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Abstract
This study was carried out to evaluate the e�ciency and mechanism of P removal by different types of
Fe-OM associations in peatlands. Humic substance (HS) and particulate organic matter (POM) were
isolated from peat soils, and different types of iron-organic matter associations (Fe-HS and Fe-POM) were
prepared. In addition, the natural combination of Fe3+ with peat was simulated. Then, isothermal
adsorption experiments were carried out on the synthesized Fe-OM and iron-contained peat soils. All the
adsorption data can be well �tted by the Langmuir adsorption model. The theoretical maximum
adsorption capacity (Qmax) of Fe-HS associations can reach 36.90 mg/g, which is approximately two
times higher than that of ferrihydrite (19.23 mg/g) and ten times higher than that of hematite (3.26 mg/g)
and goethite (2.08 mg/g). The adsorption capacities of peat soils and POM were signi�cantly enhanced
by combinations with exogenous Fe3+. The Qmax of the original peat and iron-contained peat were 2.83
mg/g and 7.36 mg/g, respectively, and those of the original POM and Fe-POM association were 4.31
mg/g and 5.89 mg/g, respectively. The contribution of Fe-OM associations to phosphorus removal in
peatlands is much higher than that of inorganic iron oxide. In addition, exogenous Fe3+ could also
participate in other phosphorus removal processes.

Highlights
1. The phosphate removal capacity of peat soils can be signi�cantly enhanced after combining

exogenous Fe3+.

2. The phosphate adsorption capacity of peat-derived organic matter and iron associations was
stronger than that of inorganic iron oxides.

3. There are various phosphorus adsorption mechanisms related to iron in peatlands.

1 Introduction
Phosphorus (P), a primary nutrient element, is essential for the growth of organisms. However, excess
phosphorus can cause eutrophication and compromise the natural environment (Meinikmann et al. 2015;
Dodds and Smith 2016). During the past several decades, many studies have been conducted to
determine the fate of P in wetland systems (Dierberg et al. 2020; Ni et al. 2020; Song et al. 2007). In
wetlands, exogenous phosphorus can be removed by microbial processes, plant uptake, sedimentation
and precipitation, and adsorption by the mineral surfaces (Wu et al. 2019; Liu et al. 2000; Haritash et al.
2017; Spangler et al. 2019; Yuhui et al. 2020; Ghodsi et al. 2020; Kubicki et al. 2012). Due to the
complexity of wetland system, the capacity and e�ciency of various P removal processes have not been
thoroughly studied.

Peatland is a terrestrial wetland ecosystem where the production of organic matter exceeds
decomposition. Thus, approximately one-third of the total soil carbon in peatlands (Page et al. 2010). HS
represents a large portion of natural OM in soils and typically consists of humic acid (HA), fulvic acid (FA)
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and humin (Newcomb 2015; Koivula and Hänninen 2001). Due to its complex structural characteristics
and functional groups, HS has a strong adsorption complexation capacity that can react with inorganic
or organic pollutants (Wang et al. 2020; Piccolo et al. 2021). Non-humic substances are composed of
more labile organic matter (LOM) that include free particulate organic matter (free-POM) and occluded
particulate organic matter (occluded-POM) (Rodionov et al. 2000; Six et al. 2008; Six et al. 2002). Despite
the fact that particulate organic matter (POM) comprises a relatively small fraction of SOM (10–25% of
soil C), it is a critical constituent in soil carbon cycling because of the rapid response to the changes in
soil properties (Gregorich et al. 2006; Beare and Gregorich 2007; Baldock et al. 2018).

Iron is one of the most abundant transition metal elements in peatland. Due to the difference of
geological environment and water supply mode, the content of iron in peatland varies greatly. Zak et al.
(2019) investigated 11 different peatlands situated along freshwater sources in postglacial landscape of
northwest Germany and northwest Poland, the results showed that the iron contents varied from
0.75mg/kg to 22mg/g. Zhao et al. (2019) measured the content of iron in peat covered with different
vegetation in Dajiu Lake peatland, the total Fe in peat soils showed a range of 9.55-37.5mg/g which
indicated a very Fe-rich environment. Though Fe concentration in peat are typically lower than mineral
soils(10-300mg/g) (Bohn et al. 2014), its active chemical properties still have an important impact on soil
elements and material cycle.

Characterized as ubiquitous redox interfaces with large amounts of organic matter and active iron,
peatlands provide favorable interfaces for the formation of iron-organic matter (Fe-OM) associations
(Zhao et al. 2019; Zhao et al. 2020; Curtinrich et al. 2021; Zhao et al. 2021), which may occur through
coordination complexation, ion exchange and cation bridges (Fu and Quan 2006; Mikutta et al. 2007;
Elfarissi and Pefferkorn 2000). Zhao et al. (2019) investigated the contents of Fe-bound organic and
organic Fe in DaJiu Lake peatland, the results showed that they accounted for 7.6–17.3% of total organic
matter content and 13.54–53.65% of total iron content, respectively. Fe concentration ranging from 500
to ~ 2,500 µg/g and up to 300 µg/g were reported for bulk peat and corresponding humic acids (HA),
respectively (Zaccone et al. 2007). These research indicate the close relationship between iron and
organic matter in peatland.

According to the combination mode of iron and organic matter, Fe-OM associations could be divided into
two types, coprecipitated Fe-OM and OM-adsorbed to iron oxides (Kleber et al. 2015). Both of them have
remarkable anti-biodegradation properties, which allows for their long-term stability in soil (Chen et al.
2016; Eusterhues et al. 2014; Curti et al. 2021). Organic matter adsorption can change the surface
properties of iron oxide (Ohno and Kubicki 2020; Zhou et al. 2014; Kaiser and Guggenberger 2003), while
coprecipitation can increase the disorder degree and electromagnetism of iron mineral structures
(Thomasarrigo et al. 2018; Hayes et al. 2009). These changes in iron oxide properties would have various
in�uences on the adsorption and �xation capacity. For example, OM may compete with phosphate for
adsorption sites, which could weaken the phosphate adsorption capacity of Fe-OM complexes by the
dissolution of iron oxides, creation of new adsorption sites, and retardation of iron oxide crystal growth
(Deng et al. 2019; Wang et al. 2015a; Cornell and Schwertmann 1979; Borggaard et al. 2005). However,
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several studies proposed that HS does not signi�cantly affect the adsorption behavior of iron oxide
(Borggaard et al. 2006; Weng et al. 2009). Khouri et al. (1995) suggested that the inhibition of phosphate
adsorption by OM was temporary, while Chen et al. (2018) found that coprecipitates of ferrihydrite and
OM yield P sorption properties nearly equivalent to that of pure ferrihydrite.

Although extensive studies con�rm that iron oxides in the soil matrix play a signi�cant role in P
adsorption and �xation (Dorau et al. 2019; Koopmans et al. 2019; Fan et al. 2021), few studies have been
conducted to evaluate the e�ciency and mechanism of P removal by Fe-OM associations in peatlands.
Due to the complexity of Fe-OM associations, further clari�cation of the P removal processes by Fe-OM
associations will assist in the evaluation of the P removal capacity of peatlands. Therefore, the main
purpose of this study is to examine the e�ciency and mechanism of phosphate removal by the different
types of Fe-OM associations in peatlands in an effort to further understand the contribution of Fe-OM
associations to the phosphate removal capacity of peatlands.

2 Methods And Materials

2.1 Chemicals
Superlite XAD-8 Macroporous Resin (Sigma-Aldrich Co. LLC, USA) was used to re�ne humic substances.
All other reagents were analytically pure and purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Deionized water (15.0 MΩ, obtained through an Elix Advantage water puri�cation
system, Merck Millipore Corp., Darmstadt, Germany) was used for reagent preparation and experiments.

2.2 Preparation of peat soil
Peat soil samples were collected from Jinchuan peatland located in Jinchuan Town, Huinan County, Jilin
Province (42°20′56′′N, 126°22′51′′E). The collected surface peat soils were freeze-dried by a freeze dryer
(LGJ-10, Beijing Songyuanhuaxing Technology Develop Co., Ltd.) and then sieved using a 40-mesh (400
mm) sieve. Total organic carbon (TOC) in dried samples were measured by a TOC analyzer (Elementar
Vario TOC, Germany). The contents of iron-bound organic carbon were analyzed through the modi�ed
method of DCB (Sodium Dithionite-Citrate-Bicarbonate) (Lalonde et al. 2012; Wang et al. 2017).

2.3 Extraction and puri�cation of HA and FA
HA and FA were isolated from a peat soil sample according to the method recommended by the
International Humic Substances Society (IHSS) (Swift 1996). Brie�y, 50.0 g of peat soil was added to a
500 mL conical �ask with 500 mL of 0.1 mol/L HCl, and the pH of the suspension was immediately
adjusted to 1.0–2.0 using 1 mol/L HCl under a N2 atmosphere. After the suspension was equilibrated for
1 h, the supernatant containing FA was separated from the solid residue. FA was puri�ed using XAD-8
resin and cation exchange resin and then freeze-dried and stored in the absence of light.

The soil residue, which contained the HA fraction, was neutralized to pH 7.0 with 1 mol/L NaOH, followed
by 0.1 mol/L NaOH additions to give a �nal extractant: soil ratio of 10:1. The suspension remained
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quiescent for 12 h under N2. The residue was separated from the suspension and dissolved using the

smallest volume of 0.1 mol/L KOH, and then, solid KOH was added to make the concentration of K+ reach
0.3 mol/L. After 4 hours of equilibration, the suspension was centrifuged for 10 min at 3000 rpm and the
supernatant decanted. The pH of the supernatant was then adjusted to 1.0–2.0 using 6 mol/L HCl under
N2 to precipitate HA, which was dissolved with 0.1 mol/L HCl and 0.3 mol/L HF solution in a 50 mL
centrifuge tube and shaken overnight. The derived HA were puri�ed in a 1000 Dalton dialysis bag with
deionized water until the conductivity of the e�uent was less than 20 µs/cm (DDBJ-350, INESA Scienti�c
Instrument Co., Ltd., Shanghai, China). The salt-free HA concentrate were freeze-dried and stored in the
absence of light.

Fourier transform infrared (FTIR) spectroscopy of HA and FA was performed to compare the differences
in functional groups using an FTIR spectrometer (Nicolet iS50, Thermo Fisher Scienti�c). The
concentrations of hydroxy and carboxyl groups were determined by the method of Wen (1984) using a
potentiometric titrator (T860, Hanon Instruments Co., Ltd., Jinan, China).

2.4 Separation of particulate organic matter
Particulate organic matter (POM) was isolated from a peat soil sample following a procedure described
by Elliot and Cambardella (1991). Brie�y, 50.0 g of freeze-dried peat sample was dispersed in 100 mL of
Na6(PO3)6 (sodium hexametaphosphate solution, 5 g/L) and shaken on a reciprocal shaker for 18 h. The
soil suspension was then passed through a 53 µm sieve. The material remaining on the sieve was rinsed
thoroughly with deionized water, freeze-dried and stored as the POM sample.

2.5 Synthesis of iron oxides
Ferrihydrite (Fe2O3·0.5 H2O), goethite (FeO(OH)), and hematite (Fe2O3) were synthesized according to the
method of Schwertmann and Cornell (1992).

Ferrihydrite was synthesized by hydrolysis of 500 mL of 0.2 mol/L ferric nitrate nonahydrate
(Fe(NO3)3·9H2O) solution with 330 mL of 1 mol/L KOH solution in a 1 L beaker at a pH between 7.0–8.0.
Goethite was synthesized by hydrolysis of 50 mL of a 1 mol/L Fe(NO3)3 ·9H2O solution with 90 mL of 5
mol/L NaOH solution in a 1 L polypropylene bottle, resulting in the rapid precipitation of ferrihydrite. The
resulting suspension was diluted to 1 L with deionized water and aged for 60 h at 70°C, forming a yellow
precipitate. Hematite was synthesized by adding 40.0 g of Fe(NO3)3·9H2O to 500 mL of deionized water,
300 mL of 1 mol/L KOH solution and 50 mL of 1 mol/L NaHCO3 solution in a 1 L polypropylene bottle. All
the above solutions were heated to 90 ℃ before mixing. The suspension was then aged for 48 h at 90°C,
forming a red precipitate.

All the precipitates were washed with deionized water until the conductivity of e�uent was less than 20
µs/cm. Finally, the precipitates were freeze-dried for experimental use. Each of the three inorganic iron
oxides were tested by SEM (Scanning Electronic Microscopy, HITACHI SU8010, Hitachi Instruments Co.,
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Ltd.) and XRD (X-ray diffraction, Bruker D8 Advance, BRUKER AXS GMBH) to determine their crystal
structural morphology and species.

2.6 Synthesis of different Fe-organic matter associations
Fe-HS (Fe-humic substance associations) with different ratios of iron and HS were synthesized as
follows: 100 mL of 0.5 mol/L Fe(NO3)3 solution was mixed with 5 mL of FA (Association A), 25 mL of FA
(Association B), 5 mL of HA (Association C) and 25 mL of HA (Association D), and the pH of mixtures
were titrated to 7.5 ± 0.1 using 1 mol/L NaOH and incubated for 1 h.

Fe-POM associations were synthesized by adding 15 mL of different concentrations (0, 5, 10, 20, 30, 50
mg/L) of Fe(NO3)3 solutions into POM samples, and then, the mixtures were shaken at 20°C for 48 h to
simulate the integration process of iron and POM in a natural environment.

Fe-HS associations were tested by XRD and SEM to determine their crystal structural morphology and
species. The contents of C and Fe in Fe-HS associations were analyzed by TOC and atomic absorption
spectrometry (AAS) (TAS-990, Beijing Purkinje General Instrument Co., Ltd) by dissolving associations in
6 mol/L HCl.

2.7 Simulating the natural combination of Fe3+ and bulk
peat
Fifteen milliliters of different concentrations (0, 5, 10, 20, 30, 50 mg/L) of Fe(NO3)3 solutions were added
to 2.0 g of peat soil in 50 mL conical �asks. The simulated transformation process of iron under natural
conditions was accelerated by shaking the �asks at 25°C for 48 hours. 30ml of deionized water was
added to the mixture, and the supernatant and sediment were then separated by centrifugation. The
concentrations of iron and TOC in the supernatant were measured, and the content of Fe3+ complexed by
peat soils and the organic carbon released from peat were calculated by the differences between the Fe3+

concentration before and after the combination process.

2.8 Isothermal adsorption of phosphate
Phosphate solutions of various P concentrations ranging from 0-100 mg/L were obtained by adding
potassium dihydrogen phosphate (KH2PO4) into an aqueous solution containing 0.1 mmol/L CaCl2
solution as the electrolyte. The pH values of all phosphate solutions were titrated to 4.5 ± 0.1 using 0.1
mmol/L NaOH/HNO3 solutions.

The adsorbents (inorganic iron oxides, Fe-OM associations, original peat soils and iron-complexed bulk
peat soils) were equilibrated in solutions containing different P concentrations in 10 mL centrifuge tubes
and then shaken on a reciprocal shaker for 24 h at 20 ℃. After adsorption, all samples were centrifuged
at 8000 rpm for 10 min, and the supernatant solutions were �ltered through 0.45 µm cellulose acetate
membrane �lters.
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The concentrations of P in the �ltrate was determined in 48h with the molybdate blue colorimetric
method (Murphy and Riley 1962) using an ultraviolet-visible spectrophotometer at a wavelength of 700
nm. Each adsorption experiment was performed in duplicate to con�rm the reproducibility.

2.9 Statistical analysis
The adsorbed phosphate amount was calculated by the change in solution concentration through mass
balance. The Langmuir isotherm model was used to analyze the phosphate adsorption process. The
model assumes monolayer adsorption onto the surface with a �nite number of identical sites and is
expressed by the following equation:

Q =
QmaxKC
1 + KC

In its linear form, the Langmuir equation can be described as

C
Q =

C
Qmax +

1
KQmax

where C represents the concentration of phosphate solution at equilibrium (mg/L), Q represents the
amount of phosphate adsorbed per unit mass at equilibrium, Qmax is the maximum theoretical amount of
phosphate adsorbed per unit mass. K (L/mg) is de�ned as the ratio of adsorption rate constant to
desorption rate constant, and represents the Langmuir equilibrium constant related to the a�nity between
the phosphate and the sorbent.

3 Results And Discussion

3.1 characteristics of materials
The pH value of soil samples is between 5.29–5.8, with an average value of 5.47. The content of total
organic carbon in the peat soil samples ranged from 19.73–44.0%, and the content of Fe-bound organic
carbon ranged from 4.1–10.98%. Overall, Fe-bound organic carbon content accounted for 20.78%-24.95%
of the total organic carbon content.

The morphologies of ferrihydrite, goethite, hematite and Fe-HS associations were characterized by SEM.
As shown in Fig. 1, ferrihydrite has no clear crystal structure, suggesting an amorphous phase. A long
column structure for synthetic goethite is observed, indicating that goethite was successfully prepared.
Hematite has a clear crystal form of granular type. The four Fe-HS associations show the same
morphologies of amorphous characteristics as ferrihydrite under the SEM.

XRD patterns of iron oxides are shown in Fig. 2a. The synthesized ferrihydrite has no characteristic peaks
in the XRD spectrum, suggesting an amorphous mineral. Goethite and hematite have clear characteristic
peaks, marked as triangle mark and square mark. Combined with the standard database JCPDS (The
Joint Committee on Powder Diffraction Standard), these peaks are identi�ed as goethite (PDF: 29–0713)
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and hematite (PDF: 72–0469). Figure 2b shows the XRD patterns of four Fe-HS associations, two broad
peaks at degree 21 and 35 were found in all samples. Thus, these four Fe-HS associations can be
regarded as two-line ferrihydrite.

From the XRD and SEM patterns, it was veri�ed that the synthesized inorganic iron oxides and four Fe-HS
associations were of high purity, and met the requirements of the experiment.

The Fourier transform infrared (FT-IR) spectra of HA and FA are depicted in Fig. 3. The absorption peaks
at 3434 cm− 1 correspond to -OH vibration elongation in alcohols or phenolic compounds (Mazzetti and
Thistlethwaite 2002). The absorption peaks at 2925 cm− 1 are assigned to the -OH vibration elongation in
the carboxylic acids. The two spectra patterns have similar peaks below 2000 cm− 1. However, FA has an
additional absorption peak at 1723 cm− 1 compared with HA, which is the characteristic absorption peak
of C = O vibration elongation.

The contents of hydroxyl and carboxyl group in HA and FA were measured by potentiometric titration. The
content of hydroxyl and carboxyl group in HA is 5.14 mmol/L and 2.34 mmol/L respectively, while that in
FA is 8.02 mmol/L and 6.25 mmol/L respectively. By comparison, the contents of carboxyl and hydroxyl
group in FA are both higher than those in HA, which is consistent with previous research proposing that
FA has more oxygen-containing functional groups than HA (Li et al. 2019).

The contents of carbon and iron in the four Fe-HS associations were measured and the molar ratio was
calculated and listed in Table 1. In the synthesis process of association B and D, more HA and FA is
added, so their carbon content are obviously higher than that of A and C. There was no signi�cant
difference in iron content among the four associations, so the molar ratio of Fe/C in association A and C
are higher than B and D.

Table 1
Fitting parameters of Langmuir equation describing phosphate adsorption onto iron

oxides and Fe-HS associations
adsorbents R² for Langmuir Qmax (mg/g) K (L/mg)

Ferrihydrite 0.9791 19.230 0.082

Hematite 0.9976 3.258 0.321

Goethite 0.9934 2.080 1.181

  Fe/C (molar ratio)      

Association A 11.84 0.9525 26.041 0.106

Association B 4.99 0.9371 31.847 0.042

Association C 13.09 0.9474 33.557 0.051

Association D 4.85 0.9346 36.900 0.039
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3.2 Isothermal adsorption of phosphate by iron oxides and
Fe-HS associations
Isothermal phosphate adsorption onto inorganic iron oxides (goethite, hematite and ferrihydrite) and four
types of Fe-HS associations are depicted in Fig. 4, which shows that the adsorbed phosphate increased
with the initial phosphate concentration. However, when the concentration of initial phosphate was
greater than 20 mg/L, the amount of phosphate adsorbed leveled off for goethite and hematite. A
Langmuir model was applied to �t the adsorption data, and the �tting parameters are listed in Table 1. A
higher correlation coe�cient value (R2 > 0.937) indicates that the Langmuir model adequately �ts to
describe the isothermal adsorption.

The �tting parameters are listed in Table 1. The Qmax of ferrihydrite, hematite and goethite are 19.23
mg/g, 3.25 mg/g and 2.08 mg/g, respectively. The adsorption capacity of ferrihydrite is much higher than
that of hematite and goethite, which is consistent with previous studies (Wang et al. 2013; Shao et al.
2006; Liu et al. 2021). Liu et al. (2021) found that electrostatic attraction was the predominant
coadsorption mechanism for phosphate ions on goethite, while surface precipitation was the most
signi�cant on ferrihydrite. According to Schwertmann and Cornell (1992), ferrihydrite is an amorphous
oxide with the highest degree of activity among these three iron oxides and larger speci�c surface area,
so its adsorption capacity is much greater than that of goethite and hematite with higher crystallinity.

In addition, the Qmax values (Table 1) indicate that the Fe-HS associations have a higher capacity for
phosphate adsorption than inorganic iron oxides, and the Qmax of Fe-HS associations are all above 26.04
mg/g, which are approximately one order of magnitude larger than those of hematite and goethite. This
�nding indicates that the incorporated HS result in an enhanced binding a�nity of phosphate onto Fe-HS
association, likely beacuse HS incorporated into Fe-HS would disturb the structure of ferrihydrite and
increases its disorder degree, resulting in a rougher surface and larger speci�c surface area of the
precipitate (Laird 2001). In addition, organic ligands such as HS would inhibit Fe(II)-catalyzed ferrihydrite
mineral transformations and the formation of crystalline secondary mineral phases compared to a pure
ferrihydrite (Thomasarrigo et al. 2018, 2019), giving it high site density and large surface area, ultimately
leading to a higher adsorption capacity of Fe-HS associations. Contrary to our results, Wang et al.
(2015b) found that the coprecipitated ferrihydrite-HA associations adsorb less phosphate than pure
ferrihydrite, they speculated that HA could occupy the speci�c adsorption sites and decrease the binding
sites for phosphate adsorption. Violante and Huang (1989) also proposed that HA could develop a
negative charge through the ionization of functional groups, decreasing the electrostatic interaction
between phosphate and ferrihydrite-HA associations and thus weakening the adsorption capacity.
Another possible explanation is that HS is indirectly related to the phosphate adsorption, the formation of
complex with iron or aluminum is the factor that directly in�uence the adsorption capacity of soil matrix
(López et al. 1996; Bruland and Richardson 2006).
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The Higher Langmuir equilibrium constant K (L/mg) represents the faster adsorption. From Table 1,
although the adsorption rate of goethite among these three iron oxides is the highest, Qmax value is the
lowest, and the opposite is true for ferrihydrite. However, Qmax is a more important parameter relative to K
in our study, because the adsorption and removal of phosphorus by peat soil is a long-term process.

It is also noted that Fe-HA associations (C and D) have higher Qmax than Fe-FA associations (A and B)
(Table 1), which may be due to the difference in functional group composition between HA and FA. HA is
higher in molecular mass and contains fewer oxygen-containing functional groups than FA. Thus, FA has
more charge that results in a more compact structure of associations than HA. It was also found that
regardless of HA-Fe or FA-Fe, associations with high organic carbon content (B and D) have better
adsorption capacity than those with low organic carbon content (A and B). These results veri�ed that
organic matter complexing with iron can promote the phosphate adsorption capacity of iron oxides.

3.3 Isothermal adsorption of phosphate by POM and Fe-
POM associations
Although POM comprises a relatively small fraction of SOM, its role in soil cannot be ignored due to its
high activity. The adsorption results of extracted POM and Fe-POM associations are depicted in Fig. 5,
which shows that when the initial phosphate concentration was less than 20 mg/L, the amount of
phosphate adsorbed on Fe-POM associations rapidly increased. However, when the initial phosphate
concentration was greater than 20 mg/L, the adsorbed phosphate increased more slowly. The estimated
model parameters with the correlation coe�cient (R2) for the Langmuir equation are given in Table 2.

Table 2
Fitting parameters of Langmuir equation describing phosphate adsorption onto Fe-POM associations

Concentration of Fe3+ solution added
into POM (mmol/L)

Content of Fe3+ complexed
by POM (mg)

R² Qmax
(mg/g)

K

0 0 0.9940 4.310 0.117

5 4.280 0.9844 4.761 0.081

10 8.435 0.9422 4.508 0.086

20 17.363 0.9893 4.863 0.155

30 21.083 0.9769 5.144 0.153

50 39.225 0.9960 5.885 0.254

In terms of the R2 values listed in Table 2, the isotherm adsorption of Fe-POM can be satisfactorily
described by the Langmuir model. Compared with the Qmax of pure POM without Fe3+ (control group), the
association of iron and POM improves the adsorption capacity of POM. There is also a tendency for the
adsorption capacity of Fe-POM associations to be enhanced with the increase in complexed Fe3 + content,
suggesting that POM and Fe-POM associations may be another important contributor to the removal of
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phosphate in peat soils. In addition to the increase of Qmax, the K value of Fe-POM also increased to a
certain extent, indicating that the adsorption rate of phosphate also increased. This result is similar to
that of Fe-HS associations, that is, the higher the iron content is, the faster the adsorption rate is.

3.4 Isothermal adsorption of phosphate by original peat and
Fe-complexed peat soils.
To further evaluate the effect of iron-bound organic matter on phosphate adsorption in peat soils, we
carried out experiments on some original soil. Different concentration of exogenous Fe3+ (0, 5, 10, 20, 30,
50 mmol/L) solutions were added into the peat soils, and incubated for 48h. The incubated soils were
measured for the content of DOC as well as the amount of Fe3+ complexed. The measurement data
showed that DOC in the soil had already been completely consumed when the concentration of Fe3+ was
only 5mmol/L, and the content of soil-complexed Fe3+ increased with the increase of exogenous Fe3+

concentration (Table 3). This result suggests that DOC in the peat soil was indeed involved in the
complexing with Fe3+.

Table 3
Fitting parameters of Langmuir equation describing phosphate adsorption onto peat soils

Concentration of Fe3+ solution added
into peat soil (mmol/L)

Amount of Fe3+ complexed
by peat soils (mg)

R² Qmax
(mg/g)

K

0 0 0.9871 2.832 0.181

5 3.436 0.9697 3.882 0.219

10 7.636 0.9628 4.640 0.096

20 14.675 0.9826 5.737 0.141

30 21.319 0.9880 7.087 0.060

50 32.449 0.9887 7.364 0.113

The results of isothetmal adsorption experiment carried out on these iron-containing peat soils were
depicted in Fig. 6. The amount of adsorbed phosphate rapidly increased when the initial phosphate
concentration was less than 20 mg/L. While the concentration of initial phosphate exceeded 20 mg/L, the
amount of P adsorbed per unit sorbent decreased signi�cant.

The �tting parameters in Table 3 indicate that the experimental data were satisfactorily described by the
Langmuir model (R2 values > 0.962). In addition, the Qmax values increased with concentrations of

complexed Fe3+, con�rming that the adsorption capacity of peat soil is signi�cantly enhanced by
complexing with exogenous Fe3+. It has been very well documented that the phosphate adsorption
capacity of soils has an excellent positive correlation with soil Fe content, which is mainly attributed to
the presence of various iron minerals in soils. Axt and Walbridge (1999) found that there was a linear
relationship between the amount of phosphate adsorbed and the contents of amorphous and crystalline
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iron oxides in soils. Other studies also have demonstrated amorphous Fe oxides are responsible for the
majority of P adsorption in soils (Arai and Livi 2013; Vandervoort and Arai 2011).

It can be inferred that iron and organic matter in peat soils play pivotal roles in the adsorption of
phosphate under oxic conditions. Moreover, the interaction of iron and organic matter greatly promotes
the phosphate adsorption. Phosphate and organic matter are normally negatively charged at pH values in
natural environments, so phosphate is unlikely to combine with organic matter directly through
electrostatic binding (Newcomb 2015). However, HS have an a�nity to complex with aluminum, iron and
other metal ions, which allows phosphate to combine with organic matter through the bridging of
aluminum and iron ions (Mikutta et al. 2006). Bruland and Richardson (2006) reported a signi�cant
positive correlation between the phosphate adsorption capacity of soil and the content of organic matter,
and Kang et al. (2009) considered that this relationship was mainly attributed to free iron or aluminum.
Organic matter in peat soil can release hydrogen ions, thereby protonate the surfaces of minerals and
promote the phosphate adsorption capacity (Gerke and Hermann 1992). The insoluble organic matter in
the soil can also chelate iron and aluminum, which increases the adsorption amount of soil phosphate
(Par�tt 1982). Nur and Bates (1979) found that aluminum and iron phosphate fraction predominate
under acid condition in lake sediment, and the sediment contained more iron bound phosphate than
aluminum bound phosphate at the lower pH values.

To further estimate the removal e�ciency of phosphorus by Fe-OM associations in iron-containing peat,
we assume that all exogenous Fe3+ transformed into inorganic iron oxides (Ferrihydrite and Hematite),
and their contributions to soil phosphorus removal capacity were calculated respectively (Fig. 7). The
result indicates that the actual Qmax of peat soil sharply increase after adding exogenous Fe3+, but the
inorganic oxides still can not fully explain the actual removal. Morris and Hesterberg (2012) suggested
that iron in peat occurred either exclusively as mononuclear Fe-organic complexes or a mixture of Fe-
organic complexes and polynuclear Fe species. Most Fe in peatlands is in strongly bound chelate form,
and only approximately 4–5% of the total Fe in peatlands is in water-soluble and exchangable forms
(Yonebayashi 2006). Accordingly, most exogenous Fe3+ would not be transformed into pure inorganic
iron oxides in peat soil, but combined with organic matter to form Fe-OM associations. Therefore, the
increased phosphorus removal capacity after the addition of exogenous Fe3+ to peat soils should be
largely attributed to the formation of Fe-OM associations.

However, the synthesized Fe-OM associations in this study still could not fully represent the native
associations of iron and organic matter in peat soil, because the Fe/C ratio in the synthesized Fe-HS
associations is higher than that in the actual peat soil (0.08–5.026). It is likely that the natural Fe-HS
associations in peat soil would have better adsorption capacity than the lab synthesized Fe-HS
associations. Beside of these, other coexisting removal mechanisms may also include: 1) Some of the
exogenous Fe3+ might be transformed into iron oxide and coated on the surface of clay minerals, and
OH−, OH2 and OH3

+ groups of iron oxide would allow clay minerals to have many surface groups that can
exchange and coordinate with inorganic and organic ions (Tan et al. 2007; Green-Pedersen and Pind
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2000). 2) Exogenous Fe3+ could complex with low molecular weight organic acids (LMWOA) such as
oxalic acid, malic acid and citric acid, thus weakening the inhibition of phosphate adsorption by LMWOA
and increasing phosphorus adsorption by peat soil. 3) When iron and aluminum form composite oxides,
the adsorption capacity of composite oxides for phosphorus is stronger than that of iron oxides or
aluminum oxides separately (Yang et al. 2009a; Li et al. 2008). In addition, Mn and Si may affect the
adsorption capacity of phosphate (Yang et al. 2009b; Cismasu et al. 2011).

In conclusion, with the increase in peat combined with exogenous Fe3+, the removal e�ciency of
phosphorus signi�cantly increased. In addition to the contribution of Fe-organic association adsorption,
there are other phosphorus removal mechanisms related to iron in peat, which should be studied further.

4 Conclusions
In this study, isothermal phosphate adsorption experiments were carried out to investigate the phosphate
adsorption capacity of peat soils, inorganic iron oxides (ferrihydrite, goethite and hematite) and Fe-
organic associations (Fe-HS, Fe-POM). The theoretical maximum adsorption capacity (Qmax) of Fe-HS
associations can be up to 36.90 mg/g, which is approximately two times higher than that of ferrihydrite
(19.23 mg/g) and approximately ten times higher than that of hematite (3.26 mg/g) and goethite (2.08
mg/g). The adsorption capacities of peat soils and POM were signi�cantly enhanced by the combination
with exogenous Fe3+. The Qmax values of the original peat and Fe-complexed peat were 2.83 mg/g and
7.36 mg/g, respectively, while the Qmax values of the original POM and Fe-POM associations were 4.31
mg/g and 5.89 mg/g, respectively. Based on the fact above, we con�rmed that the contribution of Fe-OM
associations to phosphorus removal in peatlands is much higher than that of inorganic iron oxide.
However, the Fe-OM associations can not fully explain the strong promoting effect of exogenous Fe3+ on
phosphorus removal by peat soils, implying other coexisting removal mechanisms in iron-containing peat
soils.
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Figures

Figure 1

SEM patterns of iron oxides and Fe-HS associations

Figure 2

XRD patterns of iron oxides and Fe-HS associations
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Figure 3

FTIR spectra of HA and FA

Figure 4

Adsorption isotherms of phosphate onto goethite, hematite, ferrihydrite and four types of Fe-HS
associations using the Langmuir model 

Figure 5

Adsorption isotherms of phosphate by POM with different concentrations of Fe3+ solution using the
Langmuir model 

Figure 6

Adsorption isotherms of phosphate onto Fe-complexed peat soils with different concentrations of added
Fe3+ using the Langmuir model 

Figure 7

Comparison between the theoretical predicted value of Qmax caused by Ferrihydrite and Hematite and the
actual increased Qmax


