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Abstract

The iron ion (Fe(lll)-dependent phosphorus removal process) is frequently observed to be inefficient in current wastewater treatment technologies, particularly in the
presence of organic compounds in the wastewater. However, the precise mechanism by which this occurs remains unclear. In this study, the effects of different organic
compounds, including citric acid, xanthate, polysorbate 80, bovine serum albumin, glucose, and starch, on the efficiency of Fe(lll)-dependent phosphorus removal were
investigated in depth through the use of well-designed batch experiments combined with the analytical techniques of Fourier Transform Infrared Spectroscopy (FTIR)
and X-ray Diffraction (XRD). The experimental results yielded a significant finding: carboxylic organics, particularly polycarboxylic organics such as citric acid, exerted
a markedly greater influence on phosphorus removal efficiency than hydroxy organics, exhibiting an intensity index as high as 5 to 20 times that of other organics.
Specifically, citric acid was observed to reduce the number of binding sites available for phosphate, competing with phosphate for the surface binding sites of iron hydroxyl
oxides (Fe-HFOs). This resulted in a significant reduction in phosphorus removal efficiency. Furthermore, this study presents an innovative mechanistic model to elucidate
the mechanism by which organic matter “seizes” the surface of Fe-HFO, leading to the reduction of phosphorus removal efficiency. This study not only enriches the
theoretical basis of chemical phosphorus removal but also provides new perspectives and technical support for the pretreatment of organic matter in practical wastewater
treatment. This is of great theoretical and practical significance for improving the efficiency of wastewater treatment in the future.

Introduction

Chemical agents, including ferric iron (Fe(II)), were
introduced into wastewater with the objective of precipitating
phosphate for the purpose of wastewater treatment, a process
that has been identified as chemical phosphorus removal [1-
3]. In recent years, chemical phosphorus removal has been
widely adopted in wastewater treatment plants (WWTP) due
to its convenient operational characteristics, straightforward

regulatory requirements, and minimal secondary pollution [4-
6]. It has been postulated by numerous researchers that the
formation of Fe,(PO,), and FeP mineral variants is responsible
for the Fe(IlI)-dependent phosphorus removal [7-9]. In
contrast, Galarneau, et al. [10] proposed that the removal of
phosphorus was due to the generation of hydroxyl oxide (Fe-
HFO) by Fe(III), which then adsorbed phosphate and facilitated
its removal. Models developed by Smith and Hauduc, et al.
demonstrated that the adsorption of phosphate to Fe-HFO,
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rather than the formation of FeZ(PO[.)3 precipitation, was the
primary mechanism responsible for the removal of phosphate
by Fe(III) [11,12]. Furthermore, Antelo, et al. observed that the
binding of phosphate to goethite was robust [13]. Nevertheless,
a definitive conclusion regarding the mechanism of Fe(III)-
dependent phosphorus removal remains elusive. As indicated in
the literature, a multitude of factors, including the quantity of
reagent, pH value, temperature, hydraulic condition, impurity,
and others, have the potential to impact the efficacy of Fe(III)-
dependent phosphorus removal [14]. An increasing number of
studies have been conducted to investigate the impact of diverse
substances on chemical phosphorus removal processes. Among
these factors, the influence of organics is relatively complex,
as they affect both the thermodynamics and kinetics of
coagulation reactions. The influence of organics on coagulation
remains unclear due to the diverse range of organic substances
present in water. The investigation of the impact of organics
on chemical phosphorus removal is of paramount importance,
as it not only facilitates a comprehensive understanding of this
process but also offers valuable insights into the mechanisms
governing coagulation.

Among the plethora of organic compounds present in
wastewater, Citric Acid (CA) is one of the most abundant [23].
Citric Acid (CA) is a widely utilized chemical in numerous
industries, and it is an indispensable organic compound in
the tricarboxylic acid (TCA) cycle within living organisms.
Citric Acid (CA) is a common constituent of domestic
wastewater. Borggaard, et al. [25] have demonstrated that
carboxyl-containing substances can influence the adsorption
of phosphate. In a study by Geelhoed and colleagues, it was
observed that there was a considerable degree of competition
between Humic Acid (HA) and anions such as phosphate
in chemical reactions. Sibanda, et al. observed that HA in
soil would compete with phosphate for adsorption sites on
goethite, resulting in a reduction in phosphate adsorption
on Fe-HFO [30-32]. In contrast, Borggaard observed that HA
had no discernible impact on the adsorption of phosphate by
aluminum chloride goethite. The current state of research
on the removal of phosphate by organics is still incomplete.
The impact of diverse organics on the phosphorus removal
process remains unclear, as does the underlying mechanism.
It is therefore of considerable significance to elucidate the
impact and the underlying mechanisms of organic compounds
on the efficiency of Fe(IlI)-dependent phosphorus removal in
wastewater treatment.

The efficiency of iron-ion-dependent phosphorus removal
is currently affected by a variety of factors, with the organic
matter in the wastewater representing a significant influence.
While studies have been conducted to investigate the effects
of specific organics on phosphorus removal, these studies
are often limited to laboratory conditions and thus lack the
comprehensive scope necessary to consider the full range of
organic species and concentrations. Moreover, further research
is required to elucidate the specific mechanisms of interaction
between iron ions and organic matter, as well as to optimize
the use of iron ions in practical wastewater treatment, with the
aim of improving phosphorus removal efficiency and reducing
the negative effects of organic matter.

To address the aforementioned issues, this study
systematically compared the effects of different organic
compounds on Fe(III)-based phosphorus removal and identified
carboxyl groups as the key factor governing interference
intensity. Batch experiments demonstrated that carboxylic
acids, particularly citric acid, inhibit phosphorus removal far
more strongly than hydroxyl-based organics. To quantitatively
assess this effect, we introduced an “impact intensity index,”
which provides the first standardized metric for comparing the
inhibitory strength of different organics. Fourier Transform
Infrared Spectroscopy (FTIR) and X-ray Diffraction (XRD)
analyses further revealed that carboxyl groups compete with
phosphate for surface binding sites, forming stable organic-
iron complexes that suppress phosphorus removal. These
findings establish both a quantitative framework and a
mechanistic model for organic interference, offering theoretical
and technical guidance for optimizing wastewater treatment.

Materials and methods
Materials

Instruments: The following instruments were utilized in
this study: an X-ray diffractometer from Ultiman IV (Japan),
a Fourier infrared spectrometer (United States, Nicolet iS50),
an electronic balance (German, Dolly BSA224S), a ultraviolet
spectrophotometer (UV2600), a coagulation six league mixer
(MY30000-6 g), a centrifuge table low speed (Shanghai Anting
TDL-4DB), a Zeta voltmeter (ZS90Zeta, Melvin, UK), and a pH
meter (Ray magnetic PHS-3E).

The following agents were utilized: iron hexahydrate
chloride, anhydrous sodium acetate, anhydrous calcium
chloride, ammonium chloride, magnesium sulfate, sodium
chloride, potassium dihydrogen phosphate, sodium hydroxide,
hydrochloric acid, ascorbic acid, ammonium molybdate, CA,
and morpholine ethyl sulfonic acid (MES). The solutions
utilized in the experimental procedure were prepared with
high-purity reagents and deionized water.

Synthetic wastewater: anhydrous sodium acetate (0.513
g/L), ammonium chloride (0.153 g/L), magnesium sulfate
(0.154 g/L), calcium chloride (0.042 g/L). In accordance with
the experimental design, potassium dihydrogen phosphate,
iron hexahydrate chloride, and organics were added as required
in different experiments.

Methods

The pH is a significant factor influencing the efficiency of
phosphorus removal by Fe(III). Accordingly, the pH value in
the reaction system was calibrated to 7 + 0.2 with 10 mmol-L~
morpholine ethyl sulfonic acid (MES) buffer [34]. The reaction
system was supplemented with 0.1 mmol-L-1 NaCl to ensure a
constant ionic strength in the solution.

Experiment on effects of organics on phosphorus removal:
The typical organics were selected based on the analysis of the
wastewater contents, which revealed the presence of starch,
glucose, bovine serum protein, Tween 80, fulvic acid (FA),
and CA. The impact of varying concentrations of organics
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on phosphorus removal efficiency by Fe(III) was examined
through the implementation of batch tests. The concentrations
of the organics were set at 0, 10, 20, 40, 80, and 100 mg-LA(-1),
respectively. The phosphorus concentration was set at 10
mg-L-1, and Fe (III) was added in a ratio of n (Fe): n (P) = 1.4:1.
The beaker containing the synthetic wastewater was placed in
a six-link mixer and subjected to agitation at 200 rpm for one
minute and 50 rpm for 15 minutes. Subsequently, the beaker
was allowed to stand for 20 minutes. Samples were collected
from a depth of 2 to 3 cm below the liquid surface to determine
the concentration of dissolved phosphorus.

Comparison of phosphorus removal methods: In order to
investigate the phosphorus removal process of iron salt, two
distinct groups were established: the conventional chemical
phosphorus removal group (CCPR group) and the iron hydroxyl
oxide (Fe-HFO) phosphorus removal group.

The CCPR group is defined as follows: Subsequently,
Fe (III) (25.3 mg-L) and CA (0-30 mg-L?) were added in a
sequential manner to an aqueous solution with a phosphorus
concentration of 10 mg-L. The alteration of the chemical
bond in the sediments before and following the addition of
CA was ascertained through FTIR analysis. X-ray diffraction
(XRD) spectroscopy was employed to ascertain the alteration
in the composition of the sediments before and following the
introduction of CA.

The HFO group prepared a solution of Fe-HFO according
to the methodology outlined in the published source [35].
Subsequently, phosphate (10 mg-L*) and CA (0-30 mg-L™?)
were added successively to the Fe-HFO solution (25.3 mg-L™).
Periodic samples were obtained for the purpose of determining
the efficiency of phosphate removal in both systems. The
alteration of the chemical bond in the sediments before and
following the addition of CA was ascertained through FTIR
analysis. The alteration in the material composition of the
sediments before and following the introduction of CA was
ascertained through XRD spectroscopy.

FTIR and XRD spectroscopy detection: The Fourier
transform infrared spectroscopy (FTIR) was employed to
investigate the formation and fracture of chemical bonds
during the Fe(III)-dependent phosphorus removal process.
X-ray diffraction spectroscopy was employed to ascertain the
nature of the products formed during the Fe(III)-dependent
phosphorus removal process. The phosphorus removal products
described in section 1.2.2 were collected, washed, centrifuged,
and allowed to dry naturally. They were then analyzed by FTIR
and XRD spectroscopy. All samples were subjected to analysis
on the platform of the Shaanxi Provincial Key Laboratory of
Environmental Engineering.

The XRD data analysis revealed that the diffraction angle,
intensity, and crystal plane spacing of the 20-0011 diffraction
peak were consistent with the data of the standard card
(lepidocrocite: JCPDS no. 74-1877, goethite: JCPDS no. 81-
0464) in the Joint Committee on Powder Diffraction Standards
(JCPDS) database.

Results and discussion

The organic matter concentrations applied in this study
(0-160 mg-L*) were designed to reflect typical wastewater
conditions, ensuring that the observed removal patterns can
be directly linked to the Dissolved Organic Carbon (DOC) and
Volatile Fatty Acid (VFA) profiles of real systems, thereby
enhancing the engineering relevance of the findings.

Citric acid (0-100 mg-L*) and fulvic acid (0-160 mg-L)
were selected to encompass representative conditions of mu-
nicipal sewage (DOC 10-50 mg-L-, with VFAs contributing
20-40% or 5-20 mg-L*) and industrial wastewater (DOC 50-
150 mg-L, VFA >50% of DOC; up to 80-120 mg-L™ in citric
acid production effluents). For example, 20 mg-L™ citric acid
reduced phosphorus removal efficiency by ~30%, consis-
tent with fluctuations observed in municipal sewage during
high-VFA periods (15-25 mg-L in early rainy seasons). At 80
mg-L citric acid, removal efficiency declined by >70%, mir-
roring challenges in untreated food-processing wastewater.
These outcomes validate the practical representativeness of the
experimental design.

A clear relationship was established between phosphorus
removal inhibition and the proportion of carboxyl functional
groups. When carboxyl-containing organics constituted
<30% of DOC (as in municipal sewage), efficiency loss was
<20% even at DOC levels of 40 mg-L* (e.g., 20 mg-L™* furfuric
acid with 0.75 carboxyl groups). In contrast, when carboxyl
organics exceeded 50% of DOC (typical of industrial effluents),
only 60 mg-L* DOC was sufficient to cause >50% efficiency
loss (e.g., 60 mg-L citric acid with a carboxyl content of 1.56).
These patterns provide actionable engineering guidance: in
municipal wastewater, phosphorus removal remains stable
if VFA/DOC <0.3, or aerobic stripping reduces VFA to <20
mg-L; in high-carboxyl industrial wastewater, pretreatments
such as anaerobic digestion or Ca addition should limit
carboxyl organic concentrations below 40 mg-L-! to maintain
Fe(III)-based removal efficiency above 80%.

In summary, the experimental concentration gradient
aligns well with real DOC/VFA distributions, allowing removal
rate patterns to be directly mapped to engineering contexts.
This provides a robust quantitative basis for optimizing
pretreatment strategies in municipal and industrial
wastewater, significantly enhancing the practical applicability
of the conclusions.

Effects of organics on ferric ion-dependent phosphorus
removal

Figure 1 illustrates the impact of various chemical and
biological agents, including CA, FA, polysorbate-80, bovine
serum protein, glucose, and starch, on the efficiency of
phosphorus removal when Fe (III) is employed as a flocculant.
Upon increasing the concentration of starch and glucose in
the reaction system from 0 mg-L™ to 160 mg-L™', the amount
of phosphorus removed remained relatively constant. As the
concentration of bovine serum protein, polysorbate-80, FA,
and CA increased from 0 mg-L to 160 mg-L, the phosphorus
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removal percentage of the reaction system exhibited a decline
in conjunction with the rise in organic concentration.

For the sake of convenience in analysis, the decreased
phosphorus removal percentage per mg-L of organics was
defined as the influence intensity index of the specified organic.
The original index based on mass concentration (mg-L) was
reformulated on a molar basis, defined as “the percentage
decrease in phosphorus removal efficiency per mmol-L™
of organic matter (or per mmol-L of carboxyl functional
groups).” This normalization eliminates bias arising from
differences in molecular weight among organic compounds
and more accurately captures the relationship between
chemical characteristics (e.g., carboxyl group content) and
phosphorus removal interference. For instance, at equal mass
concentrations, citric acid (3 carboxyl groups, 192 g-mol)
and fulvic acid (average 1.5 carboxyl groups, ~500 g-mol)
yield markedly different carboxyl molar concentrations. Thus,
a carboxyl molar-based index more objectively reflects the
true functional group activity. By employing a linear fitting
technique to analyze the declining trend observed in each
of the six selected organic lines presented in Figure 1, the
resulting influence intensity indexes are presented in Table 1.
The CA exhibited the greatest influence intensity index among
the selected organics. It was observed to be 5 to 20 times higher
than the other organics.

All six of the selected organics contain both a hydroxyl
group and a carboxyl group. The ratios of hydroxyl and
carboxyl functional groups in each organic are also presented
in Table 1. Starch and glucose are notable for their abundance
of hydroxyl groups. With regard to the impact of starch and
glucose on Fe(III)-dependent phosphorus removal (Figure 1),

100%
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= 60% -
=
7]
2 —— Amylum
a 40% L —&8— Glucose
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Figure 1: Effects of organics on ferric ion-dependent phosphorus removal efficiency.

Table 1: Influence intensity of different organics on phosphorus removal efficiency
by iron salt.

Influence intensity

3.4

) 0.06 0.07 0.21 0.17 0.21

index
Carboxy number 0 0 0.49 0 0.75  1.56
Hydroxyl value 2.8 2.8 0 65-80 0.5-0.75 0.52

the hydroxyl group was found to exert no discernible influence
on the efficiency of phosphorus removal in the presence of
Fe(III) as flocculants. Upon alteration of the concentrations of
the organics, the removal percentages of phosphate exhibited
a maximum decline of 15.11% (starch) and 16.28% (glucose).
This finding suggests that the hydroxyl group exerted minimal
influence on the Fe(IlI)-dependent phosphorus removal
efficiency, a conclusion that aligns with the observations
documented by Hue, et al. [36,37].

It is widely known that bovine serum protein contains a
multitude of amino acid residues, that polysorbate-80 contains
unsaturated fatty acids, and that FA contains carboxyl,
hydroxyl, and other functional groups. As illustrated in Figure 1,
these three organics exerted a notable influence on the Fe(III)-
dependent phosphorus removal efficiency. The maximum
decrease in phosphorus removal percentage was observed with
bovine serum protein (43.02%), polysorbate-80 (36.05%), and
FA (43.02%). Both bovine serum protein and FA contain a small
quantity of carboxyl groups, whereas polysorbate-80 contains
a substantial number of hydroxyl groups. The data indicate
that CA has the most significant influence on the phosphorus
removal efficiency when Fe(III) is used as the flocculant. The
decline in phosphorus removal efficiency reached as high
as 90.70%. The presence of numerous carboxyl groups in
CA suggests that the carboxyl group content of organics is a
crucial factor influencing their impact on Fe(III)-dependent
phosphorus removal efficiency.

Further investigation is required to elucidate the mechanism
by which the carboxyl group affects the Fe(III)-dependent
phosphorus removal efficiency. Given its highest influence
intensity index, the CA was selected as the representative
organic in the following experiments to elucidate the relevant
mechanism. This was achieved by detecting the formation and
fracture of chemical bonds and analyzing the products in the
reaction systems.

Influence of organic matter properties on the effecti-
veness of chemical phosphorus removal

In this experiment, three experimental groups (4, B, C) and
one control group (CK) were established, with two replicates in
each group.

Experimental Group A: Take one litre of effluent from the
aerobic tank at the sewage treatment plant, add potassium
dihydrogen phosphate, mix thoroughly, and then leave the
solution to be used at a later point in time. The organic matter
in the experimental system of this group is composed of
particles, colloids, and ions.

Experimental Group B: The effluent from the aerobic tank
of the wastewater treatment plant was allowed to stand for
12 hours, after which 1 L of the supernatant was taken, mixed
well, and left for use. The organic matter in this experimental
system is composed of colloids and ions.

The third experimental group is designated as Group C. The
effluent from the aerobic tank of the wastewater treatment
plant should be filtered through a 0.45-micron membrane.
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The resulting filtrate should be transferred to a 1-L container
and stirred thoroughly before use. The organic matter in this
experimental system is solely composed of ions.

The control group (CK) was prepared by taking the effluent
from the aerobic tank of the wastewater treatment plant and
treating it with H,0,-UV until no organic matter remained.
Then, 1 L of the resulting filtrate was taken, mixed well, and
left to be used. The experimental system of this group is devoid
of any organic matter.

1. Three hundred milliliters of the pretreated sample were
placed in a beaker, which was then placed on a six-
unit mixer. Subsequently, ferric chloride was added,
maintaining an iron-to-phosphorus ratio of 1.4:1.

2. The indicators of each experimental system were
established at the outset of the experiment.

3. The stirrer was operated as follows: The speed of
the agitator was set to 300 rpm for one minute, then
reduced to 50 rpm for 15 minutes.

4. Following the stirring process, the beaker was
permitted to rest for a period of 20 minutes, after
which the supernatant was collected for the purpose of
determining the indicators.

As can be seen from the Table 2, it can be concluded that:

1. The discrepancy between the precipitated and filtered
effluent in terms of iron removal is not substantial,
suggesting that colloids exert minimal influence on
phosphorus removal. The removal of phosphorus
was found to be significantly influenced by dissolved
substances and insoluble particles, with a percentage
impact of 5.3% and 3.6%, respectively.

2. The alteration in pH resulting from different
pretreatment water quality is not significant.
Furthermore, the pH change before and after the
removal of phosphorus is not considerable. However,
there is a notable reduction in pH overall following the
removal of phosphorus, which can be attributed to the
hydrolysis of iron.

3. The ORP of the different pretreatment water qualities
varies. The precipitation of sewage has the lowest
ORP, while the filtration of sewage has the highest.
This is due to the precipitation of sewage entering the
aerobic tank, resulting in a gradual reduction in redox
potential. Conversely, the filtration of sewage through
the filtration of air increases the ORP.

4. The iron content of the various pretreatment samples
differs significantly, with the iron content of the samples
after phosphorus removal being largely consistent.

5. ZATA fluctuates at different times, but its impact on
phosphorus removal is not consistent.

Table 2: The influence of different wastewater on the concentration of each pollutant
under different treatment conditions.

3¢
@ | alluvial | filtered | Filtration + light +
Aerobic water |(hydrogen peroxide
Tank Water YEROENP
PH pre-phosphate 7.18 7.4 7.64 7.95
after-phosphate 7.25 7.3 7.3 7.56
re-phosphate 36.7 10 154 210.3
ORP(mv) pre-pnosp
after-phosphate 59.5 170.8 159.7 280
re-phosphate 189 52 38 30
COD(mg/L) pre-phosp
after-phosphate 32 32 20 16
re-phosphate -20.1 151 114 -11.1
ZATA(mv) pre-phosp
after-phosphate -13.5 -14.3 -17 -16.5
Iron pre-phosphate 3.5 3 0.5 0.17
Content(mg/L) after-phosphate 0.88 0.72  0.79 0.76
Phosphorus | pre-phosphate 9.1 10.3 9.4 9.6
Content(mg/L) after-phosphate 4.6 4.9 4.7 4.1
Fe:P Ratio 1.54 1.36 1.49 1.46
Phosphorus 48.80% 52.40% 52% 57.30%

Removal Rate

Study of phosphorus remover injection and simulated
domestic wastewater

In this experiment, three experimental groups (A, B, C) and
one control group (CK) were established, with six replicates in
each group.

Experimental Group A: Take 1.5 L of aerobic tank effluent
from the sewage plant, mix it thoroughly, and allow it to be
used. The organic matter in the experimental system of this
group is composed of particles, colloids, and ionic organic
matter, predominantly small molecules of organic matter with
a high dissolved oxygen content.

Experimental Group B: Take 1.5 L of anaerobic tank water
from the sewage plant, mix well, and await further instructions.
The organic matter in the experimental system of this group
is primarily colloidal and ionic, comprising predominantly
macromolecular organic matter with no discernible dissolved

oxygen.

Experimental Group C: The water from the secondary
sedimentation tank of the sewage plant was collected, 1.5 L of
filtrate was obtained, and the solution was stirred thoroughly
and allowed to stand for future use. The organic matter in
this experimental system is composed exclusively of ions. The
organic matter content is minimal, as is the dissolved oxygen
content.

The control group, designated CK, was configured with
1.5 L of simulated domestic sewage, which was then mixed
thoroughly and prepared for use. The experimental system in
this group contains dissolved organic matter and a single type
of organic matter.

1. A total of 300 mL of pre-treated samples were
transferred to a beaker, which was then placed on a
six-mixer apparatus. Subsequently, ferric chloride was
added to the beaker, with the iron and phosphorus ratio
set at varying gradients.
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2. At the outset of the experiment, ascertain the indicators
of each experimental system.

3. The mixer was operated in accordance with the following
procedure: The apparatus was set to rotate at 300 rpm
for one minute and then at 50 rpm for 15 minutes.

4. Following the stirring process, the beaker was left
to stand for a period of 20 minutes, after which
the supernatant was extracted for the purpose of
determining the indicators.

The initial water quality indicators were as follows (Tables
3-7), (Figure 2):

In conjunction with the aforementioned figure and the
results presented in Table 2.1, it can be concluded that a variety
of water quality parameters can be obtained. It is noteworthy
that the initial pH difference is not approximately 7-7.2.
Following the addition of phosphorus removal chemicals, the
pH of the simulated sewage exhibited a maximum change of
5.8-6.3. Additionally, minimal alterations were observed in
the remaining water quality parameters. Moreover, it can be
observed that as the dosage of the drug is increased, there is a
gradual decrease in pH (Figure 3).

A combination of the aforementioned graph and Table 2.1
reveals an absence of a notable correlation between ZATA and
iron dosing (Figure 4).

When the aforementioned figure and Table 2.1 are
considered together, it becomes evident that the simulated
domestic wastewater COD and other water quality changes
exhibit a similar trend. The simulated wastewater COD
reduction is estimated to be in the range of 94-136, with the
aerobic tanks reducing by 131-151, the anaerobic tanks by
292-332, and the secondary sedimentation tanks by 5-37.
Similarly, the quality of the COD in aerobic and anaerobic
tanks exhibits comparable alterations, as illustrated in the
figure. The gradual reduction of COD can be attributed to the

Table 3: Results of phosphorus remover dosing at different stages with simulated

domestic wastewater.

Aerobic | Anaerobic S?condar.y Simulated Domestic
Sedimentation
Tanks Tanks Wastewater
Tanks
PH 7.2
ORP 88 -80 10 64.5
ZATA -10.5 -20 -17 -10.5
CoD 189 358 52 400
Phosphorus

. 11.8 13.7 10.5
Concentration

Table 4: Water quality in aerobic tanks after dosing.

Iron/Phosphorus Molar 067 133 167 200 267

Ratio
PH 6.7 6.7 6.7 6.7 6.8
Aerobic Tanks ORP 102.8 1045 106.3 1059 1074
COoD 58 52 47 44 38
ZATA -14 -145 -16.5 -16.4 -18.9

Phosphorus Removal Rate  23.5% 52.9% 61.8% 69.1% 92.6%

Table 5: Water quality of the secondary sedimentation tank after the addition of
chemicals.

PhOSphOI’L:IS 034 068 085 1.02 1.36 1.70
Concentration
PH 7.2 7.1 7.2 6.8 6.8 6.8
Secondary ORP 161.6 1656 163 165.6 169.8 169.1
Sedimentation
CcOoD 50 45 43 38 32 15
Tanks
ZATA -21.7 -19.6 -20.1 -224 -187 -21.9
Phosphorus

18.2% 32.8% 52.6% 57.7% 73.0% 81.8%
Removal Rate

Table 6: Water quality in anaerobic tank after dosing.

C::‘;Zz?;t’jn 040 079 099 119 158 197

PH 69 69 68 68 68 68

Anaerobic ORP 48 8 114 153 214 295
Tanks cop 66 60 55 54 49 35
ZATA 14 154 175 -6 174 14
PhOSphoé:feRemwal 3.4% 16.1% 27.1% 39.8% 66.9% 80.5%

Table 7: Water quality of simulated effluent after dosing.

CZ:‘;Z?:;‘:; 043 085 106 127 170 212
PH 63 62 61 6 58 58
Simulated Domestic’  ORP 409 4467 458.4 4754 511.6 533
Wastewater cop 180 82 54 44 32 27
ZATA 175 -123 169 -16 -163 -16.1

Phosphorus

34.5% 56.3% 66.3% 78.2% 93.1% 100.0%
Removal Rate

9.00
8.00
7.00 _Fﬁ_- =
- —
6.00
T =& Aerobic
5.00 =@~ Anaerobic
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Figure 2: Influence of different water quality on pH under different ratio of Fe:P

Ratio.

0.00
0.00 0.50 1.00 1.50 2.00 2.50 3.00

=100 —&— Aerobic

—8— Anaerobic
Secondary Sedimentation
—e— Simulation

ZATA
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Figure 3: Influence of different water quality on ZATA under different ratio of Fe:P

Ratio.

removal of iron, phosphorus, and organic matter during the
process. The anaerobic tank is the most effective at removing
phosphorus, yet it also has the lowest efficiency in removing

057

Citation: Xinsheng L, Zhiguo Z, Wenyan W, Lei B, Qixin C, Xian Y, et al. Effect of Different Organic Compounds on Phosphorus Removal by Ferric Iron-dependent in
Wastewater Treatment. J Civil Eng Environ Sci. 2025;11(2):052-064. Available from: https://dx.doi.org/10.17352/2455-488X.000095



™ PeertechzPublications Inc.

https://www.engineegroup.us/journals/journal-of-civil-engineering-and-environmental-sciences ‘ 8

phosphorus. This is due to the organic matter impeding the
removal of phosphorus. A comparison of the organic changes
and phosphorus removal rate in the aerobic tank and anaerobic
tank can be seen in the following figure. It can be observed that
the removal of organic matter has a poor effect on the removal
of phosphorus. Alternatively, it can be shown that the anaerobic
tank is an effective method for removing phosphorus when
combined with sedimentation. A comparison of the secondary
sedimentation tank and the simulated wastewater revealed
that the efficiency of organic matter removal and phosphorus
removal in the simulated wastewater differed. This suggests
that the various types of organic matter exert varying effects
on phosphorus removal (Figure 5).

The aforementioned figure and Table 2.1 can be obtained
when the dosage of iron salt and phosphorus in the water is
increased. In this case, the water redox potential increases,
water oxidation is accelerated, and the redox potential of
the water quality presents a clear stratified distribution.
The specific results for the simulation of sewage, two-
sedimentation of sewage, aerobic wastewater, anaerobic
wastewater, and anaerobic wastewater are presented below.
This differs from the previous scenario, in which the aerobic
wastewater was subjected to two sedimentation tanks prior
to phosphorus removal. Moreover, the size of the ORP after
dosing and the efficiency of phosphorus removal exhibited a
positive correlation (Figure 6).

This Figure above illustrates the disparate impact of varying
water quality on phosphorus removal. The simulation depicts
the highest removal rate of sewage, followed by two sinks,
aerobic and anaerobic, which exhibit the lowest performance.
The figure also demonstrates that the iron and phosphorus
ratio of aerobic sewage removal rate is greater than that of
anaerobic sewage when the mole ratio is greater than 1.5.
However, after the removal of the effect, the performance is
essentially similar.

In conclusion, the analysis indicates that:

1. The initial pH of the water is 7-7.2, which demonstrates
that the effect of phosphorus removal is not significant.
However, the addition of phosphorus removal chemicals
to simulated domestic wastewater resulted in the
greatest reduction in pH value, indicating that the water
quality was the most affected.

350.00

300.00 *-ﬂ\a\x

250.00

—4— Aerobic
S -~ Anaerobic

150.00 i~ Secondary Sedimentation
= Simulation

200.00
[=]

(o]

100.00
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Iron-phosphorus molar ratio

Figure 4: Influence of different water quality on COD under different ratio of Fe:P

Ratio.
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Figure 5: Influence of different water quality on ORP under different ratio of Fe:P
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Figure 6: Influence of different water quality on Phosphate removal rate under

different ratio of Fe:P Ratio.

2. A notable aspect of the study is the absence of a
discernible pattern in the ZATA potential in phosphorus
removal, both before and after the addition of
phosphorus removal chemicals.

3. The process of phosphorus removal is accompanied
by the removal of organic matter, which is a crucial
finding.

4. There is a positive correlation between the solution ORP
and the removal rate of phosphorus after the addition
of a phosphorus removal agent. With the increase in
dose, the redox potential becomes larger, indicating an
enhanced oxidizing effect.

Mechanism of organics affecting on the Fe(lll)-depen-
dent phosphorus removal

Ferricion-dependent phosphorus removal process with CA:
The mechanism of phosphorus removal by Fe(III) is currently
a topic of debate and research. Two potential mechanisms of
Fe(III)-dependent phosphorus removal are widely accepted: 1)
Fe(III) rapidly hydrolyzes to form iron hydroxyl oxide (Fe-HFO)
(Eq. 1), which then absorbs phosphate to remove phosphorus
from wastewater. 2) Ferrous iron (Fe(II)) reacts directly with
phosphate to form iron phosphate precipitation (Eq. 2), which
is a mechanism for the removal of phosphorus [38].

Fe*+30H->FeOOH (1)

The Fe-HFO then absorbs phosphate ions from the
wastewater, effectively removing phosphorus. This process
relies on the adsorption of phosphate to the Fe-HFO surface,
which binds phosphate ions, leading to their removal from
the water. This mechanism is widely considered an efficient
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method for phosphorus removal, as iron hydroxide is highly
effective in adsorbing phosphate under certain conditions.

Formation of Iron Phosphate Precipitation (Fe(II)-
Phosphate): Another proposed mechanism is based on the
reduction of Fe(III) to Fe(II), which then reacts with phosphate
to form insoluble iron phosphate precipitates. The chemical
equation for this reaction is:

Fes'+P0,3>FePO,(s) (2)

In this mechanism, ferrous iron (Fe(II)) reacts directly with
phosphate ions, forming iron phosphate (FePO,) precipitates.
These precipitates are insoluble and thus effectively remove
phosphate from the aqueous phase. This mechanism typically
requires the presence of reducing conditions or a source of
Fe(II), which may be generated through the reduction of Fe(III)
under certain environmental conditions. Both mechanisms are
important in the context of Fe(III)-dependent phosphorus
removal, and the relative contributions of each may depend on
factors such as pH, the presence of other ions, and the specific
iron species involved. The actual process may involve both
mechanisms to varying extents, and ongoing research aims to
better understand how these processes occur under different
wastewater treatment conditions.

To investigate the mechanism through which organic
compounds influence Fe(III)-dependent phosphorus removal,
citric acid (CA) was selected as the representative organic
compound. Two experimental groups, namely the CCPR and
HFO groups, were established for this purpose. The results,
as shown in Figure 7, reveal that CA had a significant effect
on the efficiency of phosphorus removal in both groups. As
the concentration of CA in the reaction system increased, a
continuous decline in phosphorus removal efficiency was
observed. Notably, when the concentration of CA was below 30
mg-L, the phosphorus removal efficiency in the CCPR group
was higher than that in the HFO group.

In accordance with the principles of thermodynamics and
the findings of Rose, et al., the hydrolysis of Fe (III) ions in
aqueous solution occurs at an exceedingly rapid rate, resulting
in the formation of Fe-HFO [39,40]. Figure 8 illustrates
the alteration in the bulk liquid of a conventional chemical
phosphorus removal system following the addition of a
specific quantity of CA. Figure 8-A illustrates the formation
of iron-phosphorus precipitates in the CCPR system, with
a phosphorus removal percentage of 82.5%. As illustrated in
Figure 8-B, following the introduction of CA into the system,
the iron-phosphorus precipitate gradually diminished, and the
liquid assumed a clarified, bright yellow hue. The percentage of
phosphate removed was found to be zero. The precipitation of
iron and phosphorus was found to be completely absent when
the concentration of CA in the system reached 30 mg-L.

As illustrated in Figure 9, when the concentration of CA
was set to zero, the phosphorus removal percentage in the
CCPR group reached 86%, while the corresponding figure for
the HFO group was 62.4%. It is evident that in the Fe(III)-
dependent phosphorus removal process, the majority of the
phosphate was removed through adsorption to the Fe-HFO

100%
=] —0O—Fe
I - —=—HFO
o B
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Figure 7: Effects of CA on the phosphorus removal efficiency in both CCPR group
and HFO group.
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Figure 8: Effects of CA on the conventional phosphorus removal.
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Figure 9: Fourier infrared spectrum of samples in the conventional phosphorus

removal system (A) and the HFO-dependent phosphorus removal system (B).

surface. In the CCPR process, the Fe(III) was added and partially
reacted directly with phosphate, forming an iron-phosphorus
precipitate. The remainder of the added Fe(III) underwent
hydrolysis to form Fe-HFO, which then adsorbed phosphate,
thereby achieving phosphorus removal. The data demonstrated
that the Fe-HFO process was responsible for 73% of the total
phosphorus removal. Figure 8 illustrates the addition of CA to
a system wherein an iron-phosphorus precipitate had already
formed. The CA effectively displaces the HFO from the iron-
phosphorus precipitate, preventing it from undergoing a
complexation reaction [41], and thus preventing the formation
of precipitates.

Chemical bond change in the process of Fe(III)-dependent
phosphorus removal: To gain further insight into the
mechanism by which organics influence Fe(III)-dependent
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phosphorus removal efficiency, the formation and fracture of
chemical bonds in the reaction system were analyzed using
FTIR.

Figure 9-A illustrates the alteration in chemical bonds in
the samples prior to and following the incorporation of CA into
the CCPR group. The stretching vibration peaks of the hydroxyl
group, observed at 3547 cm™ and 1377 cm-1, are reported in
[42-44]. The addition of CA resulted in the disappearance of
the peak positions at 3547 cm™ and 1377 cm™, as well as a
reduction in the peak areas at 3103 cm™, 1453 cm™, 1046 cm™,
and others. These observations indicate that the addition of CA
has affected the formation of the hydroxyl group (the number
of hydroxyl groups decreased). Concurrently, the absorption
band at 3103 cm™ exhibited a forward shift, indicative of
enhanced stability in the formation of hydrogen bonds between
the novel molecules.

A thermodynamic analysis indicates that the equilibrium
constant for organic ligands is predominantly greater than
that of inorganic ligands. It was therefore postulated that
new organic complexes may have been formed in the reaction
system. In the absence of any previous reports concerning CA-
phosphate complexes, it can be inferred that the newly formed
organic complex within the system is a complex of CA and Fe
(111).

Figure 9-B illustrates the alteration in chemical bonds
in the samples prior to and following the introduction of CA
into the HFO group. The absorption band at 3381 cm, 1629
cm™, and 1462 cm™ exhibited a downward shift, while new
absorption bands emerged at 594 cm™, 571 cm™, and 521 cm™.
This suggests that the hydrogen bond in the system was either
enhanced or a new, stronger intermolecular bond was formed.
Moreover, the absorption peak area at 3381 cm™ and 1629 cm™!
exhibited a reduction, indicative of a decline in the number
of hydroxyl groups within the system. The same result was
observed in Figure 9-A, which led to the hypothesis that CA
reacted with Fe-HFO to form a complex.

The addition of CA disrupted the original chemical
equilibrium during the Fe(III)-dependent phosphorus removal
process. The CA demonstrated a stronger affinity for the Fe-
HFO than the phosphate. The addition of CA and phosphate
to the system resulted in competition for the binding site of
Fe-HFO, ultimately leading to the formation of an iron citrate
complex. Nevertheless, the phosphate remained in solution,
thereby reducing the efficiency of phosphorus removal in the
system.

Product analysis of Fe(III)-dependent phosphorus removal
with the CA addition: To clarify the role of citrate in modulating
the Fe(III)-dependent phosphorus removal mechanism, mass
balance and kinetic analyses were conducted using a centrifugal
graded extraction method. Specifically, 0.22 pm membrane
filtration was applied to separate dissolved and particulate
fractions, 0.1 mol-L-* NaOH to desorb adsorbed phosphorus,
and 1 mol-L* HCl to dissolve precipitated phosphorus, enabling
quantitative determination of phosphorus and iron speciation.

In the absence of citrate, precipitated phosphorus accounted for
65% + 3% of total phosphorus, with a Fe:P molar ratio of 1.02 +
0.05 in Fe-P precipitates, indicating a precipitation-dominated
mechanism. With 30 mg-L citrate addition, the proportion of
precipitated phosphorus decreased to 18% + 2%, while the Fe:P
ratio in Fe—P precipitates increased to 2.3 + 0.1. Meanwhile,
adsorbed phosphorus rose from 28% + 2% to 52% + 3%, and
the fraction of Fe associated with Fe-HFO increased from
32% + 3% to 67% =+ 4%. Mass balance closure was achieved
with deviations <5% between calculated and initial values.
Kinetic monitoring further demonstrated that without citrate,
precipitated phosphorus accumulated rapidly within the first
5 minutes (rate constant 0.12 + 0.01 min) and stabilized after
10 minutes. In contrast, citrate addition markedly suppressed
precipitation (rate constant 0.01 + 0.002 min™), while adsorbed
phosphorus increased gradually with Fe-HFO formation
(rate constant 0.03 + 0.003 min). These results confirm that
citrate inhibits Fe—P precipitation while promoting Fe-HFO
adsorption, thereby shifting the phosphorus removal pathway
from precipitation-dominated to adsorption-dominated. The
composition of the products in the CCPR and HFO groups
was analyzed by X-ray Diffraction (XRD) before and after the
addition of CA. The results are presented in Figure 10.

Figure 10-A illustrates the alteration in the composition
of the CCPR group prior to and following the incorporation of
CA. Prior to the addition of CA, the phosphate in the system
underwent a reaction with the Fe (III) ions, resulting in the
formation of iron-phosphorus crystals (as evidenced by the
sharp peak observed in the P+Fe curve in Figure 10-A). The
specific species are presented in Table 2. Following the addition
of CA, the original crystal structure of iron and phosphorus
was disrupted, and the samples were predominantly observed
to exist in the form of amorphous Fe-HFO (P+Fe+CA curve in
Figure 10-A, Table 2).

Figure 10-B illustrates the compositional alterations in the
HFO group prior to and following the introduction of CA. No
crystals were generated in the HFO system (Figure 10-B, Table
2) [45]. Upon the addition of phosphate, iron-phosphorus
crystals emerged within the system (HFO+P curve in Figure
10-B, Table 2), exhibiting a spectrum analogous to that of
the P+Fe curve in Figure 10-A. This observation substantiates
the assertion that the HFO group represents the crux of the
CCPR process. Upon the continual addition of CA to the system
(HFO+P+CA curve in Figure 10-B), the sharp peak of the HFO+P
curve was no longer evident (Figure 10-B), indicating that the
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Figure 10: XRD spectrum of samples in the conventional phosphorus removal

system (A) and the HFO-dependent phosphorus removal system (B).
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iron-phosphorus crystal structure was destroyed and that CA
had effectively “preempted” the Fe-HFO. This resulted in the
release of phosphate into the solution and a reduction in the
efficiency of phosphorus removal. A comparison of the P+Fe+CA
curve in Figure 10-A with the HFO+P+CA curve in Figure 10-B
demonstrates that the differing addition order of phosphate
and Fe (III) resulted in disparate products. The addition of
Fe(IIl) to a system containing CA and phosphate resulted in
the formation of products with reduced purity. However, in a
system containing Fe-HFO and phosphate, the addition of CA
did not result in any alteration to the HFO species. CA is more
competitive than phosphate in terms of competing for Fe-HFO,
and CA affects the efficiency of phosphorus removal that is
dependent on ferrous iron (Table 8).

Table 8: XRD crystal pattern analysis.

P+Fe
3 Barbosalite Fe,(PO,),(OH),
2 Cyrilovite Fe?*Fe?*(P04),(0H),
1 Dufrenite Fe,(PO,),(OH),-2H,0
1 Iron Hydrogen Phosphate Hydrate Fe,H,,(PO,),4H,0
1 Phosphosiderite Fe*P0,2H,0
23 Strengite FePO,2H,0
23 Vofeite Fe,PO,(OH)
P+CA+Fe
Beraunite Fe*Fe**(PO,),(OH),-H,0
Dufrenite Fe,(PO,),(OH),2H,0
Iron Hydrogen Phosphate Hydrate H,Fe(PO,),-2.5H,0
Iron Hydrogen Phosphate Hydrate FeH,P,0,,-1.5H,0
Ludlamite Fe,(PO,),-4H,0
Whitmoreite FeFe,(PO,),(OH),4H,0
HFO
Akaganeite Fe,**0-H,0
Feroxyhyte Fe?*0(OH)
Ferrihydrite Fe,0,(OH)
Gothite Fe,0,/Fe,0,-H,0/Fe**0(0H)
Hydrohematite Fe,0,.-nH,0
Iron Hydroxide Fe(OH),/Fe(OH),
Iron Oxide Hydroxide FeOOH/Fe,0,-H,0/FeO(0H)
Lepidocrocite Fe,0,-H,0/Fe*0(0H)
HFO+P
; Iron Hydrogen Phosphate FeH,P,0,
Hydromolysie FeCl, 6H,0
2 Hydromolysie FeCl, 6H,0
Vivianite Fe,PO,),8H,0
Iron Hydrogen Phosphate FeH,P,0,
3 Iron Hydrogen Phosphate FeH,..0,,
Iron Hydrogen Phosphate Hydrate FeH,P,0,,-H,0
Iron Hydrogen Phosphate Hydrate H,Fe(PO,),"5H,0
4 Iron Hydrogen Phosphate FeH,P,0,,
Iron Hydrogen Phosphate Hydrate H,Fe(PO,),2.5H,0
5 Strengite FePO,2H,0
Iron Hydrogen Phosphate FeH,P,0,
6 Iron Hydrogen Phosphate FeH,(PO,),-4H,0
Iron Hydrogen Phosphate Hydrate H,Fe(PO,),-2.5H,0
7.8 Lepidocrocite Fe**0(OH)
HFO+CA+P
Devauxite Fe,(PO,)(OH),-3H,0
Iron Hydrogen Phosphate Fe(H,PO,),
Iron Hydrogen Phosphate Hydrate FeH,P,0,-3H,0
Ludlamite Fe,(PO,),"4H,0

Mechanism of the effect of CA on Fe(III)-dependent
phosphorus removal efficiency: The fundamental principle
underlying the CCPR group process is the adsorption and
precipitation of phosphate by the Fe-HFO. As illustrated in
Figure 11-A, when the pH value is above 2.2 in the bulk liquid,
the Fe (III) undergoes hydrolysis upon entering the water body,
resulting in the formation of the Fe-HFO. The Fe-HFO adsorbs
the phosphate, forming precipitates that achieve the objective
of phosphorus removal.

Figure 11-B illustrates the mechanism of the ferrous iron-
dependent phosphorus removal process in the absence of CA.
In the aqueous environment, the predominant form of Fe(III)
is the HFO. The phosphate is absorbed by the HFO, forming
flocs which subsequently precipitate. Only a limited number of
dissolved ferric ions undergo a reaction with phosphate to form
Fe-P precipitates [46].

Figure 11-C illustrates the mechanism of the Fe-HFO
process in the presence of CA. In the presence of CA in the water
body, the Fe (III) initially undergoes hydrolysis to form Fe-
HFO. In comparison to phosphates, the CA exhibits a greater
affinity for the Fe-HFO, occupying the adsorption site and
displacing the phosphate. Additionally, the CA forms a complex
with free Fe(III) ions, namely iron citrate, which also reduces
the efficiency of phosphorus removal in the system.
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Figure 11: Mechanism of the effect of CA on ferrous iron-dependent phosphorus

removal efficiency.

Conclusion

This study systematically elucidated the inhibitory
effects of organics on Fe(III)-mediated phosphorus removal.
Results confirm that carboxyl-rich compounds, particularly
polycarboxylic acids, exert disproportionately strong
interference by competing for Fe-hydroxide surface sites
and forming stable Fe-organic complexes. Consequently,
adsorption onto Fe-hydroxide remains the dominant removal
pathway, while direct precipitation contributes less. The key
findings are summarized as follows:
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1. Influence of organic functional groups: Carboxyl-
containing organics exhibited a significantly greater
inhibitory effect on phosphorus removal compared to
hydroxyl-containing organics under Fe(III)-mediated
conditions.

2. Dominant removal pathway: The conventional
Fe(III)-dependent phosphorus removal mechanism is
primarily driven by the adsorption of phosphate onto
Fe-hydroxide flocs (Fe-HFO), which accounted for
approximately 73% of total phosphorus removal. In
contrast, direct precipitation via chemical complexation
with free Fe(III) contributed only 27%.

3. Mechanistic insight: The reduced phosphorus removal
efficiency in the presence of carboxyl organics is
attributed to competitive binding. Carboxyl groups
preferentially occupy the active sites on Fe-HFO,
thereby inhibiting phosphate adsorption and disrupting
the Fe—P precipitation pathway.

4. Engineering implications: Pre-removal of carboxyl-
functional organics may enhance the efficiency of
Fe(Ill)-based phosphorus removal systems. This
finding offers a promising strategy for optimizing
future wastewater treatment processes.

From an engineering perspective, these findings highlight
that wastewater with high VFA/DOC ratios or elevated carboxyl
fractions poses a significant challenge to chemical phosphorus
removal. Practical strategies include pretreatment to reduce
carboxyl organics, adaptive Fe(III) dosing, and pH optimization
to balance Fe-hydrolysis and minimize complex stability.
While laboratory-scale experiments provided clear mechanistic
insights, real wastewater systems are more complex, with
variable ionic strength, alkalinity, and organic diversity. Thus,
future work should focus on validating these mechanisms in
pilot or full-scale systems, refining pretreatment technologies,
and developing advanced Fe-based or hybrid materials with
higher selectivity and resilience against organic interference.

Overall, the study establishes a quantitative and mechanistic
basis for improving Fe(III)-based phosphorus removal under
organic-rich conditions, offering actionable guidance for
wastewater treatment plants while pointing toward the need
for more robust, adaptive treatment strategies.
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associated with this article can be found.
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