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Plant-related organic compound (PROC) may interact with redox-active metals like iron while they are
present in soil or aquatic environment, but their effects on the photoreduction of Fe(Ill) remain largely
unexplored. This study investigates the photochemical behavior of Fe(IlI)-PROC complexes using alkaline
lignin (AL), betaine hydrochloride (BH), and phytic acid (PA) as representative proxies for PROC. The re-
ductive agent AL demonstrated the ability to directly reduce Fe(lIl) to Fe(Il). In contrast, BH, being unable
to form strong complexes with Fe(IlI), was able to quench *OH, thereby resulting in a shift of the redox
equilibrium towards Fe(Il). PA exhibited a strong binding affinity for Fe(Ill), effectively inhibiting its pho-
toreduction. Electron paramagnetic resonance (EPR) analysis, utilizing 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO) as a spin trap, revealed that the DMPO-OH signal detected in photolyzed Fe(III)-PROC solutions
originated from various pathways. Specifically, uncomplexed Fe(Ill) in AL or BH solutions was shown to
oxidize DMPO directly, leading to the formation of a false DMPO-OH adduct. The addition of ethanol
to the photolyzed Fe(lIlI)-AL and Fe(Ill)-BH systems resulted in the generation of the DMPO-CH(CH3;)OH
adduct, thereby confirming the presence of authentic "OH in these systems. The photolysis of the Fe(III)-
PA complex may proceed via a photodissociation mechanism, where the resulting loosely bound Fe(III)
can oxidize DMPO, followed by a nucleophilic attack from water. This research highlights the multifaceted

roles of PROC in facilitating the redox cycling of iron within soil and aquatic ecosystems.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.
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Natural organic matter (NOM) is prevalent in soil and water,
playing a crucial role in sustaining soil fertility and active organic
carbon levels [1,2]. The NOM typically comprises diverse organic
constituents, including carboxyl, alcoholic/phenolic hydroxyl, ke-
tone, aldehyde, quinone, and additional chemical groups. These
particular functional groups govern the reactivity of the NOM, par-
ticularly in photochemical reactions [3]. Light, particularly within
the 280-400 nm spectrum, can facilitate the degradation of larger
NOM molecules, yielding various low-molecular-weight organic or
inorganic compounds [4]. Furthermore, NOM can produce various
reactive oxygen species (ROS) upon light exposure, including hy-
droxyl radical ("OH), superoxide anion radical (0,'~), singlet oxy-
gen (1'0,) and carbon dioxide radical (CO,™) [3,5]. Iron (Fe), the
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predominant transition metal in the environment, regulates the
global biogeochemical cycles of various elements, including car-
bon, oxygen, nitrogen, and sulfur [6]. Almost entirely dissolved
iron is organically complexed in organic matter-rich environment,
thereby significantly influencing its speciation, solubility, and mo-
bility [7]. The direct photoreaction through ligand-metal charge
transfer (LMCT) is the primary mechanism for generating bioavail-
able Fe(Il) in surface water [1]. In addition to the photoinduced
inner-sphere LMCT process, another photochemical coupling path-
way between Fe(Ill) and NOM is the outer-sphere charge transfer
from photo-produced ROS to Fe(Ill)-organic complexes [4,8]. The
photochemical reactions of Fe(Ill)-carboxylate complexes have been
thoroughly investigated because of their high photosensitivity and
natural abundance [9,10], such as oxalic acid, malonic acid, malic
acid, citric acid and tartaric acid [11]. For instance, photolysis of
Fe(Ill)-oxalate complex may lead to a superfast conversion of Fe(III)
to Fe(Il) and production of C;04° and CO," [12].
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Plant-related organic compound (PROC) serves as the primary
source of NOM [13]. Its composition is intricate, encompass-
ing both readily leachable organic constituents (e.g., water-soluble
components, unprotected cellulose, oligosaccharides, and hemicel-
lulose) and other refractory components [14,15]. The relative abun-
dance of these organic constituents can vary depending on the
plant species. For instance, contents of carbon and nitrogen in
PROC derived from broadleaved tree species are generally greater
than those from coniferous species. Alkaline lignin (AL) and its
derivatives, as significant components of PROC, accumulate in the
soil due to their strong retention and stability [16]. Furthermore,
betaine hydrochloride (BH) is crucial in amino acid synthesis as
a methyl transfer agent and can form crystalline complexes with
various acids [17]. Phytic acid (PA) represents a primary form of
phosphate storage in food products, constituting approximately
60%—80% of the total phosphorus in seeds [18]. These PROCs are
eventually introduced into the soil and aquatic systems through
the decomposition of litter, where they interact with metal ele-
ments in the environment to form metal-organic complexes. While
most studies examined the variations in photochemical reactions
of Fe(Ill) complexes with structurally similar carboxylates [10,19],
the photochemical behaviors of iron-PROC complexes featuring
structurally diverse organic functional groups have yet to be thor-
oughly investigated.

This study employs three representative types of PROCs, namely
AL, BH, and PA (Fig. S1 in Supporting information), to examine
the differences in the photochemical behavior of Fe(Ill)-PROC
complexes. To achieve this, the concentrations of Fe(Il), levels
of organic carbon, and the generation of reactive oxygen species
(ROS) were assessed using various analytical techniques, including
UV-vis spectroscopy, total organic carbon analyzer (TOC) and
electron paramagnetic resonance (EPR). A comprehensive list of
materials used in this research is provided in Text S1 (Supporting
information), while the experimental protocols and analytical
methodologies are detailed in Texts S2 and S3 (Supporting in-
formation). The primary objectives of this investigation are: (i)
To explore the PROC-mediated reduction of Fe(lll) under both
illuminated and non-illuminated conditions, and (ii) to evaluate
the photoreactivity of different PROC-associated Fe(Ill) species
and their contributions to free radical production. The findings
may advance our understanding of iron redox cycling and radical
production mediated by the typical low-molecular-weight PROC.

Without any organic ligands, UV irradiation facilitated the
generation of Fe(Ill) and the dynamic equilibrium between the
photoreduction of Fe(Ill) and the photooxidation of Fe(Il) by
dioxygen culminated in a photo steady state, while Fe(IIl)-OH
complexes were the dominant light-absorbing species in the
Fe,(S04); solution [8,10]. At pH 3.0, FeOH2* reaches its maximum
concentration (Fig. S2 in Supporting information), making it the
most significant iron species in the process of photoreduction.
With a further increase in pH, the species become predominantly
Fe(OH),*. Then, a quantitative analysis was performed to compare
the concentrations of Fe(Il) produced at a pH of 3.0 across various
complexes of Fe(Ill) bound to PROCs (Fig. 1). In the dark, the yield
of Fe(Il) from the Fe(IlI)-AL complex rapidly increased to 66 pmol/L
within the first 10 min, but this was not the case for Fe(Ill)-BH and
Fe(Ill)-PA complexes. Under UV illumination, the maximum yield
of Fe(Il) from the Fe(Ill)-AL and Fe(Ill)-BH complexes surpassed
that observed in the dark. Notably, the Fe(Il) yield from the
Fe(Ill)-BH complex was greater than that of Fe(Ill) sulfate under
identical conditions. Interestingly, no Fe(Il) formation was detected
for Fe(IlI)-PA complex either in the dark or under UV irradiation.
The photoreduction of Fe(Ill) was significantly impeded as the pH
increased from 4.0 to 6.0 (Fig. S3 in Supporting information).

The observed variability in the Fe(Il) yield with different types
of PROCs can be attributed to the distinct functional groups
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Fig. 1. Photoproduction of Fe(Il) in the systems of Fe(IIl) alone (a), Fe(Ill) complexes
with AL (b), BH (c) and PA (d) at pH 3.0. The total Fe(Ill) (Fet) was 100 umol/L and
PROC concentration was 12.5 mg/L.

present within these PROCs. The macromolecular structure of AL
is characterized by a multitude of active functional groups and
bonds, such as Ar-CHO, Ar-COOH, Ar-OH, Ar-CO-R, and Ar-CHCH-
Ar. The reduction potential of these groups is significantly more
negative than that of iron species, (EOFe(m)/Fe(H)=0~771 V vs. NHE)
[20,21]. Consequently, these functional groups facilitate the reduc-
tion of Fe(IIl) to Fe(Il) as described in Eq. 1.

ALge + Fe(Ill) = ALoy + Fe(Il) (1)

In addition to direct reduction by organic ligands, the photore-
duction of Fe(Ill) primarily occurs through two mechanisms: Pho-
toinduced LMCT process and indirect pathways involving photo-
chemically generated free radicals [7]. In the case of the Fe(IIl)-
AL complex, the photo formation of Fe(Il) predominantly resulted
from LMCT pathways. The yield of Fe(Il) in the Fe(lIll)-BH solution
was observed to be 1.5 times higher than that in the Fe(IIl) sul-
fate system. The BH, with a positively charged trimethylammonium
group and a negatively charged carboxyl group, may be weakly
complexed with Fe(III), akin to acetic acid [8]. The observed shift in
the redox equilibrium towards Fe(Il) could be ascribed to the de-
creased Fe(Il) re-oxidation by *OH, with BH as a radical scavenger
[22]. Phytic acid (PA) is capable of forming stable complexes with
various metal ions in its deprotonated form. Within the pH range
of our experimental conditions, 6-8 protons may detach from PA
myo-inositol [23]. The deprotonated PA subsequently coordinated
with Fe(Ill) in an octahedral configuration, involving the phospho-
inositol positions P2, P1, P3, and P5, as well as adjacent phosphate
groups P4 and P6. The stabilization constants (log K) for the com-
plexes [FePA]*, [FePA]>~ and [FePA]® are reported to be 8.99, 12.70
and 18.20, respectively [24]. The strong chelation of deprotonated
PA with Fe(Ill) may effectively inhibit the photoreduction of Fe(III),
similar to the phenomenon observed for Fe(Ill) phosphate com-
plexes [22].

The changes in absorbance of Fe(Ill) and PROCs were analyzed
using a UV-vis spectrophotometer, as illustrated in Fig. S4 (Sup-
porting information). Fig. S4a demonstrates that the hydrolysis
of Fe(Ill) occurred with increasing pH, accompanied by a blue
shift in the UV-visible spectrum at 274 nm. The characteristic peak
associated with AL was observed at 281 nm and remained stable
despite the increase in pH. Conversely, no significant changes in
absorbance were noted for the other two PROCs, as depicted in
Figs. S4b-d. The Fe(Ill)-PROC complexes exhibited distinct peaks
at 281 nm (AL), 305nm (BH), and 216/265nm (PA) in the dark
(Figs. 2a-c). The intensities of all characteristic peaks remained
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Fig. 2. The UV-vis spectrum of solutions containing Fe(Ill) with AL, BH and PA at pH 2.2 in the dark (a-c) and under UV irradiation (d-f), respectively. The Fey, concentration

was 100 umol/L and the PROC concentration was 25 mg/L.
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Fig. 3. The EPR spectrum of Fe(Ill) complexes with (a) AL, (b) BH and (c) PA at pH 2.2 under UV irradiation. The Fe, concentration was 100 pmol/L and the PROC concen-

tration was 25 mgj/L.

constant over time. Notably, the characteristic peak at 281nm
for the Fe(Ill)-AL complex diminished after 120 min of UV light
exposure, implying organic ligands decomposition under UV irra-
diation (Fig. 2d). The absorption peak at 281 nm corresponds to
the n—sr* transition of aromatic rings or non-conjugated phenolic
groups [25]. Its disappearance can be attributed to UV-induced
mineralization [26,27]. In the case of the Fe(Ill)-BH solution, only
the characteristic peak of Fe(Ill) aquo complex was observed,
indicating no formation of chromophoric Fe(Ill)-BH complex (Fig.
2e). For the Fe(Ill)-PA complex, two new characteristic peaks were
observed at 214nm and 265nm [28], which suggest that the
newly formed complex is stable and unaffected by UV light (Fig.
2f). In conclusion, the results indicate that among the Fe(III)-PROC
complexes studied, only the AL complex exhibited changes in its
UV-vis spectrum upon exposure to UV light. Fig. S5 (Supporting
information) illustrates the variation in TOC concentration of the
three Fe(Il1)-PROC complexes when exposed to UV light. Notably, a
decrease in TOC concentration was observed solely in the Fe(IIl)-
AL complex, suggesting that certain carbon-containing organic
moieties within the AL complex were mineralized. In contrast, the
TOC values of the other two complexes were unchanged, indicating
an absence of organic matter mineralization in the solution.
Spin-trapping EPR technique was utilized to identify the pos-
sible short-lived radicals present in the different Fe(III)-PROCs sys-
tems (Fig. 3). All recorded spectra exhibited a characteristic 1:2:2:1
quartet signal, which is assigned to DMPO-OH (ay =ay = 1.49 mT)
[10]. In the Fe(Ill)-AL system, the intensity of the DMPO-OH signal
peaked at 10min (Fig. 3a), whereas the signals associated with
the Fe(Ill)-BH and Fe(IlI)-PA complexes exhibited a gradual decline
over time (Figs. 3b and c). This observation indicates that the
mechanisms underlying the formation of the DMPO-OH signal
may differ among the various Fe(IlI)-PROCs complexes. It should
be noted that the detection of the DMPO-OH signal via EPR does
not necessarily confirm the formation of authentic *‘OH. In an

aqueous solution of DMPO containing Fe(Ill), the DMPO-OH signal
can arise from the oxidation of DMPO by Fe(lll), followed by a
nucleophilic attack from water [29]. As illustrated in Fig. S6 (Sup-
porting information), the generation of DMPO-OH was observed in
solutions containing only Fe(IIl), as well as in those with Fe(IlI)-AL
and Fe(Il)-BH; however, no such signal was detected in the Fe(III)-
PA system. This absence of signal may be attributed to the strong
binding of PA to Fe(lll), which likely obstructs the formation of a
chelate between DMPO and Fe(Ill), a critical step in the oxidation
of DMPO [29]. Interestingly, in the UV/Fe(Ill)-PA system, a dis-
cernible DMPO-OH adduct was observed (Fig. 3c), suggesting that
the Fe(Ill)-PA system underwent a photochemical reaction that
results in the generation of relatively loosely bound Fe(IIl), thereby
facilitating the formation of the Fe(Il[)-DMPO complex. Given that
no Fe(Il) was produced in the photolyzed Fe(Ill)-PA system (Fig.
1), it is plausible that the photoreaction involving the Fe(IIl)-PA
complex proceeds via a photodissociation mechanism, wherein
only the Fe(Ill)-O bond was cleaved upon photoexcitation.

To evaluate whether the observed DMPO-OH adduct is at-
tributable to the presence of trapped ‘OH radicals, amounts of
ethanol was added into those Fe(Ill)-PROC systems. Fig. 4 illus-
trates that a sextet signal with a 1:1:1:1:1:1 ratio was recorded for
the Fe(Ill)-AL and Fe(IlI)-BH systems, which is identified as DMPO-
CH(CH3)OH adduct (ay =1.57 mT, ay =2.27mT) [30]. This finding
indicates that the photolysis of the Fe(IlI)-AL and Fe(IlI)-BH sys-
tems indeed produced *OH, which abstracts H atom from ethanol
to yield CH(CH3)OH carbon-centred radical. In contrast, no such
sextet signal was detected in the photolyzed Fe(III)-PA system, pro-
viding direct evidence for the absence of photoactive Fe(Ill)-OH
complexes capable of producing ‘OH. In addition to Fe(Ill)-OH com-
plexes, some NOM itself may generate *OH under solar irradiation,
with a reduction of molecular weight and aromaticity, as well as
an increase of low molecular weight components [26,31]. However,
the possibility of formation of *OH by photolyzed AL, BH or PA can
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Fig. 4. The EPR spectrum of Fe(Ill)-PROC complexes using ethanol (E) as a scavenger at pH 2.2 under UV irradiation. (a-c) are experimental data, and (d-f) are simulated
data. The Fey concentration was 100 umol/L and the PROC concentration was 25 mg/L. Ethanol concentration was 0.5 mol/L.

be ruled out (Fig. S7 in Supporting information). Therefore, it can
be concluded that the detected DMPO-OH adduct is likely a result
of the direct oxidation of DMPO by Fe(Ill) species or the trapped
‘OH generated from the photoreaction of Fe(Ill)-OH complexes.

In summary, this study examined the influence of three struc-
turally distinct PROCs on the photoreduction of Fe(Ill) under acidic
conditions. The reductive agent AL demonstrated the ability to di-
rectly convert Fe(Ill) to Fe(Il). In contrast, BH, while unable to form
strong complexes with iron, facilitated the generation of Fe(ll)
by scavenging ‘OH and mitigating the reoxidation of Fe(Il). PA
exhibited a strong binding affinity for Fe(lll), effectively inhibiting
its photoreduction. The EPR analysis revealed that the DMPO-OH
signal in the photolyzed Fe(Il)-PROC solutions originated from
different pathways (Fig. S8 in Supporting information). Uncom-
plexed Fe(Ill) was found to oxidize DMPO directly, resulting in the
formation of a false DMPO-OH adduct. The introduction of ethanol
into the photolyzed Fe(Ill)-AL and Fe(IlI)-BH systems resulted in
the production of the DMPO-CH(CH3)OH adduct, confirming the
presence of genuine ‘OH in these systems. The photolysis of the
Fe(Il)-PA complex may yield loosely bound Fe(Ill), which can ox-
idize DMPO, followed by a nucleophilic attack from water. This re-
search provides compelling evidence of the varied roles that PROCs
play in regulating iron redox cycling within geochemical processes.
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