig. S2c and S2d). This was probably due to
electrostatic stability and better dispersion of colloidal particles
by NaCl solution, which decreases agglomeration and enhances
the surface exposure of active carbon.31 This phenomenon is
particularly important for C-rich environments (MSCB and
MSIB), where the structural characteristics of pyrolyzed carbon
become more evident under high IS conditions.

Similarly, the change in surface functionality of all the
manure solids under the dispersing medium (0.15 M NaCl) was
evaluated based on the FTIR analysis. The FTIR spectra for all the
manure solids are presented in Fig. S3 and S4. These FTIR
spectra can be divided into three regions where the maximum
change occurred. The rst region, where peaks appeared at
wavenumbers ranging from 3400 cm−1 to 3100 cm−1, corre-
sponds to O–H/N–H/^C–H (sp-C) stretching. The second region
is attributed to aliphatic –C–H stretching (2920 cm−1 to
2848 cm−1), the peak at 2920 cm−1 is mainly ascribed to asym-
metric stretching of the –CH2 (sp2-C) group, and the peak at
2848 cm−1 resulted from symmetric stretching of the –CH3 (sp

3-
C) group. The third region (1700 cm−1 to 1400 cm−1) showed
a maximum change in the spectra. For FDSM, without any
dispersing medium, the peaks appeared at 1556 cm−1 and
1530 cm−1, corresponding to –CONH2− (sp2-C) stretching and
secondary aromatic amines (–NH–), respectively (Fig S3a). With
different volumes of dispersing medium (0–30mL, NaCl), several
new peaks appeared at 1650 cm−1 (–C]O, amide-I), 1627 cm−1 (–
C]O, amide-II), and 1574 to 1538 cm−1 (–NH–). Higher relative%
transmission peaks of all three zones for each manure solid were
probably due to enhanced IS and dispersion with NaCl addi-
tion.32 We anticipate that high dispersion leads to the distur-
bance of the cation bridging mechanism between the active
cations (Ca, Mg, and Fe) present in manure with the C]O group
of manure colloids.33 A similar pattern was also observed for
other manure solids (MSWF, MSCB, and MSIB), as presented in
Fig. S3b and S4. Based on the above results, the dispersing
medium (0.15 M NaCl solution) signicantly inuenced the
solution pH, ZP, and IS, providing a better understanding of
colloidal stability, dispersive behavior, and nutrient mobility.
3.4. Inuence of different manure solids on the pH metric
analysis

The manure solids (FDSM, MSWF, MSCB, and MSIB) were
subjected to a pH metric titration curve to comprehend the
complex relationship between the coagulant (0.15 M FeCl3) and
the organic matrix of swine manure. The characteristics of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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manure solids depend on the nature of the active functional
groups and how they are associated with other molecules.11–13

With the aid of pH metric titration, we have compared the MC
characteristics derived aer different treatments and obtained
important insights about coordination bridging and metal
cation bridging. The pH metric titration analysis includes the
solution pH, ZP, and IS of manure solids, as presented in Fig. 2
and 3. The solution pH for all the manure solids showed
a decreasing trend as the milliequivalent of acid (0.1 M HCl)
increased due to the increased proton concentration in the
solution (Fig. 2a). In contrast, the solution pH for manure solids
increased as the milliequivalent base (0.1 M KOH) increased
due to the decreased concentration of protons in the solution
(Fig. 2b). It is worth noting that at 0 milliequivalent of acid/base,
the highest solution pH was recorded for FDSM because it was
not exposed to FeCl3.

The ISs of different manure solids under the inuence of
milliequivalents of acid (0.1 M HCl) and base (0.1 M KOH) are
presented in Fig. 2c and d. This indicates that the IS of FDSM at
0 milliequivalent of acid (0.1 M HCl) was the highest
(0.18 mol L−1); as the milliequivalent of acid increased, the IS of
FDSM decreased (0.15 mol L−1), which indicates that some of the
ions moved to the solid phase. Contrary to FDSM, manure solids
(MSWF, MSCB, and MSIB) showed a successive increase in IS with
an increase in milliequivalent acid. This conrmed that most ions
go into the liquid phase from the solid phase of manure solids.

The ZP of FDSM as a function of pH ranged from −6 mV to
−27 mV at pH 2 to 12 (Fig. 3a). In contrast, those of MSWB,
MSCB, and MSIB ranged from −42 mV to 33 mV, −34 mV to
Fig. 2 pH metric curve analysis: (a) and (b) solution pH, (c) and (d) ioni
equivalents of acid (0.1 M HCl) and base (0.1 M KOH). Experimental con
FeCl3, MSCB-manure solids with control biochar, MSIB-manure solids wit
solution, followed by the addition of 0 to 5 mL of 0.1 M HCl/0.1 M KOH
standard deviation of a sample size (n = 3). Error bars that are not visible

© 2026 The Author(s). Published by the Royal Society of Chemistry
27 mV, and −35 mV to 23 mV, respectively, at pH values varying
from 2 to 10 (Fig. 3). For FDSM, the ZP was negative throughout
the pH range due to the abundance of many organic
compounds rich in oxygenated functional groups. Deprotona-
tion of surface-bound carboxylic groups started as the solution
pH increased.34 With base addition, the pH of the suspension
increased, resulting in a negative ZP, and the particles acquired
a more negative charge.35 On the contrary, other manure solids
(MSWB, MSCB, and MSIB) reported a positive surface charge at
a lower pH value (<5.5) and a negative charge at a higher pH
value (>5.5). The point where both positive and negative charges
became zero is considered the point of zero charge (pHpzc),
which was 6.08, 5.96, and 5.81 for MSWB, MSCB, and MSIB,
respectively (Fig. 3b–d). This indicates that the addition of FeCl3
as a coagulant resulted in more positive values of ZP for manure
solids, and the reason might be the electrostatic attraction
binding between the positively charged iron and negatively
charged manure colloids. The higher charge density of iron
induced a more positive charge on the manure colloids at lower
pH. The lowest pHpzc (5.81) for MSIB was mainly due to several
reactions: iron hydrolysis, followed by hydration of iron oxide,
and proton donation.5

Similar to conductometric analysis, the FTIR spectra of all
the manure solids (MSWF, MSCB, and MSIB) with FDSM can be
divided into three regions (Fig. S5 and S6). The maximum
change appeared in regions two (2920–2848 cm−1) and three
(1700–1400 cm−1), which correspond to aliphatic –C–H and –

CONH2− stretching at 1660–1620 cm−1, –NH– at 1540 cm−1,
and carbonate at 1460 cm−1. There was an increase in the
c strength of the solution as a result of the addition of different milli-
ditions: FDSM-freeze-dried swine manure, MSWF-manure solids with
h iron biochar; 0.1 g of manure solids mixed with 10 mL of 0.05 M NaCl
to reach the targeted pH values of 2 to 12. Error bars represent the
are smaller than the symbol.

Environ. Sci.: Adv., 2026, 5, 143–155 | 147

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5va00281h


Fig. 3 Zeta potentials of different manure solids: (a) FDSM, (b) MSWF, (c) MSCB, and (d) MSIB under the influence of different solution pH values.
Experimental conditions: FDSM-freeze-dried swine manure, MSWF-manure solid with FeCl3, MSCB-manure solid with control biochar, MSIB-
manure solid with iron biochar; 0.1 g of manure solids mixed with 10 mL of 0.05 M NaCl solution, followed by the addition of 0 to 5 mL of 0.1 M
HCl/0.1 M KOH to reach the targeted pH values of 2 to 12. Error bars represent the standard deviation of a sample size (n = 3). Error bars that are
not visible are smaller than the symbol.
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relative percentage transmittance with an increase in the
volume of 0.1 M HCl or 0.1 M KOH (from 0 to 5 mL) in both
regions. The reason could be the exposure of aliphatic chains,
likely due to the disruption of H-bonds and the dissociation of
active cations (Ca, Mg, and Fe) bound with functional groups
such as –C]O, –NH–, and –COO, respectively.5,33 However, FTIR
spectra for FDSM decreased at high volume of acid (5 mL of
0.1 M HCl), potentially due to solubilization of organic colloids
(Fig. S5a). FTIR spectra of MSCB and MSIB were also recorded,
showing an increase in the spectral intensity with increasing
volumes of acid (0.1 M HCl) and base (0.1 M KOH). Notably,
carbonate peaks at 1460 cm−1 disappeared aer 0.1 M HCl (5
mL) treatment because carbonates were converted to carbon
dioxide under the acidic environment (Fig. S6). However,
carbonate peaks remained at 1460 cm−1 even aer 0.1 M KOH
treatment, indicating the stability of carbonates under alkaline
conditions, forming insoluble carbonates (CaCO3, FeCO3).
Based on the above results, we found that coordination and
cation bridging changed signicantly under the inuence of
varied solution pH, which resulted in different ZPs and ISs for
FDSM and different manure solids.
3.5. Inuence of different manure solids on the Mehlich-III
(M-III) extraction

With the Mehlich-III (henceforth denoted as ‘M-III’) extractant,
we tried to break the ligand bridging in different manure solids
(FDSM,MSWF, MSCB, andMSIB). We suspected that P− present
148 | Environ. Sci.: Adv., 2026, 5, 143–155
in different manure solids was bound through cation-bridging
and ligand-bridging, where P− (H2PO4

− and HPO4
2−) is

bonded to two metal ions at once. The detailed characterization
was done using different analyses, such as solution pH, ZP, and
IS, under the inuence of different volumes of M-III solution (0–
12 mL). The solution pH values of the different manure solids
are presented in Fig. S7a, and a decreasing trend is reported for
all the manure solids with an increase in the volume of M-III
solution. An increase in the M-III solution volume resulted in
a high proton (H+) release from acids (acetic acid and HNO3),
reducing the solution pH. On comparing the solution pH at
0 (FDSM > MSCB > MSIB > MSWF) and 12 mL (MSWF > MSIB >
FDSM > MSCB) volume addition of M-III solution, we noticed
completely different trends. At high M-III volume, MSWF had
the highest solution pH due to acid saturation, and the solution
started acting as a buffered solution.

The particle surface charge of different manure solids
(FDSM, MSWF, MSCB, and MSIB) was investigated using ZP.
FDSM exhibited ZP values varying from −16 mV to −4.85 mV at
different volumes of M-III solution (0–12 mL). However, the ZP
for the other manure solids varied from 20 mV to −4.13 mV for
MSWF, 23.22 mV to −1.71 mV for MSCB, and 17.81 mV to
−0.13 mV for MSIB, respectively (Fig. S7b). We noticed a nega-
tive ZP for MSWF, MSCB, andMSIB at the M-III volume (>6 mL).
The probable reasons might be the desorption of metal cations,
deprotonation of functional groups, such as carboxylic (–
COOH) and phenolic (–OH), and weakening ligand bridging,
resulting in more negatively charged ions.34
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Comparison of the release pattern of macronutrients (Ca, Fe,
Mg, K, and P) under the influence of different extractants: (a) M-III, (b)
Olsen, and (c) CBD. (FDSM-freeze-dried swine manure, MSWF-
manure solid with FeCl3, MSCB-manure solid with control biochar,
MSIB-manure solid with iron biochar). Error bars represent the stan-
dard deviation of a sample size (n = 3).
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The ISs of different manure solids (FDSM, MSWF, MSCB, and
MSIB) with different volumes of M-III (0–12 mL) are presented in
Fig. S7c. The trend was similar to that of the conductometric
curve; as the volume of M-III increased, the IS of various manure
solids also increased. For FDSM, the IS was found to be
maximum at 0 mL (0.19 mol L−1) and 12 mL (0.35 mol L−1) of M-
III solution. In contrast, the lowest values of IS were recorded for
MSIB at 0 mL (0.12 mol L−1) and 12 mL (0.33 mol L−1) of M-III
solution. The probable reason for increased IS at high M-III
volume (12 mL) might be ionic dissociation and higher total
ion concentration. These results indicate that M-III with
dispersing medium (0.05 M NaCl) solution successfully inu-
enced the solution pH, ZP, and IS, conrming the mobility and
stability of the active cations and ligands from the solid phase to
the liquid phase.

3.6. Comparison of different extractants

The chemical constituents of the stabilizing agents and the
extractant employed greatly impact the nutrient extractability.
Herein, we utilized different extractants, such as M-III, Olsen,
and citrate-bicarbonate-dithionite (CBD), to evaluate the release
of macronutrients (Ca, Fe, Mg, K, and P) from FDSM and other
manure solids (MSWF, MSCB, and MSIB).

3.6.1. Effect of M-III extraction on the release of macro-
nutrients. Different manure solids (FDSM, MSWF, MSCB, and
MSIB) showed signicantly different macronutrient release
patterns under M-III extraction solution (Fig. 4a). Among all the
treatments, FDSM showed the highest release of K (113 884 mg
kg−1), which was substantially higher than other treatments. This
elevated K release was expected, as K in the raw swine manure
exists primarily in soluble or exchangeable forms that M-III can
easily extract. However, the release of K was signicantly reduced
in MSWF, MSCB, and MSIB, suggesting that most of the K exists
in the liquid fraction,5 and the remaining K of the solid fraction
was stabilized with biochar during FeCl3 treatment.

The lowest amount of Fe was extracted from FDSM (1564 mg
kg−1), and the highest amount of Fe was extracted from MSWF
(60 625 mg kg−1) and remained elevated in MSCB (60 284 mg
kg−1) and MSIB (60 300 mg kg−1). The increased availability of
Fe might be due to the formation of Fe-rich complexes that
remained partially extractable by acidic M-III solution. Notably,
Ca and Mg levels were comparatively low in all samples, with
minor reductions following FeCl3 treatment, likely due to the
replacement or masking of exchangeable Ca2+/Mg2+ by Fe3+

ions.
In FDSM, P release was modest (19 520 mg kg−1), but in

MSWF (222 mg kg−1), MSCB (224 mg kg−1), and MSIB (202 mg
kg−1), it was signicantly lower. The formation of Fe–P
complexes during coagulation, and the improved sorption onto
biochar surfaces, especially in MSIB, where iron-modied bi-
ochar probably supplied more binding sites, are responsible for
this reduction, as presented in eqn (i)–(iv).

∼R–COO/Mn+/H2PO4 + H+ /

∼R–COOH + H2PO4
− + Mn+ (i)

(cation-bridged P−)
© 2026 The Author(s). Published by the Royal Society of Chemistry
∼R–COOH + H2PO4
− + Mn+ + EDTA4− /

∼R–COOH + H2PO4
− + [M − EDTA](n−4)− (ii)

3H2PO4
− + Fe3+(*) / [Fe(H2PO4)3] (reprecipitated) (iii)

* (The release of free Fe might be from cation-bridging or Fe-
oxides of the biochar surface)

Fe–P + EDTA4− + H+ / no reaction (iv)

(Fe–P, strong inner-sphere complexes).
The reactions presented in eqn (i)–(iv) indicate that P

(H2PO4
− is the dominant form of P at pH 2.5–6.5), which is
Environ. Sci.: Adv., 2026, 5, 143–155 | 149
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cation-bridged and is susceptible to M-III extraction. The
release of free Fe without P indicates the selective mobilization
of Fe, possibly from Fe-organic matter complexes or Fe-oxides
on the biochar surface. We noticed a secondary reaction,
where this free Fe was reprecipitated with P− due to a change in
the solution pH. The Fe solubility decreased with an increase in
solution pH, and the activity of H2PO4

− was very low at pH 2,
which means it released some of the P, but it was reprecipitated
into the solid phase and determined as low P.36 We found only
∼1.4% of total Fe, which again conrmed the low solubility of
Fe. On the contrary, M-III was ineffective at liberating P from
inner sphere Fe–P complexes; thus, very little P was extracted
fromMSIB (only 1% P from FDSM). These interactions rendered
P less extractable, suggesting a possible trade-off between plant
availability and nutrient retention.

3.6.2. Inuence of Olsen extraction on the release of
macronutrients. The Olsen extraction method is primarily
designed to estimate plant-available P in calcareous soil by
desorbing loosely bound ortho-P− ions through carbonate-
induced replacement reactions.37 The macronutrient release
prole using the Olsen extraction solution showed clear varia-
tion among all treatments (FDSM, MSWF, MSCB, and MSIB)
(Fig. 4b). Among the macronutrients analyzed, K has the high-
est extractable concentration in FDSM (97 551 mg kg−1), fol-
lowed by MSIB (14 349 mg kg−1), MSWF (14 028 mg kg−1), and
MSCB (12 564 mg kg−1), respectively. The possible reason for
the highest extractable K concentration in FDSM is its high
solubility, poor binding, and the exchangeable nature of K in
manure.38

A similar pattern was seen in P extractability, with FDSM
exhibiting noticeably greater P (14 964 mg kg−1) than other
samples treated with FeCl3 and biochar; the P concentrations
were 2033 mg kg−1, 1959 mg kg−1, and 1933 mg kg−1 for MSWF,
MSCB, and MSIB, respectively. The formation of poorly soluble
Fe–P complexes during coagulation is known to resist desorp-
tion in NaHCO3 solution and is responsible for the notable
decrease in P availability in MSWF, MSCB, and MSIB, respec-
tively.39 The additional P immobilization in MSIB is the result of
the combined effect of Fe-enhanced sorption sites and ligand
exchange mechanisms facilitated by the iron-modied biochar
surface,40 as presented in eqn (v)–(ix).

NaHCO3 / Na+ + HCO3
− (v)

Ca2+ + HCO3
− / CaCO3 + H+ (vi)

Ca5(HPO4)3(OH) + 4HCO3
− /

5Ca2+ + 3HPO4
2− + 4CO2 + 6OH− (vii)

∼R–COO/Mn+/H2PO4 + 2HCO3
− /

∼R–COO− + M2(CO3)n + H2PO4
− + 2H+ (viii)

Fe� P*
�
FePO**

4 þNaHCO3/Fe remains insoluble (ix)

(*inner sphere complex and ** mineral phase).
The presence of HCO3

− from NaHCO3 promotes the
precipitation of CaCO3, which lowers the Ca concentration in
150 | Environ. Sci.: Adv., 2026, 5, 143–155
the solution and prevents precipitation as Ca–P.41 We observed
a change in the solution pH aer Olsen extraction, which is
responsible for the increased solubility of P from the Ca–P
mineral and the breaking of cation-bridged P−, as presented in
eqn (v)–(ix). However, Diaz et al.42 found that increased Ca
concentration and alkaline pH led to a sharp decline in P
solubility. Moreover, the inner sphere complex (iron (oxy)
hydroxide bound P−) remained insoluble. The extractability of
Ca, Mg, and Fe remained minimal for all manure solids (FDSM,
MSWF, MSCB, and MSIB). The Olsen solution was not devel-
oped to dissolve multivalent cations or their oxides. Lower
concentrations of Fe were present in the extracts from MSWF
(2127 mg kg−1), MSCB (2062 mg kg−1), and MSIB (2213 mg
kg−1), respectively. This further conrmed the formation of
stable Fe(OH)3 precipitates and Fe-organic complexes during
coagulation, which are primarily insoluble in bicarbonate
systems.43 These ndings were supported by the XRD charac-
terization results.

XRD analysis was conducted to evaluate the dominance of
the inorganic mineral phase in MSIB before and aer Olsen
extraction, as presented in Fig. S8. The XRD spectra of MSIB
before Olsen extraction exhibited the dominance of quartz at
two-theta values of 20.85, 26.65, and 50.14, respectively. The
calcite and sylvite peaks were recorded at two-theta values of
29.40, 43.14 and 28.35, and 40.53, respectively. Our previous
XRD results for IB showed the dominance of hematite and
magnetite mineral phases, indicating the oxidation of Fe2+ to
Fe3+ during the drying of FeSO4-treated biomass.23 The Fe-
oxides present in the IB provide ferrol sites for P− by forming
an inner sphere complex, while FeCl3 treatment was responsible
for Fe hydrolysis, resulting in hydrated Fe-oxides followed by P−

stabilization on amorphous Fe surfaces. The XRD results also
conrmed the presence of P-based minerals such as hydroxy-
apatite and strengite at two-theta values of 32.19 and 39.90, and
28.64 and 16.07, respectively. Aer the Olsen extraction,
hydroxyapatite peaks disappeared, and strengite peaks
remained the same as before the extraction, conrming the
release of P from hydroxyapatite, whereas the Olsen solution
was not able to dissolve Fe–P from strengite. This nding was
supported by SEM-EDS results, as presented in Fig. S9–S11. This
SEM-EDS mapping of three particles of MSIB indicated that P is
mostly associated with Fe. This association did not change
much, even aer the Olsen treatment, indicating that Fe and P
are closely associated.

All the above ndings suggest that Olsen extraction was
responsible for increased P solubility from Ca–P minerals by
promoting CaCO3 precipitation, which in turn reduced the Ca
concentration in the solution. On the contrary, the Olsen
extractant was proved ineffective for Fe–P complexes, as the
solution pH change induced by HCO3

− was insufficient to
disrupt the strong Fe–P association.

3.6.3. Impact of CBD extraction on the release of macro-
nutrients. Citrate-bicarbonate-dithionite (CBD) is a strong
reductive extractant that promotes ligand dissolution and
reductively mobilizes metal-P− complexes to solubilize iron
oxide and liberate occluded P from Fe–P.44 Aer CBD extraction,
the highest Fe concentration was observed for MSWF (131
© 2026 The Author(s). Published by the Royal Society of Chemistry
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552 mg kg−1), followed by MSCB (125 280 mg kg−1), and MSIB
(104 468 mg kg−1), respectively (Fig. 4c). The high level of Fe
mobilization in MSWF was in line with the previous use of
FeCl3, which most likely produced amorphous Fe(OH)3 or Fe-
organic complexes that were easily reducible in CBD condi-
tions. The addition of biochar might have xed some of the Fe
by surface complexation or sorption processes, which decreased
the Fe release in MSCB (∼5%) and MSIB (∼21%) compared to
MSWF. The drastic reduction of Fe (21%) in MSIB conrmed
that Fe was still present in a reactive, reducible form.

For FDSM, K release was recorded as the highest (99 958 mg
kg−1), indicating its highly soluble and exchangeable nature.
Conversely, K availability was greatly reduced by FeCl3 treat-
ment (MSWF (19 895 mg kg−1)) and subsequent biochar incor-
poration (MSCB (21 264 mg kg−1) and MSIB (15 823 mg kg−1)).
The observed decrease in K availability indicates the physical
and chemical stabilization of soluble K. Under the inuence of
CBD, which is non-acidic and reductive, there was no effective
disruption of this stablized K was observed.

Moderate levels of Ca and Mg were released by CBD extrac-
tion in all manure solids; however, FDSM showed higher
concentrations of Ca (13 325 mg kg−1) and Mg (9062 mg kg−1).
The manure solids aer FeCl3 treatment showed decreased
extractability, increasing the possibility of retention on biochar
exchange sites or co-precipitation with different Fe phases. CBD
mainly targets the reducible Fe-bound fraction, and its impact
on alkaline earth metals is secondary and mostly reliant on
initial solubility rather than particular complexation.43

With CBD extraction, we were able to extract more P from
FDSM (12 680 mg kg−1), and from other manure solids, which
were 11 294 mg kg−1, 11 165 mg kg−1, and 7477 mg kg−1 for
MSWF, MSCB, and MSIB, respectively. The P present in FDSM
was easily extracted due to its readily extractable organic and
inorganic forms. However, MSWF and MSCB solids showed less
extraction of P (10–12%) compared to FDSM; for MSIB, a 41%
reduction of P extraction was observed. Interestingly, the lower
P release from MSIB than MSCB indicates that iron-modied
biochar contributed to Fe stabilization and improved ligand
exchange surfaces, which were not easy to break.10 Under the
inuence of CBD extraction, cation-bridged P− is easily extrac-
ted, but Fe–P complexes are challenging, and multiple steps are
required to disrupt Fe–P bonds to release P, as presented in eqn
(x)–(xiii). Firstly, hydrolysis of the inner sphere complex and
mineral phase of Fe-bound P occurs, which is responsible for
releasing Fe3+ and some P−. Secondly, dithionite (SO3

2−)
reduces Fe3+ (mainly oxides and oxyhydroxide of Fe from bi-
ochar surfaces) to Fe2+; this reduction destabilizes the Fe–P and
FePO4 lattice and releases soluble Fe2+ and H2PO4

−/HPO4
2−

species depending on the solution pH. Thirdly, citrate stabilizes
Fe2+ in solution and inhibits the reprecipitation of Fe–P or Fe–
OH phases.

∼R–COO/Mn+/H2PO4 + C6H5O7
3− /

∼R–COO− + H2PO4
− + [M–C6H5O7]

(n−3)− (x)

Fe� P*
�
FePO**

4 þOH�/Fe3þ �OH

þH2PO4
��HPO4

2�ðdepending on solution pHÞ (xi)
© 2026 The Author(s). Published by the Royal Society of Chemistry
Fe3+ + e− / Fe2+ (reduced Fe by Na2S2O4) (xii)

Fe2+ + C6H5O7
3− / [Fe2+(C6H5O7)]

− (chelated by citrate,

prevents reprecipitation) (xiii)

FTIR spectra of FDSM, MSWF, MSCB, and MSIB aer
different extraction solutions (M-III, Olsen, and CBD) also
conrmed the involvement of the different functional groups
and their associations (Fig. 5). For all the samples, the peaks
appearing between 3300–3400 cm−1 correspond to O–H/N–H/
^C–H stretching. Before any treatment (FDSM), the peak
recorded at ∼3271 cm−1 was narrower, but aer FeCl3 and bi-
ochar treatments, the broadening of peaks was observed, con-
rming the formation of a strong H bond and also indicating
cation bridging and chelate complexes.24 A small peak appeared
at 2944 cm−1, corresponding to P–OH stretching vibrations for
different forms of PO4–P present in FDSM and other manure
solids (MSWF, MSCB, and MSIB). Asymmetric (∼2920 cm−1)
and symmetric (∼2850 cm−1) stretching vibrations of aliphatic
C–H appeared prominently in FDSM. However, the peak
intensity was reduced aer FeCl3 (MSWF) and biochar treat-
ments (MSCB and MSIB). These changes were almost constant
among the different extractants (M-III, Olsen, and CBD) tested
in this study. The inuence of different extractants was
observed in the range of 1700 cm−1 to 1400 cm−1. For FDSM, the
peaks appeared at 1700 cm−1, 1680 cm−1, 1630 cm−1, and
1530 cm−1, corresponding to amide (–C]O) stretching and
secondary aromatic amines, respectively. However, for MSWF,
MSCB, and MSIB, the intensity of these peaks was reduced, and
some of them disappeared, while some new peaks appeared due
to hydrolysis. Under the inuence of M-III and Olsen extrac-
tants, amide peaks were not clearly visible, but aer CBD
extraction, amide peaks could be clearly seen. This indicates
that the C]O group was involved in cation bridging and other
complex compounds, which became free aer the hydrolysis.
This was the reason for the higher concentration of Fe and P
aer CBD extraction.

CBD destabilizes the cation-bridging structure, releasing
both the organic ligand and P−. CBD also dismantles rmly
bound Fe–P and FePO4 phases by activating phosphorus release
through a combined process, including hydrolysis, reduction of
Fe3+, and chelation reactions. The strong electrostatic and
covalent interactions involved in inner-sphere complexation are
frequently too strong to be overcome by pH modication alone.
CBD also highlights the enhanced nutrient recovery from
organically stabilized manure solids, with a special emphasis
on the signicance of redox chemistry in P mobilization,
particularly in the iron (oxy)hydroxide-rich environment.

3.7. Environmental implications

The ndings of this study provide important insights into P
dynamics in Fe-rich environments, highlighting the drawbacks
of the traditional extractants and the vital function of the redox
process in P mobilization. P was partially recovered from
manure solids using M-III and Olsen extractants because
persistent, stable Fe–P interactions limited the recovery
Environ. Sci.: Adv., 2026, 5, 143–155 | 151
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Fig. 5 Fourier transform infrared spectra of freeze-dried swine manure (FDSM) and manure solids (MSWF, MSCB, and MSIB) after the addition of
different extractants: (a) M-III, (b) Olsen, and (c) CBD.
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effectiveness. This behavior is typical of Fe-rich soils, where P is
frequently trapped in crystalline or amorphous Fe (oxy)
hydroxide phases, making it essentially unavailable to plants.
Conversely, the CBD extractant demonstrated signicantly
better P release, which can be attributed to its ability to both
chelate and reduce Fe3+, facilitating the dissolution of Fe–P
complexes. These results highlight that a change in redox
potential is necessary to induce the reductive dissolution of Fe-
bound P in such a system, as pH adjustment alone is not
152 | Environ. Sci.: Adv., 2026, 5, 143–155
enough to liberate P. However, any redox-driven mobilization
approach needs to be thoroughly assessed for any possible
environmental effects, particularly with respect to Fe2+ and P
leaching and the associated risk of eutrophication. Overall,
ndings from this study on the redox-sensitive behavior of Fe–P
interactions have signicant ramications for the long-term
sustainable management of P in agroecosystems where Fe
dominates.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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4 Conclusion

This study highlights the application of biochar for effectively
separating P into solid fractions, an effective means to reduce
the pollution load and improve nutrient management. Coagu-
lant (FeCl3) and biochar, particularly iron-modied biochar, are
effective media for stabilizing nutrients and lowering the
leaching risk of nutrients. Nutrient stability was assessed using
conductometric-, pH metric-, and M-III analyses. Solution pH,
ZP, and IS were taken into consideration for these analyses. P−

complex stability and ligand exchange efficiency are strongly
inuenced by the degree of dissociation. This study further
discusses the release behavior of macronutrients under the
inuence of different extractants. Among the extractants tested,
CBD was found to be the most suitable for extracting P from
cation-bridged P-phosphate and iron-bound P−. The extractants
were used to evaluate the long-term environmental nutrient
loading potential or immediate fertility contributions. The
environmental fate and ecological impacts of the released P−

are beyond the scope of this study. Future research with these
solid materials in the soil matrix is needed to evaluate the
potential applicability of this process under natural environ-
ments. This approach offers a promising strategy for P recovery
from manure solids of different origins.
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