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ARTICLE INFO ABSTRACT

Handling editor: Dr. Lixiao Zhang The study of dissolved organic matter (DOM) presents a significant challenge for environmental analyses and the

monitoring of wastewater treatment plants (WWTPs). This is particularly true for the tracking of recalcitrant to

Keywords: biodegradation dissolved organic matter (rDOM) compounds, which is generated during the thermal pretreat-
Melam‘d“; ment of sludge. This study aims to develop analytical and chemometric methods to differentiate melanoidins
Humic aci

from humic acids (HAs), two components of rDOM that require monitoring at various stages of wastewater
treatment processes due to their distinct biological effects. The developed method implements the separation of
macromolecules through ultra-high-performance liquid chromatography size-exclusion chromatography (U-
HPLC SEC) followed by online UV and fluorescence detection. UV detection was performed at 210, 254, and 280
nm, and fluorescence detection at six excitation/emission pairs: 230/355 nm, 270/355 nm, 240/440 nm, 270/
500 nm, 330/425 nm, and 390/500 nm. Chromatograms obtained for each sample from these nine detection
modes were integrated and separated into four molecular fractions: >40 kDa, 20-40 kDa, 10-20 kDa, and <10
kDa. To enhance analytical resolution and normalize the data, ratios were calculated from the areas of chro-
matographic peaks obtained for each detection mode. The results demonstrate the utility of these ratios in
discriminating samples composed of HAs, melanoidins, and their mixtures, through principal component analysis
(PCA). Low molecular weight fractions were found to be specific to melanoidins, while high molecular weight
fractions were characteristic of HAs. For the detection modes specific to melanoidins, UV absorbance at 210, 254,
and 280 nm were predominantly present in the numerators, with tryptophan-like fluorescence emissions in the
denominators. Conversely, fluorescence emissions largely represented both numerators and denominators for
HAs. This online method also enables the discrimination of pseudo-melanoidins, compounds revealing a nitrogen
deficiency in their chemical structures.

Recalcitrant organic compound
Size exclusion chromatography
Fluorescence

Chemometrics

supply, and wastewater treatment systems discharge effluents into them.
DOM is thus one of the primary indicators of water quality (Rodri-

1. Introduction

Dissolved organic matter (DOM) is a complex matrix of diverse
organic compounds ubiquitous in aquatic and terrestrial environments,
playing a pivotal role in biological and geochemical processes (McDo-
well, 2023). Rivers are considered as ‘channels’ where organic matter
interacts with soils and is transported to marine environments. During
these transport phases, DOM constantly undergoes various physical,
photochemical, and microbial degradation processes (Cai et al., 2023;
Linnik et al., 2023). Rivers are also used as channels for drinking water
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guez-Vidal et al., 2021). DOM is a reservoir of carbon, nitrogen and
other essential elements, significantly impacting ecological, environ-
mental and biotechnological systems (Ma et al., 2001). Understanding
the composition and dynamics of DOM is paramount to comprehend its
role in nutrient cycling, carbon sequestration and overall ecosystem
functioning. The major component of natural allochthonous DOM con-
sists of humic compounds, characterized by relatively high aromaticity
and molecular weight (Vogt et al., 2023; Lee and Park, 2022).
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Conversely, autochthonous DOM is predominantly composed of fulvic
material, which exhibits lower aromaticity and size (Egeberg et al.,
1999). Furthermore, in most watercourses, there are anthropogenic in-
puts of DOM. These anthropogenic inputs of DOM consist of direct
pollution, associated with the external introduction of DOM into the
aquatic environment (Ifon et al., 2023). The term ‘anthropogenic’ in this
context thus refers to local sources of DOM pollution, such as those
originating from agriculture, aquaculture, industry (food, cellulose,
chemicals, etc.), and more broadly from wastewater treatment processes
(Zhang et al., 2021). In the specific field of wastewater treatment, un-
derstanding DOM is essential for monitoring treatment processes. These
processes play a crucial role in wastewater depollution by preventing the
discharge of anthropogenic pollutants into natural ecosystems
(Kasanin-Grubin et al., 2019; Hader et al., 2020). The preservation of the
environment and the prevention of issues such as eutrophication and
chemical contamination are ensured through the enforcement of
increasingly stringent discharge standards, such as chemical oxygen
demand (COD) at 125 mg Os. L1 and Total Nitrogen (TN) at 10-15 mg
N. L 'in Europe (Hailleux, 2023). Most urban wastewater treatment
plants (WWTP) employ biological processes to break down DOM and
reduce the concentration of dissolved compounds and suspended solids.
As a result of these processes, the primary waste generated consists of
biomass known as sludge, which requires further treatment (Rajasu-
lochana and Preethy, 2016).

The growing quantity of sludge produced by these treatment facil-
ities poses a significant challenge in term of both their operations and
their environmental impact (Lu et al., 2019). Consequently, anaerobic
digestion (AD) is implemented in various wastewater treatment plants to
recover energy, reduce sludge volume, and stabilize biomass (Nabater-
ega et al., 2021). AD serves to decrease organic compounds, odours, and
pathogens while generating biogas for electricity and heat production
(Obileke et al., 2021). Pretreatment, particularly the hydrolysis step of
AD, in an endeavour to enhance the accessibility of DOM for bacterial
digestion, will bring about alterations in both its composition and the
structure of chemical species in solution by introducing organic sub-
stances from the cellular organelles of the bacteria involved in the
process (Tatla et al., 2024). Numerous pretreatment methods before AD
have been developed to enhance hydrolysis efficiency and improve AD
performance, including mechanical, thermal, chemical and biological
treatments (Zhen et al.,, 2017). A recent innovation in wastewater
treatment involves the use of thermal treatment to enhance sludge
processing (Barber, 2016). This process entails heating the sludge to
temperatures ranging from 140 to 200 °C, thereby increasing biogas
production through anaerobic digestion and/or improving sludge dew-
aterability (Ariunbaatar et al., 2014). However, these thermal processes
lead to the formation of significant quantities of soluble molecules that
are not biologically degraded and are referred to as refractory dissolved
organic matter (rDOM) (Devos et al., 2021). In addition to the rDOM
formed during wastewater treatment processes, natural organic matter
(NOM) is also found in surface waters and soils, and is likewise present
in wastewater. Thus, the organic matter in wastewater samples consists
of NOM, DOM, rDOM and biodegradable DOM (Yu et al., 2020).
Regarding this organic matter in wastewater, the identification and
quantification of rDOM pose an analytical challenge (Faixo et al., 2021).
firstly, because thermal sludge treatment processes significantly in-
crease the rDOM concentration in effluents by a factor of 100 compared
to concentrations found in natural water or untreated wastewater (Hao
et al., 2020), and secondly, due to the biological effects of the chemical
compounds that make up rDOM (genotoxicity, cytotoxicity and anti-
microbial activity) (Wang et al., 2011).

The rDOM compounds produced during thermal treatment steps are
highly heterogeneous, and the specific reactivity conditions of the spe-
cies present at high temperatures, as found in thermal processes
(>120 °Q), primarily generate high-molecular-weight polymers through
Maillard reactions (Faixo et al., 2021). Two main families of macro-
molecules are gathered in humic-like species, which constitute the

Journal of Environmental Management 366 (2024) 121750

rDOM. Humic acids (HAs) (Zheng et al., 2020) and melanoidins, then
represent the greater part of rDOM found in the effluents of treated
wastewater (Hao et al., 2020; Wang et al., 2011). Some studies show that
thermal processes can alter the composition of rDOM, with an increase
in the concentration of humic-like species. The physicochemical prop-
erties (hydrophobicity, aromaticity, molecular weight) of these families
of compounds are different (Vogt et al., 2023) and will influence their
behaviour during the treatment steps. It is therefore important to be able
to discriminate between HAs and melanoidins for quality monitoring of
discharges and for process monitoring to optimize them. The structure of
HAs and melanoidins is highly complex and heterogeneous (Nebbioso
and Piccolo, 2012; Rodriguez et al., 2015), which increases the chal-
lenges of specific characterization of each of these macromolecules.

Fluorescence spectroscopy has been widely used to analyse humic-
like substances in DOM and wastewater (Rodriguez-Vidal et al., 2020).
This technique provides information about the structure of humic sub-
stances: the intensity and position of fluorescence peaks can be corre-
lated with certain structural properties of macromolecules, such as the
number of carboxylic acid functions, the degree of humification, and
aromaticity (Rodriguez et al., 2014). For this method, sample prepara-
tion is limited to simple filtration and pH adjustment for certain ana-
lytes. This technique allows for an initial level of discrimination between
HAs and melanoidins through the study of excitation emission matrix
spectra (EEMs). However, the close proximity of specific excitation/e-
mission pairs (Ex/Em) for HAs and melanoidins can lead to spectral
overlap between these two families. By coupling fluorescence detection
and UV absorbance with size exclusion chromatography (SEC), it is
possible to fractionate humic-like species and other macromolecular
classes (various protein families) that make up DOM, but no definite
discrimination has been observed between HAs and melanoidins (Faixo
et al., 2021; Ignatev and Tuhkanen, 2019).

The objective of this study is to develop an easy-to-implement
analytical methodology for future monitoring of wastewater treatment
processes, enabling discrimination between samples composed mainly
of melanoidins or humic acids, by integrating U-HPLC SEC separation,
UV and fluorescence detection. To develop the method, standards of
synthetic melanoidins and humic acids were analysed both pure and in
mixture. To increase the number of analytical parameters, specific ratios
were calculated between the areas of the detected peaks for different
fractions separated by U-HPLC SEC, for UV and fluorescence detection
modes, and the specific parameters of each species were identified
through a chemometric approach.

2. Materials and methods
2.1. Chemicals

D-Glucose, glycine, sodium bicarbonate, humic acid, sodium phos-
phate monobasic dihydrate, sodium phosphate dibasic dihydrate, so-
dium hydroxide, hydrochloric acid solution 1.0 N, phosphorylase b,
bovine serum albumin, albumin from chicken egg, pepsin, lysozyme
from chicken egg and cytochrome ¢ were purchased from Sigma-Aldrich
Co. (St Quentin Fallavier, France). Ultrapure water were prepared using
water purified with a Milli-Q purification system (Millipore, St Quentin
Yvelines, France).

2.2. Samples

2.2.1. Melanoidins

Synthetic melanoidins were prepared in accordance with Bernardo
et al. (1997) for species synthesis under equimolar conditions between
glucose and glycine. Melanoidins with a 1:1 M ratio of glucose and
glycine were obtained by mixing 4.5 g (0.025 mol) of glucose, 1.88 g
(0.025 mol) of glycine, and 0.42 g (0.005 mol) of sodium bicarbonate in
100 mL of ultrapure water. The 1:2 M fraction was obtained by mixing
4.5 g (0.025 mol) of glucose, 3.76 g (0.05 mol) of glycine, and 0.42 g
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(0.005 mol) of sodium bicarbonate in 100 mL of ultrapure water. The
2:1 M fraction was obtained by mixing 8 g (0.05 mol) of glucose, 1.88 g
(0.05 mol) of glycine and 0.42 g (0.005 mol) of sodium bicarbonate in
100 mL of ultrapure water. All mixtures were refluxed for 7 h at 95 °C
with a magnetic stirrer (50 rpm). After being heated, the solutions were
brought to room temperature, then lyophilized to remove water and
stored at 3 °C. A stock solution of each synthetic melanoidin 1:1, 1:2, and
2:1, was prepared by adding 40 mg of lyophilized powder to 1 mL of
ultra-pure water in a microtube. Subsequently, dilutions of 1/10, 1/50,
1/100, 1/250 and 1/500 were made in ultra-pure water, corresponding
to mass concentrations of 4, 0.8, 0.4, 0.16, and 0.08 mg. mL7},
respectively, before analysis.

2.2.2. Humic acids

A stock solution was prepared by adding 40 mg of humic acid, 800 pL
of ultra-pure water and 100 pL of 0.1 M sodium hydroxide to a micro-
tube (1.5 mL, Eppendorf microcentrifuge tubes). The microtube was
placed in an ultrasonic bath (Branson Ultrasonics bath, 1.9 L) for 30 min
to achieve complete dissolution of the mixture. After dissolution, any
residual sodium hydroxide was neutralized by adding 100 pL of 10 “2M
hydrochloric acid and this stock solution was stored at 3 °C until use.
Dilutions of 1/10, 1/50, 1/100, 1/250 and 1/500 were made in ultra-
pure water, corresponding to mass concentrations of 4, 0.8, 0.4, 0.16
and 0.08 mg. mL !, respectively, before analysis.

2.2.3. Melanoidins/HAs mixtures

Mixtures of each melanoidin (1:1, 1:2 and 2:1) and HAs were pre-
pared. The 9/1 weight-to-weight proportion mixture was obtained by
taking 900 pL from the 1/10 dilution of melanoidins and adding 100 pL
from the 1/10 dilution of HA. The 1/1 mixture is obtained by taking 500
pL of melanoidins and adding 500 pL of the 1/10 HA solution, while the
1/9 mixture is obtained by taking 100 pL of melanoidins and adding 900
pL of the 1/10 HA solution. These mixtures are prepared before each
analysis.

2.2.4. Digested sludge

A representative sample of the produced rDOM in a wastewater
treatment plant was provided by Suez company. It consisted of leachate
from digested sludge after hydrothermal carbonization (HTC) at 200 °C.
100 mL of this leachate was lyophilized. 40 mg of the powder was added
to 1 mL of ultrapure water for analysis.

2.3. Size exclusion chromatography (SEC)

SEC was used to separate melanoidins and HAs based on their
respective hydrodynamic volumes. The separation utilized a 4.6 mm X
150 mm Acquity UPLC Protein BEH SEC column with 125 A pore size
packed with 1.7 pm porous hybrid silica beads (Waters). The separation
procedure was carried out using an Acquity UPLC system (Waters). The
eluent phase consisted of a 7.5 mM phosphate buffer, pH 7.4, prepared
with 140 mg sodium phosphate monobasic dihydrate, 500 mg sodium
phosphate dibasic dihydrate and 500 mL of ultrapure water, filtered
through 47 mm, 0.45 pm nylon membrane discs (Waters). The column
oven temperature was set at 30 °C, the flow rate at 0.3 mL. min ~*, and
the injection volume at 5 pL. All samples were filtered before injection
with 13 mm, 0.2 pm nylon membrane syringe filters (Waters). Detection
was carried out using an Acquity photodiode array (PDA) and Acquity
fluorescence detectors (Waters). The selected wavelengths for detection
and integration are provided in Table 1. All analyses were monitored
using Empower 3 software (Waters), and all samples were analysed in
triplicate to calculate the coefficient of variation for peak areas and
retention times, which should not exceed 3.5 %. The column was cali-
brated by injecting a mixture (5 mg. mL ~! each) of phosphorylase b
(MW: 97.2 kDa), bovine serum albumin (MW: 66 kDa), albumin from
chicken egg (MW: 44.2 kDa), pepsin (MW: 35 kDa), lysozyme from
chicken egg (MW: 14.3 kDa) and cytochrome ¢ (MW: 12.3 kDa).
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Table 1
UV wavelengths and fluorescence Ex/Em pairs used for the integration of U-
HPLC-SEC chromatograms with target chemical families and specificities.

UV wavelength (nm) Code Chemical family Specificity
210 210 All Csp?

254 254 All Aromaticity
280 280 Aromatic amino acids Tryptophan, tyrosine
Ex/Em (nm)

230/355 TRY1 Proteins Tryptophan
270/355 TRY2 Proteins Tryptophan
240/440 FA1 Humic like Fulvic acids
270/500 FA2 Humic like Fulvic acids
330/425 MEL Humic like Melanoidins
390/500 HA Humic like HAs

2.4. Chemometrics

2.4.1. Analytical database
Each chromatogram was integrated for all UV wavelengths and Ex/
Em pairs (see Table 1). The peak areas were then grouped into four
fractions (see Fig. S1, supplementary data): >40 kDa (F;), 20-40 kDa
(F2), 10-20 kDa (F3), and <10 kDa (F4). From the integrated areas for
each fraction, ratios were calculated using the following formula:
DM1 Integrated peak area fraction Fn for DM1

Ratio——Fn=
oM™ Integrated peak area fraction Fn for DM2

With: DM1 = Detection mode 1
DM2 = Detection mode 2
Fn = Fraction number (from 1 to 4)

Each chromatogram was thus transformed into 144 analytical data
points and all data of the analytical database were normalized by
dividing each variable by the greatest value of the column.

2.4.2. Principal component analysis (PCA)

PCA was conducted by using the transformation of variables to
describe the variance of the matrix, projecting them onto different
components. Eigenvectors represented each variable in a correlation
matrix for all components, and the samples corresponding to different
dilutions of synthetic melanoidins and AHs, or mixtures, could be
plotted on the corresponding score plot. PCAs were performed in
MATLAB R2023b, with the statistics toolbox V.23.0, using, for each
analysed sample, the 144 calculated analytical ratios. From all the
components of the correlation matrices, two or three from PC1, PC2 and
PC3 were included in the analyses to perform the classification of the
samples, and 2D or 3D plots were defined to represent the correlation
score.

3. Results and discussion
3.1. U-HPLC SEC separation of synthetic melanoidins and HAs

The preparation of synthetic melanoidins, which are used as stan-
dards for structural or compositional analysis, has been described
(Cammerer et al., 2002; Echavarria et al., 2012). The Maillard reaction
that occurs at high temperatures involves the condensation between the
amine function of an amino acid or a protein and the carbonyl function
of a reducing sugar in basic conditions (Hidalgo et al., 1999). Various
melanoidin standards were synthesized by varying the Glucose/Glycine
molar ratio in proportions of 1:1, 1:2, and 2:1 to obtain macromolecules
with diverse structures in which reactivity conditions are optimal (1:1
ratio), deficient in amine (2:1 ratio), or deficient in reducing sugar (1:2
ratio). After the synthesis step, all samples exhibit an intense brown
coloration, as described in the literature (Mohsin et al., 2018).
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Fig. 1 shows the UHPLC SEC chromatograms obtained with standard
melanoidins (a) and HAs (b), for the specific Ex/Em pairs of each spe-
cies: 380/425 nm for melanoidins and 390/500 nm for HAs.

For the synthetic melanoidins, the chromatogram (Fig. 1 (a)) shows
separation of fractions in the 1-66 kDa range, with molar fractions in the
1-12 kDa range showing significant fluorescence intensity (>0.5
normalized fluorescence unit (FU)). For humic acids, there are three
fractions between 66 and 18 kDa, followed by less well-resolved frac-
tions down to 1 kDa. In the 1-12 kDa range, the fluorescence intensity is
low (<0.25 normalized FU). The fractionation of HAs by SEC (Fig. 1 (b))
is complex due to the structural polydispersity. The commercial stan-
dards of HA analysed, produced from soils and surface water, may
contain species with very high molecular weights (>300 kDa) (Christl
et al., 2000). Depending on the origin and sample preparation chosen,
the observed molecular weight limit decreases, ranging from 10 kDa to
20 kDa (Her et al., 2003; Perminova et al., 2003). There is a relationship
between molecular weight, aromaticity and hydrophobicity of HAs.
High molecular weight fractions exhibit an increase in aromaticity and
hydrophobicity, enhancing hydrophobic interactions among these spe-
cies, leading to the formation of insoluble aggregates (Gao et al., 2022).
A dedicated sample preparation is then necessary to observe them,
especially by controlling the pH. In samples from leachates of sludge
from thermal treatment processes, these insoluble aggregates are not
found in the soluble fraction of the DOM and are not sought. The HAs
and melanoidins have shown fluorescence spectra over a wide range of
wavelengths: Ex/Em 330-350/420-480 nm, depending on the sample
origin and their molecular structure (Leenheer and Croue, 2003). Longer
wavelengths are associated with increased aromaticity and conjugation
of macromolecules (Dwyer et al., 2008; Coble, 1996). In this study, we
selected the Ex/Em pair 330/425 nm for melanoidins and the Ex/Em
pair 390/500 nm for HAs. Overlaying the separation performance of
synthetic melanoidins and HAs with the chromatograms obtained under
the same conditions for digested sludge samples, with specific fluores-
cence detection for melanoidins (Fig. 1 (c)) and HAs (Fig. 1 (d)), reveals
that the majority of fractions found in these samples are within the 97 -
1 kDa range. The absorption and fluorescence emission specificities of
melanoidins and HAs are related to their structure and vary depending
on their sources (agro-food, soil, wastewater, sludge after thermal
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treatment).

3.2. U-HPLC SEC separation of mixture composed of synthetic
melanoidins and HAs

The analysis of mixtures consisting of synthetic melanoidins and HAs
at different weight-to-weight proportions (Fig. 2) shows an evolution of
the U-HPLC SEC chromatograms from samples predominantly composed
of melanoidins (Fig. 2 (a)) to those mainly composed of HAs (Fig. 2 (c)).

To categorize the samples based on their melanoidin and HAs com-
positions, we grouped the molar fractions into four classes: >40 kDa,
20-40 kDa, 10-20 kDa, <10 kDa (Fig. S1, supplementary data). Each
chromatogram was integrated at three UV absorbance wavelengths
(210, 254 and 280 nm) and six fluorescence Ex/Em pairs (230/355 nm,
270/355 nm, 240/440 nm, 270/500 nm, 330/425 nm and 390/500
nm), with each detection mode being specific to a class of molecule or
chemical bonds, as presented in Table 1.

3.3. Chemometrics

For each sample, the integrated peak areas in the nine detection
modes from Table 1 are grouped into 4 M fractions (Fig. S1, supple-
mentary data). To complete this table, ratios are calculated between the
different detection modes, as presented in Table S1 (Supplementary
data). For each sample, it is possible to calculate 144 ratios. The
calculation of analytical ratios for DOM characterization was initially
introduced with SUVAgs4 to determine the aromaticity of a sample while
accounting for variations in the amount of DOM (Dobbs et al., 1972). In
the present study, a ratio, or its inverse, allows for the normalization of
measurements by accounting for the species specifically determined by
the detection mode of the denominator.

By integrating these ratios into a PCA (Fig. 3), it can be observed that
the samples of synthetic melanoidins and HAs are positioned in two
distinct zones, particularly well discriminated by Component 1, repre-
senting 31% of the variance. Melanoidins obtained with different ratios
of glucose and glycine are discriminated by PC2, which represents 19%
of the variance, and PC3 (9 %). In contrast to this specific melanoidin
zone, the various dilutions of HAs are found, and between these two
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Fig. 1. U-HPLC SEC chromatograms of synthetic melanoidins (1:1) a), HAs b) and digested sludge c)-d) with fluorescence detection.
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Fig. 2. U-HPLC SEC chromatograms of a mixture of synthetic melanoidins and HAs with fluorescence detection in the following weight-to-weight proportions: 9/1

(a); 1/1 (b); and 1/9 (c).

areas, there are mixtures consisting of different mass proportions of
melanoidins and HAs. In particular, mixtures rich in melanoidins are
predominantly oriented towards the melanoidin zone, while those rich
in HAs are positioned in the zone of pure HA standards.

Taking a closer look at melanoidins and HAs separately (Fig. 4), it
becomes evident that Component 1 (PC1), representing 44% of the
variance, discriminates these two compound families using the ratios of
different detection modes calculated for each of the 4 M mass fractions
of the peaks separated by the U-HPLC SEC method. Table 2 shows that,
for PC1, the eigenvalues with the highest absolute values, extracted from
the vectors describing the variance of the analytical parameters of
synthetic melanoidin samples in the PCA space, are all associated with
molar fractions <10 kDa (PC1 column, eigenvalues from —0.159 to
—0.113). For HAs, the specific eigenvalues are associated with higher
molar fractions: >40 kDa, 10-20 kDa, or 20-40 kDa (PC1 column, ei-
genvalues from 0.167 to 0.124).

Regarding the ratios explaining the specific variance of melanoidin
samples, UV absorbance’s at 210, 280 and 254 nm are predominantly
present in the numerator, associated with mainly TRY1 or TRY2 fluo-
rescence emissions in the denominator. For the ratios explaining the
specific variance of HA samples, the numerator is mainly related to

fluorescence emissions, particularly FA2, and the denominator is shared
between MEL and HAs fluorescence emissions.

The discrimination of melanoidins and HA species by the UV
absorbance at 280 nm, which is specific to = — n* transitions in the C=C
bond, may indicate a difference in the number of heterocycles in the
chemical families for each of the considered molar fractions (Mohsin
etal., 2019). These two specific absorbances, normalized by TRY or MEL
fluorescence emissions in two regions of low or high Em/Ex wavelengths
(Table 1), allow for the quantification of these heterocycles under these
normalized conditions and enables the discrimination of the chemical
species studied. For HAs, the numerators of the ratios, predominantly
containing FA2, are specific to more pronounced conjugations for this
class of molecules. For PC2, (Fig. 4, (a)), there is a distribution of syn-
thetic melanoidin samples that positions in the same negative region of
eigenvalues, the standards synthesized in excess of glucose (MEL 2:1),
and those in excess of glycine (MEL 1:2). However, for PC3, (Fig. 4 (b)),
it appears to be a distribution of the three standards following a binary
separation that follows the nitrogen on carbon (N/C) ratio. The MEL 1:1
samples are positioned in the centre of PC3 (between - 0.5 and 0) for
N/C = 1. The MEL 2:1 samples are positioned towards 1.5 for N/C < 1,
corresponding to structures with excess of carbon and MEL 1:2 towards
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Fig. 4. 2D-PCA with PC1 and PC2 (a) or PC1 and PC3 (b) based on samples of synthetic melanoidin standards (MEL) synthetized at molar ratios 1:1, 2:1, 1:2 and
dilution of 1/10 (10) to 1/500 (500); HA at dilutions of 1/10 (10) to 1/100 (100).

Table 2

Key eigenvalues and corresponding calculated analytical ratios for each of the principal components PC1, PC2 and PC3.
PC1 PC2 PC3
Calculated ratio Eigenvalue Calculated ratio Eigenvalue Calculated ratio Eigenvalue
210/280_<10 kDa —0.159 TRY2/FA2_>40 kDa —0.167 FA1/MEL_10-20 kDa —0.232
280/TRY1_<10 kDa —0.146 FA1/FA2_>40 kDa —0.141 FA1/MEL_<10 kDa —0.191
210/MEL_<10 kDa -0.141 FA1/FA2_<10 kDa —0.109 FA1/FA2_10-20 kDa —0.153
210/TRY1_<10 kDa —0.137 FA1/MEL_<10 kDa —0.107 FA1/FA2_<10 kDa —0.089
210/254_<10 kDa —0.130 TRY1/FA2_>40 kDa —0.091 254/FA1_>40 kDa —0.082
280/FA2_<10 kDa -0.127 210/TRY1_<10 kDa —0.085 210/FA1_>40 kDa —0.072
280/MEL_<10 kDa -0.123 TRY2/HA_>40 kDa —0.083 254/280_10-20 kDa —0.071
280/TRY2_<10 kDa —0.122 210/254_<10 kDa —0.082 254/TRY2_>40 kDa —0.069
254/TRY2_<10 kDa —0.116 FA1/MEL_20-40 kDa —0.075 254/TRY1_>40 kDa —0.067
210/TRY2_<10 kDa -0.113 FA1/HA_>40 kDa —0.066 TRY2/FA1_>40 kDa —0.067
TRY2/MEL_>40 kDa 0.124 280/FA1_20-40 kDa 0.131 280/HA_<10 kDa 0.149
280/HA_>40 kDa 0.130 280/FA1_<10 kDa 0.150 254/FA2_<10 kDa 0.152
FA2/MEL_>40 kDa 0.132 210/MEL_>40 kDa 0.172 280/FA1_10-20 kDa 0.153
280/MEL_>40 kDa 0.133 254/FA2_>40 kDa 0.177 FA1/FA2_20-40 kDa 0.154
FA2/HA _20-40 kDa 0.136 210/TRY1_>40 kDa 0.183 210/FA1_10-20 kDa 0.166
FA2/HA_10-20 kDa 0.139 210/FA2_>40 kDa 0.187 210/HA_<10 kDa 0.195
FA2/MEL_20-40 kDa 0.144 210/HA_>40 kDa 0.192 MEL/HA_<10 kDa 0.213
TRY1/MEL_>40 kDa 0.147 254/FA1_>40 kDa 0.199 280/FA1_<10 kDa 0.216
TRY1/HA_>40 kDa 0.148 254/TRY2_>40 kDa 0.208 MEL/HA _10-20 kDa 0.229
FA1/MEL_>40 kDa 0.167 280/TRY2_>40 kDa 0.217 210/FA1_<10 kDa 0.258
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PC3 = - 1 for N/C > 1, corresponding to structures with excess of ni-
trogen. There seems to be a correlation between the N/C ratio of syn-
thetic melanoidins and the projection onto PC3 of the analytical ratios.
For PC3, the molar fractions of the ratios with the highest eigenvalues in
absolute value are found in low molar masses (<10 kDa and 10-20 kDa).
For N/C ratios >1, the three highest eigenvalues in absolute value
(-0.232 to - 0.153, Table 2, PC3) are associated with calculated analyt-
ical ratios containing FA1 in the numerator and MEL or FA2 in the de-
nominator. In contrast, for melanoidins synthesized in excess of carbon
(N/C < 1), the numerator contains 210, 280 and MEL fluorescence
emissions for the 3 highest eigenvalues (0.258-0.216, Table 2, PC3) and
the denominators are composed of FA1 or HA.

It appears that for synthetic melanoidins formed in excess of glucose
(N/C < 1), the fluorescence intensities at 210 nm and 280 nm, or a
melanoidin fluorescence emission (Ex/Em: 330/425 nm) in the calcu-
lated ratios, explain the variance of these samples. In contrast, for syn-
thetic melanoidins with N/C > 1, the calculated ratios involve FA1 (Ex/
Em: 240/440). Our results can be related to those of Usman et al. (2020),
who demonstrated that melanoidins with N/C < 1, referred to as
pseudo-melanoidins, exhibit a higher number of pyrazine motifs and
fewer conjugated sites compared to melanoidins formed in excess of
nitrogen. Thus, in Fig. 4 (b), melanoidins with N/C > 1 are associated
with specific FA1 fluorescence ratios, while the same species with N/C
< 1(Fig. 4 (a)) are associated with UV ratios at 210 nm and 280 nm, with
less pronounced influence of fluorescence emissions. For these two
classes of melanoidins, the ratios are normalized by fluorescence emis-
sions at wavelengths higher than the numerators to discriminate be-
tween aromatic sites and more conjugated motifs generating these
fluorescences. These results demonstrate the potential to synthesize
melanoidins with different structures based on the initial N/C ratio
conditions and the production of macromolecules that incorporate these
differences.

4. Conclusion

In this study, a comprehensive methodology was developed for
discriminating between samples composed of synthetic melanoidins and
HAs in DOM through the integration of U-HPLC SEC separation, UV, and
fluorescence detection. The application of PCA allowed for a detailed
exploration of sample variance, demonstrating that the dilutions of each
species did not compromise the specificity of the method. A key aspect of
this methodology was the calculation of specific ratios across three UV
detection modes and six fluorescence modes, which enhanced the depth
of information extracted from each sample by normalising values with
varied numerators.

The results indicated a clear discrimination between melanoidins
and HAs, with samples predominantly positioning within the PCA
domain space corresponding to their major components. The study’s
findings suggest that the integration of UV and fluorescence detection
with U-HPLC SEC, combined with chemometric analysis, provides a
robust framework for distinguishing complex mixtures of synthetic
melanoidins and HAs in DOM. The discrimination reveals different
absorbance and fluorescence properties for the two classes of rDOM,
associated with high molecular weight fractions for HAs and lower
molecular weight fractions for melanoidins.

This analytical method was applied to the study of commercial
standards of HAs, synthetic melanoidins, and a representative sample
from a leachate from digested sludge after hydrothermal carbonization.
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