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Introduction

Fluorescence characteristics of dissolved organic
matter during anaerobic digestion of oil crop straw
inoculated with rumen liquidf

Lianghu Su, ©22 Mei Chen,? Saier Wang,? Rongting Ji, Chenwei Liu,® Xuegin Lu,?®
Guangyin Zhen & **% and Longjiang Zhang*?

Fluorescence excitation—emission matrix (EEM) spectroscopy is a powerful tool for characterizing dissolved
organic matter (DOM), a key component of anaerobic digestion. In this study, the fluorescence
characteristics of DOM during 55 days of anaerobic digestion of oil crop straw inoculated with rumen
liquid were investigated. EEM spectroscopy coupled with parallel factor analysis (PARAFAC) showed that
three major fluorescence components, tyrosine- (C4), humic- (C,) and tryptophan-like substances (Cs),
were identified in all DOM samples. The Fax values of C; and Cs increased rapidly during the first 5 d,
decreased dramatically from day 5 to day 35, and then remained stable, while C, was not biodegraded.
The changes in the F,.« values of the fluorescence components reflected the biodegradation of lignin
and/or embedded cellulose by rumen microorganisms. The changes in the Stokes shift of the
fluorescence peak were readily explained by the variation in the hydrophobic/hydrophilic fraction
distribution. The humidification index (HIX) and A : T ratio of the DOM decreased after 5 d and then
increased gradually. Compared with the McKnight fluorescence index (MFI), the Y fluorescence index
(YFI) was better able to track the evolution of the DOM. Correlation analysis of the different fluorescence
indices (intensities) and absorbance indices was also carried out. The EEM-PARAFAC individual
components, HIX and A: T ratio were conveniently used to characterize the degree of anaerobic
conversion of the organic matter, and the peak at the Stokes shift of ~1.0 um™ was used as one of the
indicators showing the stabilization of anaerobic digestion. These findings may assist in developing
fluorescence technology for monitoring the anaerobic digestion of crop straw.

produced 897 Mt in 2016.> Anaerobic digestion offers a promising
avenue for simultaneous recovery of biogas (also reducing green-

Renewable energy sources (especially biomass) have been under-
going rapid development in recent years. It is predicted that
biomass alone will account for two-thirds of directly used renew-
able energy in 2050." Among the different forms of biomass,
lignocellulosic materials, particularly crop straws, are an attractive
source. China is the world's largest crop residue producer, and

“Nanjing Institute of Environmental Sciences, Ministry of Ecology and Environment, 8
Jiangwangmiao Street, Nanjing 210042, P. R. China. E-mail: zlj@nies.org

*Shanghai Key Lab for Urban Ecological Processes and Eco-Restoration, School of
Ecological and Environmental Sciences, East China Normal University, Dongchuan
Rd 500, Shanghai 200241, P. R. China. E-mail: gyzhen@des.ecnu.edu.cn

“Institute of Eco-Chongming (IEC), 3663 N. Zhongshan Rd, Shanghai 200062, P. R.
China

“Shanghai Institute of Pollution Control and Ecological Security, 1515 North
Zhongshan Rd (no. 2), Shanghai 200092, P. R. China

“Technology Innovation Center for Land Spatial Eco-restoration in Metropolitan Area,
Ministry of Natural Resources, 3663 N. Zhongshan Road, Shanghai, 200062, P. R.
China

T Electronic  supplementary
10.1039/d1ra01176f

information  (ESI) available. See DOL

© 2021 The Author(s). Published by the Royal Society of Chemistry

house gas emissions), as a versatile renewable energy source, and
of residual solids or liquid, as green fertilizers by means of the
conversion of the organic matter in crop straw.?

In the anaerobic digestion process, dissolved organic matter
(DOM) is the key component as a result of metabolism by micro-
organisms occurring in the water-soluble phase.** DOM is
composed of the dissolved components of the organic matter
input and the intermediates of microbial processes, and is
considered as the directly assimilable carbon source for microor-
ganisms compared with particulate organic matter.>® Accordingly,
the characterization of DOM is critical for understanding the
degradation process of crop straw during anaerobic digestion.

Fluorescence excitation-emission matrix (EEM) spectros-
copy is a powerful technique for characterizing DOM.”* Fluo-
rescence fingerprinting information, including peak intensity,
peak location and distribution, spectra decomposition
(including parallel factor analysis (PARAFAC), principal
component analysis (PCA) and parallel factor framework-
clustering analysis (PFFCA)) and energy-related information
(including Stokes shift and the energy level of excited state) have
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all been used for DOM characterization under different
scenarios. Jaffe et al.® showed that changes in DOM composi-
tion could not be simply predicted from the DOM concentra-
tion.™ Li et al.* investigated the chemical and structural changes
in the DOM of dewatered sewage sludge and determined the
degree of degradation of anaerobic digestion by a combination
of EEM spectra and PARAFAC analysis (EEM-PARAFAC).
Komatsu et al.** characterized the DOM fluorescence in waste-
water during aerobic, anaerobic and anoxic treatment
processes. Provenzano et al.'> investigated the structural
complexity and fluorescence intensity of the EEM contour maps
of digestate derived from maize silage. Fluorescence EEM was
also applied as a sensitive and efficient tool for assessing the
dynamic changes and humification process of composting.****
With regard to energy-related information, Xiao et al.*>"’ re-
ported that the Stokes shift reflected the molecular weight and
hydrophobicity of the DOM in membrane bioreactors.

To the best of our knowledge, few studies have focused on
the fluorescence characteristics (especially energy-related
information) of DOM during crop straw anaerobic biodegra-
dation. In this study, the anaerobic digestion of the three main
types of oil crop straw harvested in China, namely, peanut,
soybean and oilseed rape, over a period of 55 days was investi-
gated. Rumen microorganisms, found mainly in the specific
stomachs of ruminant animals,'® comprising a complex anaer-
obic microbial consortium, were adopted as the inoculum due
to their ability to degrade the rigid three-dimensional matrix (cross-
linking in cellulose, hemicellulose and lignin) of crop straw.” The
anaerobic bioconversion performance of oil crop straw with rumen
microorganisms was characterized by determining the quantities of
volatile fatty acids (VFAs) and methane produced. EEM-PARAFAC was
applied in order to analyse the composition and changes in the
fluorescence components during the anaerobic digestion process.
The changes in Stokes shift and fluorescence and absorbance indices
(humification index, A : T ratio, McKnight fluorescence index (MFI), Y
fluorescence index (YFI), E,/E;, spectral slope ratio) during anaerobic
digestion were analysed in order to further unravel the fluorescence
characteristics of biodegradation and the metabolic processes
involved. Correlation analysis of the different fluorescence (intensi-
ties) and absorbance indices was also carried out.

Materials and methods
Oil crop straw and rumen liquid

Peanut (Arachis hypogaea L.), soybean (Glycine max L.) and
oilseed rape (Brassica napus L.) are the main oil crops grown in
China. Samples of these three types of oil crop straw were

View Article Online

Paper

collected from Jiangsu Province, China. Following shredding,
the different types of air-dried straw were sieved through a 40-
mesh. The physicochemical properties of the three types of oil
crop straw are listed in Table 1. The holocellulose (cellulose +
hemicellulose) contents of oilseed rape, peanut and soybean
straw were 54.67%, 44.31% and 58.89%, respectively. Compared
with oilseed rape and peanut straw, soybean straw had a higher
content of lignin (14.41%). The oil crop residue was further
pulverized to 100-mesh using a planetary ball mill (TJ-2L,
Tianjin Dongfang Tianjing Technology Development Co., Ltd,
China) before anaerobic digestion.

Rumen contents were obtained from two dairy cattle freshly
slaughtered at a local abattoir in Nanjing City, Jiangsu Province.
The ruminal contents were squeezed through three layers of
gauze to obtain the rumen fluid, which was transferred to the
laboratory to provide the seed microorganisms. The pH of the
rumen fluid was 6.87. A high-throughput sequencing technique
was used for analysis of the community structure of the rumen
bacterial microbiota, using the universal primers 338F (5-ACT
CCT ACG GGA GGC AGC AG-3') and 806R (5-GGACTA CHV GGG
TWT CTA AT-3'). Seventeen bacterial phyla were represented in
the rumen liquid (see Fig. S1 of the ESI}), with Firmicutes,
Bacteroidetes and Proteobacteria being the most abundant
phyla and accounting for 41.41%, 34.50% and 12.07% of the
total bacterial sequences, respectively. Approximately 60% of
the Firmicutes sequences were assigned to the class Clostridia,
with the rest belonging to the classes Negativicutes, Bacilli,
Erysipelotrichia and Unclassified Firmicutes. Within the class
Clostridia, Lachnospiraceae and Ruminococcaceae were the
largest families, accounting for 32.48% and 36.63%, respec-
tively. The predominant genera included Butyrivibrio (4.69%),
Stomatobaculum (7.23%) and Ethanoligenens (4.75%). As for the
phylum Bacteroidetes, 57.73% of these sequences were
assigned to the class Bacteroidia, and the rest to the classes
Sphingobacteria (0.17%), Flavobacteriia (0.41%) and unclassi-
fied Bacteroidetes (41.69%). The Bacteroidetes sequences were
assigned to nine genera, of which Prevotella was the main genus
(49.8%). Comamonas was the largest genus (52.88%) of the
Betaproteobacteria sequences. All of the archaeal sequences
belonged to the genus Methanobrevibacter.

Experimental procedure

Anaerobic digestion of oil crop straw was carried out in reactors
with a working volume of 500 mL. The media used contained
the following ingredients (per litre):** 8 g NaHCO3, 1 g KH,PO,,
3 g K,HPO,, 0.18 g NH,CI, 0.08 g MgCl,-6H,0 and 0.03 g

Table 1 Physicochemical characteristics of three types of oil crop straw (%)

Type Moisture content Cellulose” Hemicellulose” Lignin® Ash”

Peanut 10.62 £ 0.02 39.31 5.00 11.69 16.43 £ 0.35
Soybean 8.78 £ 0.00 43.79 15.1 14.41 4.32 & 0.06
Oilseed rape 9.32 £ 0.00 42.47 12.2 10.43 12.59 £ 0.03

“ Dry matter. The cellulose, hemicellulose, and lignin were analysed using an ANKOM 20001 Automated Fiber Analyzer (ANKOM Technology

Corporation, Macedon, NY, USA).
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CaCl,-2H,0. A substrate of 10 g-VS L' (320 mL) was used in
each test, while 80 mL of rumen fluid was used as the inoculum.
Calcium carbonate was added as a buffer to maintain the pH
above 6. Each reactor was connected to a mechanical agitator to
gently mix (100 rpm) the contents, and the gas produced was
measured by the automatic online analysis system. The diges-
tion lasted for 55 d at 39 £+ 0.5 °C.

Method of analysis

For the EEM analysis, all samples were filtered through a 0.45
pm membrane and diluted 20 times with ultrapure water (18
MQ cm) due to their high fluorescence intensity. The fluores-
cence EEM were measured in a 1 cm quartz cuvette using an
Aqualog fluorescence spectrometer (HORIBA Instruments Inc.,
Irvine, CA, USA) at 3 nm excitation wavelength intervals between
240 and 600 nm and emission wavelength coverage between 211
and 618 nm with 3.54 nm increments. The Aqualog fluores-
cence spectrometer contained an aberration-corrected double-
grating excitation monochromator and an emission detector
comprising a spectrograph with a thermoelectrically cooled
back-illuminated CCD. The Aqualog spectrometer enabled
simultaneous fluorescence and absorbance measurements to
be made, with matching optical bandpass resolution, thus
avoiding variations, and facilitated spectral correction of inner-
filter effects (IFEs). The accompanying Aqualog-coupled software
was equipped with a built-in tool for normalization of water
Raman scattering as well as correction of the IFE and Rayleigh
masking effects.” The intensities were further converted to Raman
units (RU) by dividing the measured intensities by the Raman peak
intensity of ultrapure water at Ex 350 nm. The fully corrected EEM
data (the final dimensions of the data array were: 40 samples x
125 excitations x 121 emissions) were further analysed using
PARAFAC with the Solo + MIA 8.6.1 software package from
Eigenvector Research, Inc (Manson, WA, USA). A non-negativity
constraint was applied to the parameters since negative concen-
trations and fluorescence intensities are chemically impossible.*

The Stokes shift is calculated as the difference between the exci-
tation and emission frequencies according to Xiao et al.,'*" defined as:

Stokes shift = 1/Agx — 1/Agm (1)

where Agx and Agp, are the excitation and emission wavelengths
(nm), respectively. By mapping the contour of the Stokes shift
(see Fig. S2 of the ESIt) onto the actual EEM spectra of the DOM
samples, the fluorescence intensity at each Stokes shift could be
calculated from the EEM spectrum. Different fluorescence and
absorbance indices (i.e. humification index, A : T ratio, MFI,
YFI, E,/E; and spectral slope ratio) were calculated from each
corrected EEM. The humification index (HIX) was calculated
from the ratio H/L, where H is the fluorescence intensity
recorded at Ex 255 nm for the Em spectrum between 435 and
480 nm and L is the fluorescence intensity recorded at Ex 255 nm
for the Em spectrum between 300 and 345 nm.” The A : T ratio is
the ratio between the humic- and tryptophan-like fluorescence
intensities, calculated from the ratio of the peak A (Ex 260/Em 450)
and peak T (Ex 275/Em 304) intensities.>* The MFI is the ratio of Ex/
Em 370/450 nm to Ex/Em 370/500 nm.* The YFI is the ratio of the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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average fluorescence intensities in the range 350-400 over 400-
450 nm with excitation at Ex 280 nm.?® E,/E; is the ratio of the
absorption intensities at 250 and 365 nm.” The spectral slope ratio
(Sg) is the ratio of the slope of the shorter wavelength region to that
of the longer wavelength region, where wavelength intervals of
275-295 and 350-400 nm were used.”

For analysis of the VFAs, all samples were acidified with dilute
sulfuric acid, centrifuged for 10 min at 10 000 rpm and filtered
through 0.45 um filters. The concentrations of the VFAs (acetic, pro-
pionic, isobutyric, n-butyric, isovaleric and n-valeric acids) were deter-
mined by gas chromatography (Shimadzu GC-2014, Kyoto, Japan)
equipped with a flame ionization detector (FID) and analytical column
Stabilwax-DA (30 m x ¢ 0.53 mm x ¢ 0.25 pm). The temperatures of
the injector and FID were 150° and 240 °C, respectively.

Results and discussion
Performance of anaerobic digestion

The changes in VFAs during anaerobic digestion are shown in
Fig. 1. Total VFA (TVFA) concentrations for the control peaked at 15
d (1777 mg L"), which can be explained by the further biocon-
version of rumen contents (Fig. 1a). As expected, TVFAs initially
increased with the addition of oil crop straw, and were then rapidly
biodegraded by methanogens or rumen bacteria. Acetic, propionic
and isobutyric acids were biodegraded faster after 5, 20-25 and 15—
20 d, respectively. In contrast, butyric, valeric and isovaleric acids
remained very stable within the first 20-30 d and then decreased
gradually. After 30 d of anaerobic digestion, the TVFA concentra-
tions of peanut, soybean and oilseed rape straw decreased to 112.5,
111.9 and 66.0 mg L™, respectively. Similar changes in VFAs were
observed for all three types of oil crop straw.

After 5 d of anaerobic digestion, the TVFAs for the three types
of oil crop straw increased dramatically to 4639-4870 mg L™ %;
the VFAs of peanut, soybean and oilseed rape straw were all
dominated by acetic and propionic acids. The net VFA yields of

Concentration of VFA (mg L")
g

1520 25 30
Time (d)

33 45 s 0 5 10 15 20 25 30
Time (d)

35 45 55

5000

4000

Concentration of VFA (mg L")
Concentration of VFA (mg L™')

0 s 10 15

0 25 30
Time (d)

3345 s 0 s 10

15 20
Time (d)

25 30 35 45 S5

Fig. 1 Changes in volatile fatty acid (VFA) concentrations during
anaerobic digestion: (a) control; (b) peanut straw; (c) soybean straw; (d)
oilseed rape straw.
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peanut, soybean and oilseed rape straw on day 5 reached 384.0,
366.0 and 360.8 mg g~ " VS, respectively. These results demon-
strated that oil crop straw could be converted into VFAs via
rumen microorganisms effectively. Rumen microorganisms are
superior for the degradation of cellulosic materials compared
with other microorganism inoculums, due to faster adhesion to
the fibres and higher cellulolytic activities. Removing the
surface substances of wax and lignin and the formation of holes
by tunnelling, performed by some fungi or the protozoa via
physical and chemical pathways, would increase the accessi-
bility of the degradable cellulose and hemicellulose substan-
tially.* Moreover, protozoa have the capability to directly
swallow the lignocelluloses, and then convert lignocelluloses to
polysaccharides.”® Therefore, efficient degradation of oil crop
straw by rumen microorganisms can be achieved. The powerful
ability of rumen microorganisms to hydrolyse and acidify the
different types of oil crop straw might provide a potential
solution for preparing organic acids as industrial raw materials.

The relative abundances of individual VFA constituents
(acetate, propionate, n- and iso-butyrate, n- and iso-valerate) on
day 5 were further analysed, as shown in Fig. 2. Acetic, propionic
and iso-butyric acids accounted for 55.2-57.5%, 35.3-37.4%
and 4.0-4.2% of TVFAs, while the relative percentages of n-
butyric (<1.3%), n-valeric (<1.5%) and iso-valeric acid (<1%)
were very low. In the rumen system, VFAs provide 70-80% of the
total energy for ruminant metabolism.* The relative proportions
of acetic, propionic and butyric acids in this study (95.1-96.5%)
were consistent with the natural rumen system (95%).> Propionic
acid is more difficult for microorganisms to metabolise due to the
slow growth rate of propionate-assimilating microbes.** Wang
et al* reported that elevated concentrations of propionic acid
(>900 mg L") inhibited the growth of acidogenic bacteria and
methanogens. The propionate concentration in this study was as
high as 1000-2000 mg L', which would seriously inhibit the
activity of methanogens, and thus of methane production (Fig. 2b).
For peanut, soybean and oilseed rape straw, the total methane
yields were only 116.1, 118.6 and 136.8 mL g " VS, respectively,
and the net methane yields were 52.1, 54.6 and 72.7 mL g ' VS,
respectively, during the 55 d of digestion. The relatively high
methane yield of oilseed rape straw was related to its lower lignin
content, and possibly to the different carbohydrate types derived
from bioconversion.

After 5 d of digestion, the pHs of peanut, soybean and rape
straw all decreased to 6.70 (Fig. 2c). The opposite tendency
between pH and TVFA concentration indicated that the
decrease in pH was caused mainly by the VFAs. Therefore, pH
can indirectly reflect the dynamic balance of VFA production-
accumulation and the ability of rumen microorganisms to
bioconvert straw. Following this, due to the continuous bio-
logical consumption of VFAs and the buffering effect of NH,"
released during anaerobic digestion, the pH increased again to
7.9-8.0. A decrease in pH (7.8) was then recorded on days 25-30,
possibly due to the further degradation of some of the lignin or
embedded cellulose by rumen microorganisms. Rumen micro-
organisms (mainly fungi) are able to degrade or decompose the
rigid lignin molecular structure.?®
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Fig. 2 (a) Distribution of individual VFAs and their proportions of total
VFAs (TVFAs) for different treatments on day 5; (b) methane production
during anaerobic digestion of oil crop straw inoculated with rumen
fluid; (c) changes in pH during anaerobic digestion of oil crop straw.

Fluorescence spectra — parallel factor components of DOM

Fluorescence EEM spectra were used to characterize the DOM (D,,
Ds, D,5 and D55 samples). The fluorescence intensities of the three
peaks observed in all DOM samples changed dramatically during
anaerobic digestion (see Fig. S3 of the ESIt). The total fluorescence
intensity increased rapidly during the initial 5 d and then
decreased gradually. The final total fluorescence intensities of the
DOM (Ds5) were significantly lower than the initial fluorescence
intensities (Do) in all treatments.

PARAFAC models with 3-10 components were computed,
and the correct number of components in the data set was
validated using core consistency diagnostics followed by a split-
half analysis. By using PARAFAC modelling, three effective
components were identified within the fluorescence EEM
spectra, with a core consistency score of 94%, split-half

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Representative EEM and fluorescence spectral loading of the
three components (C;, C, and Cs) identified by PARAFAC analysis.

reliability of 94.4% (see Fig. S4 of the ESIf), and the model
explained 98.26% of the variability in the dataset. The repre-
sentative EEM and fluorescence spectral loading for the three
common components (labelled C;, C, and Cs) are shown in
Fig. 3. Amongst these, the large spectral overlap (>120 nm) in
the excitation and emission loadings of C, indicated a complex
DOM composition.** The separated component spectra were
examined in the online OpenFluor database®® and identified as
tyrosine-like, humic-like and tryptophan-like fluorophores,
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respectively, based on Tucker's congruence coefficients greater
than 0.97. The sources of the fluorophores identified from the
OpenFluor database closely matched those indicated by Coble's
peak picking method** and the descriptors used for regional
analysis reported by Chen et al.** (Table 2).Component 1 (C;)
located at Ex 270 nm/Em 305 nm is a tyrosine-like substance,*
representing an amino acid-free or bound protein.** Compo-
nent 2 (C,), present at Ex/Em of <240/442 nm and 300/442 nm,
was regarded as a humic acid species.** Component 3 (C;) at Ex/
Em of 279/340 nm and <240/340 nm belongs to the tryptophan-
like materials®* The protein-like fluorophores of C, and C; are
typically present at lower levels than humic substances in
surface waters, while the humic-like component (C,) is one of
the most frequently reported EEM-PARAFAC components in
OpenFluor,* particularly for surface water and wastewater.

Changes in fluorescence intensity and Stokes shift of DOM
during anaerobic digestion

Characterization of the EEM-PARAFAC individual components
and the Stokes shift is useful for understanding the fate of DOM
in the anaerobic digestion of oil crop straw. The changes in
maximum fluorescence intensity (Fiax) of the three compo-
nents of the DOM during 55 d of digestion are shown in Fig. 4.
Repeated-measures ANOVA indicated that the differences in the
fluorescence intensities among the three different types of oil
crop straw were not significant at the P < 0.05 level. The Fp,ax
values of C; and C; increased rapidly during the first 5 d of
operation and then decreased gradually till day 30 (Fig. 4a and
¢). In the hydrolysis stage, insoluble organic polymers such as
proteins were broken down to soluble derivatives such as amino
acids, which increased the protein-like substances in the DOM.
The changes in C; and C; implied that protein groups origi-
nating from the hydrolysis stage were broken down into non-
fluorescent structures or converted to other forms, such as
ammonium or carbon dioxide.*” After 35 d of digestion, the
fluorescence intensities of the C; and C; materials remained at
relatively stable levels. The trends for the tyrosine-like and

Table 2 Characteristics of the three components identified by fluorescence PARAFAC modelling in this study and comparison with previously

identified components

Source from OpenFluor

Component EXpmg” (M) Empe” (nm) database®

Description from Chen et al.>® Coble**

Fluorescence peak association from
references (EXpax/EMpay) (Nm/nm)

OpenFluor database”

C; 270 305 Tyrosine-like Tyrosine-, protein-like B: 275/305 P5: 270/310 (ref. 40)
C4: 275/300 (ref. 36)

C1: 275/300 (ref. 41)
C, <240 (300)° 442 Terrestrial humic-like Soluble microbial product-like M: 290-310/370-410 C1: <240/432 (ref. 42)
humic acid-like C1: <250/440 (ref. 43)

C2: 225/428 (ref. 44)

Cs 279 (<240)° 340 Tryptophan-like Tryptophan-, protein-like T: 275/340 C5: 280/340 (ref. 45

C7:
C2:

)
275/338 (ref. 46)
279/344 (ref. 47)

¢ Maximum excitation wavelength. ® Maximum emission wavelength. ¢ Secondary fluorescence peaks in parentheses. ¢ Tucker's congruence
coefficient greater than 0.97.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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tryptophan-like compounds in this study were inconsistent with
those reported for sewage sludge by Li et al.,* reflecting the
different biodegradation mechanisms of those protein-like
substances originating from different substrates.

The relationship between the intensities of the protein-like
fluorescence components and the TVFA concentrations was
further examined. The results showed that the fluorescence
intensity of C; (tryptophan-like) and the concentration of TVFAs
were well fitted by a power function, with Adj R> = 0.7773
(Fig. 4d). The phenomenon implied that the tryptophan-like
materials were closely related to the products of hydrolysis
and acidification of oil crop straw, especially the production
and degradation of VFAs.

The Fpax of C, generally fluctuated over time, as shown in
Fig. 4b. Compared with C; and Cs, C, (humic-like materials) did
not biodegrade. It is worth noting that the initial humic-like
fluorescence intensity increased dramatically from 4.0 x 10°
to ca. 7.2 x 10° RU on day 0 following the addition of different
types of straw. The intensity of C, showed a decreasing trend in
the periods 0-10 d and 20-30 d of anaerobic digestion. The
humic-like substance from the anaerobic digestion of crop
straw was different from that found in terrestrial ecosystems
(such as forested regions and wetlands), with an Ex of <230-
260 nm and an Em of 400-500 nm, which is biologically
unavailable.' The increase in the Fy,x of C, in the 30-45 day
period is attributed to the biodegradation of lignin and/or
embedded cellulose and further formation of the humic-like
substance, consistent with the pH and fluorescence intensity
changes in C; and C;. Previous studies have reported that lignin
can be converted biologically into acid-precipitable polymeric
lignin (APPL), a precursor of humic acid.*®** Humic-like mate-
rials are the main source of residual organic matter in the
digestate of lignocellulosic biomass, which is consistent with
the results found by Stephanie et al.*’
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Characterization of the EEM-PARAFAC individual compo-
nents provides insight into the composition and fate of DOM
and could be used to optimize the anaerobic digestion param-
eters. The accumulations of fluorescent tyrosine- and
tryptophan-like substances in the DOM might become an
inhibiting factor for converting substrates to biogas and might
hamper the hydrolysis of insoluble particulate organic matter
(POM) according to the chemical equilibrium relationship.*
Usually, the operation of most digesters is dependent on the
empirical knowledge of their operators. Monitoring EEM-
PARAFAC individual components might be a useful strategy
for optimizing operational parameters such as substrate
concentration, C/N ratio and temperature, thereby improving
the overall performance.

The distributions of the Stokes shift (measured from Ex~
Em ") of the DOM samples varied with anaerobic digestion
time, as shown in Fig. 5. The Stokes shift reflects the loss in
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Fig. 5 Distributions of the Stokes shift (measured from Ex™* — Em™)
of the DOM samples during anaerobic digestion of oil crop straw.
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relaxation energy of the fluorescence process. Xiao et al'*"
found that the Stokes shift for hydrophilic substances (HIS) was
in the order < hydrophobic acids (HOA) < hydrophobic bases
(HOB) due to the higher aromaticity and probably larger -
conjugated systems of the hydrophobic compared to hydro-
philic fraction, according to the Lippert-Mataga equation. In
this study, the changes in the Stokes shift of the fluorescence
peak are readily explained by the variation in the hydrophobic/
hydrophilic fraction distribution. The initial DOM samples for
oil crop straw (Do) had a distinct peak at the Stokes shift of
~0.55 um ™. After 5 d of anaerobic digestion, the fluorescence
peak intensity in the smaller Stokes shift region (0.34-0.46
um™') increased dramatically. The phenomenon might be
explained by the production of hydrophilic acids (HIA) such as
organic acids. Though the fluorescence signals of HIS are
generally low and weak, it is believed that HIA might bear
certain fluorescence characteristics due to heterozygosity or
adsorption of unsaturated fragments.” After 45-55 d of anaer-
obic digestion, in addition to a weak peak at the Stokes shift of
0.46-0.65 um *, a new weak peak at a Stokes shift of ~1.0 um*
was identified in the DOM samples. The increase in the Stokes
shift of the fluorescence peak might be explained by the depletion
of HIA and the biosynthesis of HOA (such as humic acid). The
shape of the Stokes shift distribution curve found in this study was
significantly different from that found by Xiao et al.,'*"” and that is
partly due to the different excitation wavelength ranges detected. It
is believed that the distribution of the Stokes shift can be used to
characterize the hydrophobic/hydrophilic characteristics of DOM
during anaerobic digestion of crop straw, and the peak at the
Stokes shift of ~1.0 um ™! can be used as one of the indicators of
the stabilization of anaerobic digestion.

Changes in the different fluorescence and absorbance indices

The changes in the different fluorescence and absorbance
indices (humification index, A : T ratio, MFI, YFI, E,/E3, spectral
slope ratio) were further explored. HIX is strongly correlated
with DOM aromaticity and inversely correlated with carbohy-
drate content;*® higher HIX values are related to the enrichment
of more condensed aromatic structures and/or greater conju-
gation of aliphatic chains in general.*’ In this study, the DOM
for all samples was derived from microbial degradation
according to the measured low HIX values (<2.5). Without the
addition of straw, the HIX values of the control consistently
increased from 0.7 to 2.1 after 55 d of incubation (Fig. 6a),
indicating that the labile organic matter in rumen liquid was
further utilized by rumen microbes, which was in line with the
changes in VFAs. All DOM samples exhibited the same evolutions
of HIX in the presence of oil crop straw. The HIX values declined
significantly due to hydrolysis, which resulted in an improvement
in the bioavailability of DOM during the first 5 d. The HIX values
then increased gradually to 1.53-1.65 when methanogenesis con-
verted the dissolved intermediate products to more condensed
aromatic structures, although it was still lower than that of the
control. These results indicated the feasibility of using the HIX as
a tool for characterizing the humification and transformation of
DOM during anaerobic digestion.
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The relationship between HIX and individual VFA constitu-
ents was further investigated (Fig. 7a). Interestingly, propionate
accumulation was always associated with low HIX values (<0.8)
of the DOM. The correlations between the HIX and the F, .,
values of the three PARAFAC components were studied, and the
results showed that the HIX values and F,,,, of C; were fitted
well using a logarithmic model (Fig. 7b). The A : T ratio refers to
the ratio between humic- and tryptophan-like fluorescence
intensities, and can be used to describe the ratio between
recalcitrant and labile fluorophores.*® The changes in the A: T
ratio in this study behaved very similarly to those of HIX
(Fig. 6b). In the hydrolysis of oil crop straw, the tryptophan-like
intensity increased markedly and resulted in a decrease in the
A : T ratio. After 5 d of anaerobic digestion, the A : T ratios of
peanut, soybean and rapeseed straw decreased from 0.52, 0.33
and 0.35 to 0.15, 0.14 and 0.10, respectively. From then on, the
ratios increased gradually, which might be associated with
a decrease in tyrosine-like fluorescence and a relatively stable
humic-like fluorescence intensity. The A: T ratios of peanut,
soybean and rapeseed straw at the end of digestion were 0.52,
0.82 and 0.95, respectively.

Two types of fluorescence indices, YFI and MFI, were adop-
ted (Fig. 7c). The MFI values fluctuated irregularly over time
during the whole digestion process. Thus, use of the MFI makes
it difficult to monitor the degradation of organic matter in oil
crop straw. The changes in the YFI successfully described the
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formation of DOM by rumen microbial degradation and the
humification process of newly formed DOM during anaerobic
digestion (Fig. 6d). On day 5, the YFI values of peanut, soybean
and rapeseed straw increased from 1.54, 1.47 and 1.81 to 2.00,
2.09 and 2.19, respectively. The YFI values then declined grad-
ually over time and their values for peanut, soybean and rape-
seed straw at the end of the process were 1.26, 1.36 and 1.28,
respectively. The slight increase in YFI values on days 20-35
might be explained by the decomposition of a small amount of
lignin and/or the cross-linking of hemicellulose by rumen
microorganisms, which promote higher rates of lignocellulose
degradation due to higher cellulolytic activities.*® These results
confirmed that, compared with MFI, YFI was better able to
evaluate the anaerobic metabolic behaviours of organic matter,
including protein- and humic-type substances, as also previ-
ously reported by Heo et al.*

A decreased E, : E; ratio typically suggested an increase in
the relative sizes of molecules due to stronger light absorption
by high molecular weight chromophoric DOM at longer wave-
lengths.?” A steeper spectral slope (Sg) indicates lower molecular
weight material with decreasing aromatic content, and a shal-
lower (i.e. lower) slope suggests higher molecular weight
material with increasing aromatic content. In this study, the
E, : E; ratios increased from 2.92-3.73 to 4.31-5.44 over the
period 0-30 d and decreased or remained stable over the period
30-55 d for anaerobic digestion of oil crop straw (Fig. 6e). The Sg
values increased rapidly, from 0.93-1.43 (day 0) to 1.48-1.83
(day 15), and then decreased gradually to 1.08-1.23 (day 55)
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(Fig. 6f). This behaviour showed that the molecular size and
aromatic content of the DOM first decreased and then increased
throughout the entire experiment. These results were correlated
with the biodegradation process of the DOM derived from the
straw. First, the rumen bacteria decomposed celluloses and
proteins into fermentable sugars and amino acids; these
utilizable materials were then broken down further into finer
structures or used to form more stable macromolecules such as
humic-like materials.>*

Correlation analysis of fluorescence indices (intensities) and
absorbance indices

Correlation analysis of the various fluorescence indices (inten-
sities) and absorbance indices was carried out by determining
the Pearson correlation coefficients (R), and the results are
shown in Fig. 8. These correlating indices can be used together
to further describe the properties of the DOM during anaerobic
digestion. As can be seen from the figure, the Fy,., of the three
components modelled by EEM-PARAFAC demonstrated
a strong and significant positive correlation with each other
(R> 0.6, P<0.001), especially the protein-like compounds C;
and C; (R = 0.87). The F.x of the tyrosine-like (C;) and
tryptophan-like (C;) substances correlated significantly (P <
0.001) and positively with YFI and Sk and correlated inversely
with HIX and E,/E;. The Fy,,x of C, showed a negative corre-
lation with the E,/E; ratio (R = —0.66, P < 0.001). It is expected
that the relative sizes of the molecules of the DOM increased
with the formation of humic-like substances. As described
above, the changes in the A: T ratio behaved similarly to
those of the HIX: the A : T ratio demonstrated a very strong
positive correlation with the HIX (R = 0.92; P < 0.001). The YFI
showed a negative correlation with HIX (R = —0.74; P< 0.001),
while Sg showed negative correlations with the A : T ratio (R
= —0.67; P<0.001) and HIX (R = —0.79; P < 0.001). The more
newly produced DOM (i.e. lower A : T ratio or HIX values) will
have a lower aromatic content (i.e. higher Sy values) and
a higher fluorescence intensity (i.e. higher YFI values) during
anaerobic digestion (and vice versa).
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Fig. 8 Heat map of the Pearson correlation coefficients for DOM from
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Conclusions

The fluorescence characteristics of DOM during 55 d of anaer-
obic digestion of oil crop straw inoculated with rumen liquid
were investigated. The rumen microorganisms exhibited an
ability to efficiently convert oil crop residue into VFAs. EEM-
PARAFAC showed that three major fluorescence components,
tyrosine- (C;), humic- (C,) and tryptophan-like substances (Cs),
were identified in all of the DOM samples. The Fy,,x of C; and C;
increased rapidly in the first 5 d and then decreased, while C,
did not biodegrade. The changes in the distributions of the
Stokes shift of the DOM can be readily explained by the varia-
tion in the hydrophobic/hydrophilic fraction distribution. The
HIX and the A : T ratio of the DOM decreased after 5 d and then
increased gradually. Correlation analysis of the different fluo-
rescence (intensities) and absorbance indices was also carried
out. The EEM-PARAFAC individual components, HIX and A: T
ratio can be conveniently used to characterize the degree of
anaerobic conversion of organic matter, and the peak at the
Stokes shift of ~1.0 um ™' can be used as one of the indicators of
the stabilization of anaerobic digestion. These findings may
assist in developing fluorescence technology for monitoring the
anaerobic digestion of crop straw.
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