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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Iron affects protein-HA complexation 
under different redox states.

• Fe(III)-protein-HA complexes inhibit 
protein hydrolysis >90 % aerobically.

• Binding involves electrostatic and coor
dination interactions.

• Reducing Fe(III) to Fe(II) leads to 
smaller and less stable complexes.
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A B S T R A C T

Proteins and carbohydrates are both major biodegradable fractions in wastewater. Complexation with coexisting 
compounds, such as iron (Fe) and humic acids (HA), which are both commonly present in wastewater, could 
influence the different degradation rates of proteins and carbohydrates. Depending on the redox conditions, Fe 
exists as Fe(II) or Fe(III), with differing binding affinities and chemical behaviour. This research aims to sys
tematically assess the complex interaction between Fe, protein, and HA compounds under aerobic and anaerobic 
conditions. The results showed that the addition of Fe(III) and HA to a protein solution inhibited its hydrolysis 
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Pollutants
Wastewater treatment

rate by more than 90 % under aerobic conditions. In contrast, interactions between the same compounds and 
carbohydrates were much weaker and had a minimal effect on hydrolysis rates. Complexation with Fe, proteins, 
and HA was indicated by increased molecular sizes and reduced concentrations of free iron, protein, and HA. 
FTIR results showed that Fe(III) formed complexes with proteins and HA through electrostatic and coordination 
bonds involving various functional groups. Anaerobic reduction of Fe(III) to Fe(II) by hydrazine resulted in 
weaker binding and the formation of smaller, less stable protein–humic acid complexes. These findings suggested 
that modulating Fe complexation under alternating aerobic and anaerobic conditions, such as those found in 
redox-cycling wastewater treatment, can be a promising strategy to enhance protein degradation.

1. Introduction

Proteins and carbohydrates are among the major organic compounds 
present in wastewater (Mbamalu Ezeh et al., 2024). These compounds 
differ in degradation behaviour: carbohydrates tend to degrade more 
quickly and easily than proteins (Yang et al., 2015). In addition, HA, 
which are also commonly found in wastewater, are known to interact 
with proteins and carbohydrates, forming complex compounds 
(Fernandes et al., 2015; Zhu et al., 2023). Such complexation can affect 
the degradation efficiency during treatment processes (Aiken et al., 
2011). Iron (Fe) is frequently added in wastewater treatment to pre
cipitate phosphorus. However, this addition also promotes aggregation 
of organic compounds, facilitating their removal from wastewater 
through phase separation (Knap-Bałdyga and Żubrowska-Sudoł, 2023; 
Qasem et al., 2021).

Mundra et al. (2023) reported different properties of Fe during aer
obic and anaerobic processes in wastewater treatment. Under aerated 
conditions, Fe mainly exists as Fe(III), which can form stable complexes 
with organic molecules through charge neutralization and electrostatic 
bridging of functional groups (Kurniawan et al., 2023; Zhu et al., 2011). 
However, under anaerobic conditions, Fe(III) is reduced to Fe(II), which 
destabilizes the equilibria of these complexes and could release (part of) 
its bound organic matter (Chen et al., 2018). Iron-reducing bacteria 
reduce Fe(III) under anaerobic conditions, leading to a reduced 
complexation of waste-activated sludge (WAS), causing the disintegra
tion of its sludge flocs and the dissolution of organic compounds (Zhan 
et al., 2021). Nevertheless, both Fe(III) and Fe(II) complexes with HA are 
water-stable (Catrouillet et al., 2014; Fujii et al., 2014), while Fe(III) 
competes favourably for the most stable binding sites (Steinhauser et al., 
2004). Due to its higher positive charge, Fe(III) is a stronger Lewis acid 
than Fe(II), which results in the formation of more stable complexes 
(Maity et al., 2019).

The interaction of Fe with organic matter, specifically with HA, has 
been widely reported. Kügler et al. (2019) found that the interaction of 
Fe with organic matter in aquatic environments can prevent the 
decomposition of organic matter. Fe-HA complexes have a large effect 
on the transformation and migration of organic matter, affecting the 
availability of the organic matter (Di Iorio et al., 2022). The same 
finding was reported by X. Li et al. (2020), who observed that iron 
cations are capable of interacting with the carboxyl, phenolic, and hy
droxyl functional groups of humic acid to form stable Fe-HA complexes. 
Interactions between Fe and proteins, as well as with carbohydrates, can 
play a significant role in wastewater treatment. Research by Mittal et al. 
(2015) showed that iron is a robust binder to proteins, forming 
Fe-protein complexes that elicit the availability of protein for degra
dation. Similarly, Pichtel et al. (1989) reported that Fe can agglomerate 
with carbohydrate via charge neutralization in wastewater. Although 
many studies have examined the complexation of Fe with organic 
compounds, those typically focus on an individual interaction, like 
Fe with HA, Fe with proteins, or Fe with carbohydrates; less is under
stood about how various organic compounds can affect each other’s 
complexation properties. Furthermore, the effects of such complexation 
on hydrolysis efficiency and rates over a range of redox conditions have 
not been examined to the author’s knowledge.

To bridge this gap, the goal of this study is to investigate the Fe 

binding to protein–HA complexes under aerobic and anaerobic condi
tions and the effect of Fe-protein-HA complexation on the protein hy
drolysis rate. In addition, the study analysed how altering the oxidation 
state of Fe and/or adding reducing agents affected the Fe-protein-HA 
complexes under different redox conditions. Carbohydrate hydrolysis 
was examined separately as a reference to assess whether the inhibitory 
effects of Fe and HA were specific to proteins or also extended to other 
biodegradable fractions. The findings of this study can contribute to 
improved understanding of the role of Fe in relation to the redox con
ditions in wastewater treatment, which can then be used as a reference 
for improving wastewater treatment systems.

2. Materials and methods

2.1. Protein and carbohydrate hydrolysis rate analysis

Protease and cellulase activities were measured using the Pierce 
Fluorescent Protease Assay Kit (Thermo Fisher Scientific, USA) and the 
Fluorescent Cellulase Assay Kit (Marker Gene Technologies Inc., USA) to 
assess protein and carbohydrate hydrolysis rates, respectively. Experi
ments were conducted in 96-well plates (Corning Inc., 3603 Costar, 
USA) under both aerobic and anaerobic conditions. Control vessels 
contained single compounds, while mixed vessels contained compound 
mixtures. Two solutions were prepared: a sample solution with Fe, 
humic acid, and enzymes, and a substrate solution with protein and 
carbohydrate. FTC-Casein (protein) and Resorufin Cellobioside (carbo
hydrate), provided in the kit, served as the respective substrates. Each 
well was filled with 50 μL of sample and 50 μL of substrate. For anaer
obic assays, samples were prepared in a glove bag (Cole-Parmer In
strument, USA) and flushed with nitrogen to maintain an oxygen-free 
environment. Plates were sealed with parafilm during measurement to 
preserve anaerobic conditions. For aerobic assays, plates remained 
uncovered.

Iron in this research was introduced as FeCl3.6H2O (Sigma-Aldrich, 
USA) for aerobic conditions and FeCl2.4H2O (Merck, Germany) for 
anaerobic conditions at concentrations of 5, 10, and 15 mg L− 1, repre
senting low, medium, and high iron dosages, respectively. The concen
trations of humic acid sodium salt (Sigma-Aldrich, Germany) used were 
20, 40, and 60 mg L− 1 to achieve protein/HA ratios of 0.5, 0.25, and 
0.17 and carbohydrate/HA ratios of 0.4, 0.2, and 0.1. TPCK-Trypsin, as a 
protease, provided in the respective test kits, was used in the protein 
solution. At the same time, cellulase enzyme from Aspergillus niger 
(Sigma-Aldrich, USA) was used in the carbohydrate solution. The pro
tein was prepared with a concentration of 0.01 mg mL− 1 (0.00042 mM). 
While carbohydrate concentration was 0.008 mg mL− 1 (0.015 mM). The 
concentrations of protein, carbohydrate, and HA in this research were 
determined based on the characteristics of wastewater at the Har
naschpolder wastewater treatment plant (WWTP) in the Netherlands, 
which is then varied with ratios above and below the average (Gonzalez 
et al., 2021).

Cellulase and protease activities were quantified by measuring 
fluorescence increases with a FLUOstar Galaxy Multi-functional Micro
plate Reader (BMG Technologies, UK) at excitation/emission wave
lengths of 530/590 nm and 485/520 nm, respectively. Calibration 
curves were generated to determine the concentrations of the product. 
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The influence of Fe and HA on hydrolysis was evaluated using a first- 
order kinetic equation (Eq. (1)). Reaction time (t) was plotted on the 
x-axis and product concentration at time t on the y-axis to determine the 
rate constant (k). Curve fitting was conducted using MATLAB R2023b 
(MathWorks, USA). Product concentrations were calculated by corre
lating measured fluorescence (relative fluorescence units, RFU) to the 
calibration curve. 

[A]t = [A]0e− kt Eq. (1) 

Where [A]t is the concentration at time t, and [A]o is the concentration at 
time 0, and k is the first-order rate constant.

Calculated hydrolysis rates were analysed using analysis of variance 
(ANOVA) to identify significant differences (p ≤ 0.05) between factors 
such as Fe and HA concentrations in relation to the measured responses 
(Imron et al., 2023). All measurements were performed in triplicate.

2.2. Complexation analysis of protein and HA with Fe(III)

This experiment aimed to analyse the effect of Fe(III) on protein and 
HA complexation under different redox conditions. The focus was 
limited to physicochemical processes, excluding biological interactions. 
Bovine serum albumin (Sigma-Aldrich, Germany) and humic acid so
dium salt (Sigma-Aldrich, Germany) were used as protein and HA stock, 
respectively. The protein and HA concentrations used were 36 ± 0.35 
mg L− 1 and 135 ± 0.23 mg L− 1 for aerobic and anaerobic conditions, 
respectively, to obtain a protein/HA ratio similar to that in the hydro
lysis experiment. In this experiment, 10 mg L− 1 of Fe(III) was used under 
both redox conditions and 0.1 % of hydrazine, known as a reducing 
agent, was added under anaerobic conditions to promote the reduction 
process of Fe(III) to Fe(II) directly after aerobic conditions. To verify 
consistency, an additional experiment was conducted using 2.5 mg L− 1 

of Fe(III) under aerobic conditions and at 2.5 mg L− 1 of Fe(II) under 
anaerobic.

The experiment was conducted using 100 mL Schott Duran bottles 
with seven different types of solutions, each with a total volume of 50 
mL, containing the following components: Fe (control 1), protein (con
trol 2), HA (control 3), protein + HA, Fe + protein, iron + HA, and Fe +
protein + HA, for each condition both aerobic and anaerobic, with each 
condition maintained for 1 h. The samples were stirred using a magnetic 
stirrer (Labinco, The Netherlands) set to 10 % of rpm (max 1250 rpm). 
Furthermore, nitrogen gas was flushed into the bottle for around 5 min 
to maintain anaerobic conditions.

To determine the effect of different redox conditions, the concen
trations of free Fe, protein, and HA were measured. Free Fe, protein, and 
HA refer to non-complexed molecules present in the liquid after filtra
tion, measured against the controls. Additionally, the complexation of 
Fe with protein and HA was analysed using high-performance liquid 
chromatography (HPLC) (Prominence, Shimadzu, Japan).

2.3. SEC-HPLC analysis

Size exclusion-high performance liquid chromatography (SEC-HPLC) 
was performed to analyse the complexation of iron with protein and HA. 
Samples were collected after the aerobic and anaerobic processes and 
filtered using 10 ml syringe equipped with 0.45 μm CHROMAFIL Xtra 
PES-45/25 filter (Macherey-Nagel, Germany) to separate the complexed 
compounds from non-complexed molecules. The SEC-HPLC column 
used was a Yarra™ 3 μm SEC-2000 model (LC Column 300 × 7.8 mm, 
Ea; Phenomenex, USA) connected to an ultrafast liquid chromatography 
(UFLC) system (Prominence, Shimadzu, Japan).

Since the samples contained Fe, ammonium acetate (40 mM, pH 7) 
(Sigma-Aldrich, Germany) was used as the mobile phase to prevent 
precipitation. The eluent flow rate was set to 1 mL/min for 20 min at 
35 ◦C. The SEC-HPLC detector was configured to operate at two wave
lengths: 280 nm for protein detection and 254 nm for humic substance 

detection. The HPLC results were expressed as the area under the de
tector signal curve (in mV) over a time corresponding to the molecular 
weight of the measured compounds.

2.4. FTIR spectroscopy analysis

Fourier-transform infrared (FTIR) spectroscopy was employed to 
analyse the functional groups of protein and HA (Dampang et al., 2021). 
Prior to the FTIR analysis, samples from the aerobic conditions of the 
complexation experiments were prepared using a freeze-dryer (BioBase, 
China) to remove moisture, ensuring a stable and dry state for accurate 
measurement. Then, FTIR spectra of the samples were performed on an 
FTIR Spectrophotometer (PerkinElmer, Shelton, CT, USA) at room 
temperature with ATR mode, within a wavenumber range from 600 
cm− 1–4000 cm− 1. A resolution of 2 cm− 1 and an accumulation of 4 scans 
were applied to each sample.

2.5. Chemical analysis

The concentrations of free Fe, protein, and humic acid were 
measured as follows. Before being analysed, samples were filtered using 
a 10 mL syringe equipped with a 0.45 μm filter to separate the com
plexed compounds from non-complexed molecules. Free Fe concentra
tion was analysed using the Hach kits LCK 320 (HACH, USA) and 
measured with the HACH DR3900 instrument (HACH, USA), repre
senting the Fe(III) and Fe(II) concentration results. The free protein and 
humic acid concentrations were measured using the Lowry method, 
following adjustments for humic substance interference as described by 
Frølund et al. (1995). However, the Lowry method was applied only to 
measure protein and humic acid concentrations in the control sample 
under aerobic conditions. For anaerobic conditions, to avoid interfer
ence with the spectrophotometric measurements by hydrazine, protein 
and humic acid concentrations were determined by comparing the 
control and mix solution’s surface area generated by HPLC.

3. Results and discussions

3.1. Hydrolysis rate of protein and carbohydrate

The results show that protein hydrolysis is highly susceptible to in
hibition by Fe and HA, whereas carbohydrate hydrolysis is only slightly 
affected. As shown in Fig. 1a and b, the protein hydrolysis rate decreased 
by more than 50 % when only Fe(III) and/or Fe(II) was present (15 mg 
L− 1), and by more than 80–90 % when combined with high HA con
centrations (60 mg L− 1). The protein/HA ratios tested here were com
parable to those measured in the influent of the Harnaschpolder WWTP 
(27 mg L− 1 protein and 105 mg L− 1 HA), and thus support the relevance 
of the findings to operational wastewater treatment systems. (Gonzalez 
et al., 2021).

The likely mechanisms for this inhibition are electrostatic and co
ordination interactions, as evidenced in Section 3.3. The positively 
charged Fe, can bind strongly to the negatively charged carboxyl and 
phosphate groups of casein, decreasing its availability for degradation 
(Mittal et al., 2015). HA can additionally reduce enzymatic activity by 
interacting with positively charged amino groups in proteases such as 
trypsin, thereby altering enzyme flexibility, stability, and activity (Yap 
et al., 2018). Together, Fe and HA may form ternary complexes with 
proteins, further reducing hydrolysis efficiency.

By contrast, carbohydrate hydrolysis (Fig. 1c and d) was only mildly 
inhibited, even at the highest Fe or HA concentrations, with reductions 
below 10 %. Under aerobic conditions (Fig. 1c), 15 mg L− 1 of Fe(III) 
reduced carbohydrate hydrolysis by less than 5 %, while HA alone 
caused some inhibition across all tested concentrations. This suggests 
that both Fe and HA can interfere with carbohydrate degradation, 
although the overall effect is much weaker than for proteins. Previous 
studies reported that Fe can form complexes with polysaccharides and 
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other organic groups (Pichtel et al., 1989) and HA can inhibit cellulose 
hydrolysis (Yap et al., 2018), which is in line with the slight inhibition 
observed in this study. Under anaerobic conditions (Fig. 1d), Fe(II) alone 
also reduced carbohydrate hydrolysis slightly (~5 %), but HA consis
tently inhibited hydrolysis across all concentrations. Interestingly, the 
combination of Fe(II) and HA sometimes alleviated inhibition, likely 
because HA preferentially complexed with Fe(II), leaving the substrate 
and enzyme more available to react (Fang et al., 2015). Nevertheless, at 
high concentrations (15 mg L− 1 Fe(II) and 60 mg L− 1 HA), the mixture 
again caused significant inhibition (p < 0.05).

Overall, hydrolysis rates were higher under aerobic than anaerobic 
conditions for both proteins and carbohydrates, consistent with previous 
reports that anaerobic hydrolysis is intrinsically slower (Podkaminer 
et al., 2012). These observations indicate that the extent of inhibition 
depends not only on the presence of Fe and HA but also on the prevailing 
redox conditions. The stability of the underlying complexes under 
different redox conditions is examined in Section 3.2.

3.2. Redox-dependent stability of Fe–protein–HA complexes

Distinct differences in protein hydrolysis were observed in the 
presence of Fe and HA under both aerobic and anaerobic conditions, 
indicating variations in Fe-protein-HA complexation and reflecting the 
role of Fe speciation in determining complex stability. To gain further 
insight into complex formation and stability, SEC-HPLC was used to 
determine complex size, while FTIR (section 3.3) provided information 
on molecular interactions.

As shown in the SEC-HPLC chromatograms (Fig. 2a), mixtures of 
protein and HA alone displayed distinct peaks, as indicated by enhanced 
peak broadening. In contrast, no detectable peaks were observed when 
Fe(III) was added, indicating more complex ternary Fe-protein-HA ag
gregates rather than exclusive competition. Thus, instead of one ligand 
displacing the other, Fe(III) facilitated strong bridging interactions, 
producing high-molecular-weight aggregates that were removed during 
sample filtration before measurement. This was supported by the 

Fig. 1. Hydrolysis rate of (a–b) protein and (c–d) carbohydrate under aerobic (a, c) and anaerobic (b, d) conditions, respectively. The bar graphs represent the 
hydrolysis rate (mean ± SD). Different letters above the graph (a–h) indicate statistically significant differences in hydrolysis rate between variables based on ANOVA 
(p ≤ 0.05), and variables sharing the same letter are not significantly different. The statistical analyses were conducted separately for aerobic and anaer
obic conditions.
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measurements of free Fe(III) (Fig. 3a) that decreased from 7.3 ± 0.037 
mg L− 1 in the control to as low as 1.545 ± 0.001 mg L− 1 when protein 
and HA were both present. Also free protein and HA (Fig. 3c and e) 
declined from 36 ± 0.35 and 135 ± 0.23 mg L− 1 to 0 and 0 mg L− 1, 
respectively. Similar findings were reported by Boguta et al. (2019) and 
Permyakov (2021), Fe(III) promotes the aggregation of protein and HA 
into larger molecular-weight complexes with electrostatic and coordi
nation bonds.

In contrast, under anaerobic conditions (Fig. 2b), where Fe was 
predominantly present as Fe(II) due to the conversion of Fe(III) by 0.1 % 
hydrazine, the protein and HA peaks remained visible at RT ~5 min and 
~9.2 min, respectively. Moreover, the aggregates were eluted closer to 
their original retention times, indicating weaker and more reversible 
interactions. This observation is consistent with a previous study by Oh 
et al. (2015), which found that Fe(II), due to its lower charge density, 
forms less stable complexes and is less effective in bridging organic 
molecules. The free concentrations of Fe, protein, and HA (Fig. 3b, d, f) 
further support this interpretation: the free Fe concentration increased 
again to 7.3 ± 0.025 mg L− 1 and the free HA concentration rose to 69.7 

± 9.42 mg L− 1, whereas free protein remained undetectable in the mixed 
solution. These results confirm that complexation was both weaker and 
more reversible under anaerobic than under aerobic conditions.

This trend was also observed at lower Fe concentrations (2.5 mg 
L− 1), as shown in the Supplementary Data (Fig. S1). The addition of Fe 
(III) to the mixed solution again produced earlier-eluting peaks (RT ~5 
min) consistent with larger complexes, whereas Fe(II) led to peaks closer 
to those of the individual compounds. The consistency between 10 mg 
L− 1 of Fe(III) and the supplementary experiment (2.5 mg L− 1 of Fe(III)) 
demonstrates that the redox state of Fe, rather than its concentration, is 
the key determinant of complex stability. This finding aligns with pre
vious studies, which have shown that both Fe(III) and Fe(II) form water- 
stable complexes with HA; however, Fe(III) generally occupies the most 
stable binding sites (Li et al., 2009, 2020).

Overall, these findings suggest that aerobic conditions favor strong 
Fe(III)-mediated bridging between proteins and HA, which significantly 
inhibits hydrolysis, whereas anaerobic conditions promote Fe(II) for
mation, leading to weaker interactions and increased substrate 
availability.

Fig. 2. SEC-HPLC results for complexation of protein–HA with 10 mg L− 1 of Fe(III) under (a) aerobic and (b) anaerobic conditions.

M.F. Imron et al.                                                                                                                                                                                                                                Chemosphere 390 (2025) 144718 

5 



3.3. Molecular interactions underlying Fe–protein–HA complexation

FTIR spectroscopy provided further insight into the molecular in
teractions between Fe(III), proteins, and HA observed under aerobic 
conditions. The spectra (Fig. 4) revealed clear shifts in characteristic 
bands of both protein and HA after the addition of Fe(III), indicating the 
involvement of specific functional groups in complexation. A detailed 
description of the different regions in the spectra is given in the 

supplementary data (Table S1 and S2).
Based on Fig. 4, the direct interaction of Fe(III) with peptide bonds of 

protein can be visualised by shifts in the Amide I (~1650 cm− 1) and II 
(~1550 cm− 1) regions. This interaction likely involves the oxygen atom 
of the C––O group and the nitrogen atom of the N–H group, forming 
stable protein-metal complexes (Lin et al., 2022). Changes and shifts in 
protein peaks can occur due to the presence of Fe, which is classified as a 
Lewis acid, allowing it to interact with functional groups in the protein 

Fig. 3. (a–b) free iron, (c–d) free protein, and (e–f) free HA concentrations under aerobic (a, c, e) and anaerobic conditions (b, d, f), respectively.
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by forming ligand bonds with electron-donating atoms such as nitrogen 
(amino groups) and oxygen (carboxyl or hydroxyl groups) (Ding et al., 
2024). Fe(III) increased hydrogen bonding, indicated by the broadening 
of peaks in the 3300–3500 cm− 1 range, possibly involving coordinated 
water molecules (Boguta et al., 2019). When Fe(III) interacts with HA, 
significant changes occur in the phenolic groups (~3000–3600 cm− 1) 
and aromatic groups (~1600 cm− 1), indicating strong interactions with 
these functional groups. The intensity of the aliphatic chain vibrations 
(~2900–2950 cm− 1) increased, suggesting greater rigidity or reduced 
flexibility of the aliphatic chains within the complex. This result is 
aligned with X. Li et al. (2020), who reported that these functional 
groups (phenolic groups, aliphatic groups, aromatic groups, and esters) 
play an important role in the complexation between Fe(III) with HA. 
Boguta et al. (2019) reported that the intensity of OH groups on HA 
increased after mixing with Fe(III), indicating their involvement in 
Fe-HA complexation through the formation of aqua ion complexes. Be
sides, the new peak at ~2632 cm− 1 in the mixture is likely associated 
with O–H stretching vibrations in a strongly hydrogen-bonded envi
ronment (Barreto et al., 2020). Additional broadening and intensity 
changes observed in the 1200–1000 cm− 1 region further supported the 
involvement of oxygen-containing groups, particularly the hydroxyl 
(–OH) and carboxyl (C––O) groups, in complexation with Fe(III). These 
spectral features suggest that Fe(III), acting as a bridging ion, co
ordinates with multiple C–O groups in both HA and proteins, thereby 
altering their vibrational modes (Andrade et al., 2019; Boguta et al., 
2019; Chen et al., 2016). This study revealed that Fe forms complexes 
with proteins and HA through electrostatic and/or coordination bonds, 
interacting with various functional groups, including phenolic, amino, 
carboxyl, hydroxyl, aliphatic, aromatic groups, and esters.

Overall, the effects of Fe interaction with protein and humic acid 
under different redox conditions are summarized in Table 1.

3.4. Limitations of simple substrates and relevance for complex 
wastewater matrices

This study was conducted to elucidate the complex behaviour of 
various compounds in wastewater with iron under alternating anaerobic 
and aerobic conditions. Varying redox conditions are commonly 
encountered in wastewater treatment systems, such as the anaerobic 
selectors followed by aerobic zones in biological phosphate removing 
systems, anaerobic digesters or anaerobic side stream reactors to reduce 
the quantity of WAS.

Our results demonstrate that Fe complexation with protein and 
carbohydrate reduces the degradation rate, a phenomenon that may also 
occur in full-scale WWTPs. When complexes are formed under aerobic 

conditions, proteins and carbohydrates can be entrapped within the AS 
flocs. During WAS disposal, which typically occurs under anaerobic 
conditions, Fe-floc complexation will weaken due to the reduction of Fe 
(III) to Fe(II), resulting in the release of organic matter into solution and 
making it available for degradation. This finding is consistent with 
previous studies (Baek et al., 2014; Lin et al., 2017; Zhao et al., 2020), 
which suggests that Fe reduction in AD can promote floc disintegration 
and the dissolution of organic matter.

This study aimed to contribute to a deeper understanding of the role 
of iron in the sequestration of organic compounds and its impact on their 
bioavailability under alternating redox conditions in wastewater treat
ment systems. However, the experiments were conducted with simple 
substrates, which are casein and bovine serum albumin as proteins, 
resorufin-cellobioside as carbohydrate, and commercial humic acid, 
which might not fully represent the much more complex and hetero
geneous mixture of organic matter, including polysaccharides, lipids, 
microbial products, surfactants, and xenobiotics, as well as competing 
inorganic ions (Sajid et al., 2022). These choices for a well-defined, but 
simpler composition in this study ensured reproducibility and allowed 
mechanistic insights into the interactions of proteins, HA, and Fe. This 
higher complexity in practice likely affects the strength and properties of 
the complexation formed (Li et al., 2023).

Despite these simplifications, the results obtained still provide 
important insights. These results demonstrate that protein degradation 
is significantly susceptible to inhibition compared with carbohydrates, 
highlighting proteins as critical contributors to persistent COD in 
wastewater systems and clear evidence that Fe(III) and Fe(II) form 
complexes with different stabilities, showing that redox cycling can 
modulate the degree of inhibition. These insights are transferable to 
more complex systems, where iron dosing and alternating aero
bic–anaerobic conditions are already common practice in wastewater 
treatment (Ferrentino et al., 2023; Wu et al., 2015).

Future studies should extend this work to real wastewater matrices, 
where multiple organic and inorganic components can simultaneously 
interact with Fe and enzymes. Such studies would help quantify the 
extent to which the mechanisms identified in this study, which are 
protein hydrolysis inhibition, Fe-mediated interaction, and redox- 
dependent complex stability, are expressed in practice. Bridging the 
gap between simplified systems and complex wastewater is crucial for 
transferring theoretical understanding into practical strategies for 
enhancing biodegradability.

4. Conclusion

This research aimed to investigate the interaction of Fe with protein 

Fig. 4. FTIR results for the interaction of Fe(III) with functional groups of protein and HA.
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and HA under different redox conditions. The results showed that under 
aerobic conditions, Fe(III) formed stable complexes with protein and 
HA, reducing the hydrolysis rates of protein by more than 90 %. These 
interactions resulted in larger molecular sizes and reduced protein 
availability, as determined by SEC-HPLC analysis. The FTIR analysis also 
confirmed that Fe(III) interacted with various functional groups of 
proteins and HA, including phenolic, amino, carboxyl, hydroxyl, 
aliphatic, and aromatic groups through electrostatic and/or coordina
tion bonds, suggesting stable complex formations, as indicated by 
changes and shifts in the peaks. In contrast, under anaerobic conditions, 
the reduction of Fe(III) to Fe(II) significantly weakened the cross-links, 
leading to smaller complex sizes and increased dissolution of protein 
and HA. These findings highlight the significant role of Fe redox trans
formations in influencing protein-HA interactions and their availability. 
It is worth noting that this study employed simple substrates to facilitate 
controlled mechanistic analysis, whereas real wastewater comprises a 
much more complex mixture of organics and inorganics. Nevertheless, 
the identified results, such as protein hydrolysis inhibition, Fe-mediated 
interaction, and redox-dependent complex stability, are highly relevant 
for complex wastewater environments. These results provide a basis for 
future studies using real wastewater to validate and quantify these in
teractions under complex conditions.
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Table 1 
Effect of Fe interaction with protein and humic acid under different redox 
conditions.

Combinations Observed effect

Fe 
species

Compounds Reducing 
agent

Conditions

Fe(III) Protein – Aerobic •Strong binding led to the 
formation of larger 
aggregates at ≥ 10 mg L− 1 

of Fe(III). 
•Reduced availability of 
protein by up to 100 %. 
•Reduced the 
concentration of free Fe 
by up to 12 %. 
•Decreased hydrolysis 
rate of protein up to 75 %.

Fe(III) Humic acid – Aerobic •In high concentrations 
(≥10 mg L− 1) of Fe(III), 
strong binding resulted in 
the formation of larger 
aggregates. 
•The availability of HA is 
reduced by up to 100 %. 
•Reduced free Fe 
concentration by up to 73 
%.

Fe(III) Protein and 
humic acid

– Aerobic •Strong binding resulted 
in the formation of larger 
aggregates at high 
concentrations (≥10 mg 
L− 1) of Fe(III). 
•Reduced availability of 
both compounds is up to 
100 %. 
•Reduced the 
concentration of free Fe 
by up to 79 %. 
•Decreased hydrolysis 
rate of protein >90 %.

Fe(III) Protein Hydrazine Anaerobic •Weaker binding and 
reduced complexation. 
•Increased free protein 
concentrations to 18 %. 
•Convert Fe(III) to Fe(II) 
and Fe(0).

Fe(III) Humic acid Hydrazine Anaerobic •Weaker binding and 
lower complexation. 
•Increase free HA 
concentration up to 51 %. 
•Increase free Fe 
concentration up to 86 %. 
•Convert Fe(III) to Fe(II) 
and Fe(0).

Fe(III) Protein and 
humic acid

Hydrazine Anaerobic •Weaker binding and 
lower complexation. 
•Protein is still in complex 
form. 
•Increase free HA 
concentration up to 44 %. 
•Increase free Fe 
concentration up to 100 
%. 
•Convert Fe(III) to Fe(II).

Fe(II) Protein – Anaerobic •Weaker binding 
•Smaller aggregation. 
•Shifted protein peaks. 
•Decreased hydrolysis 
rate >50 %.

Fe(II) Humic acid – Anaerobic •Weaker binding 
•Smaller aggregation.

Fe(II) Protein and 
humic acid

– Anaerobic •Weaker binding 
•Smaller aggregation. 
•Protein peaks shifted. 
•Decreased hydrolysis 
rate of protein >90 %.
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