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ARTICLE INFO ABSTRACT

Keywords: Increasing environmental concerns about organic waste in paper mill effluents demand alternative wastewater
Fulvic acid-like management technology. We reported novel activation of fulvic acid-like in paper mill effluents using hydrogen
Paper mill effluents peroxide (H»0,) as oxidizer and titanium oxide (TiO,) as catalyst. Spectroscopic characteristics of fulvic acid-like

Rice seedling
Salt stress
Antioxidative enzymes

in paper mill effluents before and after activation (PFA and PFA-Os, respectively) were compared with a
benchmark fulvic acid extracted from leonardite (LFA). Results indicated that PFA-Os exhibited less lignin
structures, more functional groups and lower molecular weight than PFA, sharing much similarity with LFA.

Among PFA-Os with varying degrees of oxidation, PFA-O-3 activated with 1:2 vol ratio of paper mill effluent and
30% H,0, for 20 min digestion at 90 °C stands out to be the optimal for further examination of its biological
activity. Bioassays with rice seed/seedling indicated that applications of LFA at 2-5mg-C/L and PFA-O-3 at

Abbreviations: FA, fulvic acid; PFA, fulvic acid-like in paper mill effluents; PFA-Os, activated fulvic acid-like in paper mill effluents; LFA, fulvic acid extracted from
leonardite; MW, molecular weight; SOD, superoxide dismutase; POD, peroxidase; CAT, catalase; MDA, malondialdehyde; FTIR, fourier transformed infrared spec-
trophotometry; SEC, size exclusion chromatography; CP/MAS 3C NMR, '°C nuclear magnetic resonance with cross-polarization/ magic angle spinning
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60-100 mg-C/L significantly increased rice seed germination rate and seedling growth under salt stress imposed
with 100 mM NaCl. The mechanism was mainly through reduced oxidative damage via activation of anti-
oxidative enzymes and lipid peroxidation. This study provides the needed technical basis of safer and cleaner
technologies for innovative management of paper mill effluents.

1. Introduction

The pulp and paper industry, one of the most important industry
sectors, ranks the world’s sixth largest industrial polluter, posing a
serious threat to the environment and human health [1-4]. Conven-
tional chemical and/or biological treatment methods aiming to reduce
organic waste loads are often challenged by the recalcitrant nature and
high toxicity of the effluents [5-8]. The high cost involved with treat-
ment of paper mill effluents inserts further economic burden to the
industry [9,10]. Thus, a cost-effective, green technology is critically
needed for treatment of paper mill effluents. In this paper, we studied
an alternative technology to utilize the organic waste in paper mill
effluents for sustainable agricultural.

Humic substances, which are complex, heterogeneous mixtures of
polyelectrolytic macromolecules, are widely used in sustainable agri-
culture to enhance plant growth and physiology [11-13]. Sources of
humic substances are primarily non-renewable resources such as peats
and leonardite [14]. The rising market of using humic substances as
plant stimulator has generated a focal interest in using organic wastes
as a new sustainable resource for commercial humic substances pro-
ducts. Previous work verified that the recalcitrant organic matters in
paper mill effluents, mainly degradation products of starch, carbohy-
drates, lignin derivatives, and proteins, shared similar spectroscopic
characteristics with humic substances [15-18]. Particularly, the organic
matters in paper mill effluents resemble fulvic acid (FA), an essential
component of humic substances, which accounted for 54-68% of the
total organic carbon (C) [19].

The benefits of FA in regulating plant growth has been well re-
cognized [20]. In general, FA can induce changes in the primary and
secondary metabolic pathways of plants associated with abiotic stress
tolerance. For example, FA can increase root growth and decrease
membrane damage, thereby promoting the growth of trees under salt
stress [21]. The biological activity of FA as plant growth promoters
depends largely on its rich functional groups and low molecular weight
(MW), whereby FA molecules can easily penetrate cell membranes
[22]. The organic compounds in paper mill effluents, however, feature
high MW, thereby lacking the needed biological activity for agricultural
applications [6,23,24].

The hypothesis of this study is that the fulvic acid-like in paper mill
effluents can be chemically activated to enhance its biological activity
as a plant growth promoter. Oxidation of organic compounds with H,O,
into low MW derivatives has been reported by several workers [25,26],
and TiO, may serve as a catalyst to enhance the reaction [27-29].
However, no reports about appropriate use of H;O,/TiO for activation
of fulvic acid-like in paper mill effluents are available in the literature.
Therefore, the first objective of this study is to identify the optimal
reaction condition for activation of fulvic acid-like in paper mill ef-
fluents using H,0, as oxidizer and TiO, as catalyst. To achieve this goal,
we varied H,0, dosage, reaction temperature, and reaction time in our
experimental design. The second objective of the study is to compare
the elemental composition and spectroscopic characteristics of fulvic
acid-like in paper mill effluents before and after activation (PFA and
PFA-Os, respectively) with a benchmark FA extracted from leonardite
(LFA). Spectroscopic techniques including Fourier transformed infrared
spectrophotometry (FTIR), size exclusion chromatography (SEC), *3C
nuclear magnetic resonance with cross-polarization/magic angle spin-
ning (CP/ MAS '3C NMR) were employed to determine the molecular
weight and structures as well as functional groups of these fulvic acid-
likes.

The PFA-O with a relatively high yield, low MW and abundant
functional groups is further studied to evaluate its biological activity.
Thus, the third objective of this study is to identify a functional appli-
cation range of the selected PFA-O with rice germination and seedling
growth bioassays under salt stress. The antioxidant enzymes including
superoxide dismutase (SOD), peroxidase (POD) and catalase (CAT) as
well as lipid peroxidation are measured to evaluate the biological ac-
tivity of PFA-O in relation to oxidative damages induced by salt stress at
the cellular level. Our results can provide a technical basis for safer and
cleaner technologies to manage the paper mill effluents. Sustainable
utilization of organic matter in paper mill effluents can help address the
environmental impacts associated with the paper-making process.

2. Materials and methods
2.1. Materials

The leonardite was from Shanxi Province, China. All chemicals were
purchased at the analytical grade. Solutions were prepared with dis-
tilled water.

2.2. Paper effluents manufacturing process

The pulp and paper mill effluents were produced with the tech-
nology kindly provided by Shandong Tranlin group (Shandong, China).
Briefly, wheat straws harvested from the Agricultural Experimental
Station of Shandong Agricultural University were air dried and
grounded into pieces. The raw material was weighed and added into a
digester. Solid (NH4)>SO3; and ammonia water was added to reach a
concentration of 20% (w/w) and 0.1% (v/w), respectively, based on the
dry weight of the raw material. Digestion was facilitated with steams of
240°C under 0.2mPa for 400 min. After digestion, the mixture was
passed through a 200-mesh screen. The effluents were kept in a con-
tainer and stored at 4 °C.

2.3. Activation of fulvic acid-likes in effluent

An aliquot of 100 mL effluent, after equilibrated with the room
temperature, was mixed with 100 mL 0.1 M NaOH, 0.1 g TiO, and a
fixed dosage of 30% H,O, in a digester under N, atmosphere. The
system conditions examined in this study consisted of three H,O5 do-
sages (effluent to H>O, volume ratio of 1, 2, 3), three reaction tem-
peratures (70, 80, 90 °C), and three reaction time (20, 40, 60 min) for a
total of seven treatments (PFA-O-177, Table 1).

Table 1

Treatments of the paper mill effluent activation.
Treatments  Paper mill effluent/H,0, volume Temperature (°C) ~ Time (min)

ratio

PFA-O-1 1:1 70 20
PFA-O-2 1:1 90 40
PFA-O-3 1:2 920 20
PFA-O-4 1:2 80 40
PFA-O-5 1:3 80 20
PFA-0-6 1:3 70 40
PFA-O-7 1:3 90 60
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2.4. Fubvic acid-likes isolation

Extraction of FA and fulvic acid-likes from leonardite and paper mill
effluents before and after activation followed the International Humic
Substance Society (IHSS) procedure (http://humic-substances.org). The
final solution containing fulvic acid-like was freeze-dried and the ob-
tained fulvic acid-like was kept in a desiccator over silica gel for further
analysis. Fulvic acid-like yields of PFA and PFA-Os was calculated as the
percentage of organic carbon recovered after extraction from the ori-
ginal effluent. Organic C was determined by the potassium dichromate
oxidation method [30].

2.5. Characterization of fulvic acid-likes

Elemental analysis (C, H, O, N and S) was determined by a Vario-EL
Elemental Analyzer (Germany). Each treatment was performed in tri-
plicate. Infrared spectra (FTIR) were recorded with a Nicolet Magna-IR
550 spectrometer over the 4000-400 cm ™' range, with a resolution of
2cem ™! [31]. Size exclusion chromatography (SEC) was performed on
solutions of the sample using a Sephadex G-100 medium gel (Code No.
17-0060-02 Pharmacia Biotech AB) [32]. Solid-State CP-MAS '>C NMR
Spectroscopy was acquired with an Avance 600 MHz (Bruker, Karls-
ruhe, Germany) spectrometer [31].

2.6. Rice seed germination bioassay

The rice seeds (Oryza sativa L, Jinghua 208) were surface sterilized
with 5% NaClO for 10 min, rinsed five times with distilled water, and
air dried. These seeds were then presoaked for 24 h in different con-
centrations of LFA (1, 2, 5, 10, 20 mg-C/L) and the selected PFA-O (40,
60, 80, 100, 120 mg-C/L) under dark condition. Seeds were washed five
times, air dried, and transferred into petri dishes with filter paper
wetted by 10mL of 100 mM NaCl solution to introduce salt stress.
Germination tests were carried out on four replicates of 200 seeds with
50 seeds in each dish. All seeds were kept in a growth incubator set at
28 °C. Germination rate was recorded every 24 h for 120 h. A seed was
considered germinated when the emerging shoot reached on half of the
seed length. Preliminary germination tests following the above proce-
dure with NaCl concentrations of 0, 50, 100, 150, and 200 mM, re-
spectively, established that 100 mM NacCl introduced appropriate salt
stress.

2.7. Rice seedling growth bioassay

To determine whether the selected PFA-O can alleviate salt stress on
rice seedling growth, five-day-old seedlings germinated in water were
transferred to 1/4 international rice nutrient solution in a growth in-
cubator. The nutrient solution was renewed daily for 5 days. The
seedlings were then treated with the following for 2 days: (1) nutrient
solution; (2) nutrient solution containing LFA (1, 2, 5, 10, 20 mg-C/L);
(3) nutrient solution containing the selected PFA-O (40, 60, 80, 100,
120 mg-C/L). Then, seedlings were grown in nutrient solution con-
taining 0 or 100 mM NaCl for 3 days. The seedlings were harvested,
measured, weighed, and frozen in liquid nitrogen for further analysis.
Seedling tests were carried out with four replicates with 32 seedlings
for each treatment and 8 seeding in each pot.

2.8. Antioxidant enzymes and lipid peroxidation

The superoxide dismutase (SOD) activity was assayed based on its
ability to reduce nitroblue tetrazolium by super anion generated by
riboflavin system under illustration [33]. Peroxidase (POD) activity was
measured by the ability with catalytic H,O, to oxidize guaiacol to
produce a dark brown product [34]. Catalase (CAT) activity was
spectrophotometrically measured by monitoring the consumption of
H,0, (extinction coefficient 39.4 mM~!cm™1) at 240 nm for at least
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3 min [35]. The level of lipid peroxidation was assessed by determining
the activity of malondialdehyde (MDA) [36].

2.9. Quality control and quality assurance

The quality control and quality assurance program were conducted
to assure the repeatability and reproducibility of collected data. The
activation experiments, determination of organic C as to calculate the
fulvic acid-like yield and elemental analysis were performed in tripli-
cate as to lower its error. For the seed germination and seedling growth
experiment under salt stress, each sample were carried out with four
replicates. Control samples was conducted with the same concentration
of NaCl but without fulvic acid or fulvic acid-like. It helped to confirm
the results of fulvic acid and fulvic acid-like on the salt tolerance of rice.
The determination of salt tolerance indicators was also performed in
four replicates.

2.10. Statistical analyses

All statistical analyses were conducted using Statistical Analysis
System (SAS Version 9.2). Significant differences among treatments
were determined using mean separation tests (Duncan’s multiple range
test) atp < 0.05.

3. Results and discussion
3.1. Elemental compostion and fulvic acid-like yields

The elemental analy sis results showed that PFA contained more C,
H, N and S but less O than LFA and the purpling process with (NH,4)»SO3
resulted in the incorporation of S in PFA (Table 2). The lower O/C ratio
of PFA than LFA indicated that PFA contained less carboxyl functional
group than LFA, and this can influence its bioactivity in some extent.
After the oxidation with H,O,, the enriched N, S and O in PFA-Os in-
dicated that the contents of N, O or S functional groups increased
(Table 2). The higher H/C and O/C ratios of PFA-Os than PFA suggest
that activation resulted in lower MW and more abundant functional
groups in PFA-Os [37,38]. Visual observation indicated that the black
color of PFA was changed to varying degrees of orange after oxidation
by H,0, (Fig. S1).

For a given quantity of organic C in the effluent, fulvic acid-like
yields, which is calculated as the percentage of organic C retained in
fulvic acid-like from the original effluent, ranged from about 33 to 59%
(Fig. 1). The yield of PFA-O-1 (58.2%) was similar to that of PFA (56%),
indicating minimum degree of oxidation. The yield decreased with
further increase in H,O, dosage, reaction temperature, and reaction
time. For example, PFA-O-7 has the lowest yield (33.3%), PFA-O-3 had
a yield of 48.5%. The depleted C, lower MW and higher content of
functional groups in PFA-Os showed the depolymerization of

Table 2
Elemental composition of LFA, PFA, and PFA-Os.

Treatments Mass (%) Atomic ratio
C H N (0] S H/C o/C

LFA 28.17c¢ 191g 0.39h 68.74a 0.79 e 0.81lg 1.83a
PFA 3866a 426b 227g 48.08f 6.73 d 1.32f 0.93 f
PFA-O-1 28.46¢c 3.78d 5.34d 50.29e 11.49a 1.60d 1.33 e
PFA-O-2 26.54e 444a 7.93a 501le 10.47c 201 a 1.42d
PFA-O-3 2481 f 4.05c 7.60b 5294d 10.43¢c 196ab 1.60b
PFA-O-4 29.4 b 321f 255f 5319cd 11.05b 1.31f 1.36 e
PFA-O-5 26.97d 3.32ef 3.85e 53.69c 11.63a 1.48e 1.49 c
PFA-0-6 2428 g 395c 7.54b 5297d 1093b 1.95b 1.64 b
PFA-O-7 2292h 338e 6.25c¢c 55.14b 11.62a 1.77c 1.80 a

Mean values with the same letter did not differ significantly at p < 0.05.
(n=3).
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Fig. 1. Fulvic acid-like yields from paper mill effluents. Mean values with the
same letter did not differ significantly at p < 0.05. Error bars represent the
stand error (n=3).
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Fig. 2. FTIR spectra (4000-400 cm ™) of LFA, PFA, and PFA-Os.

macromolecules with H,O, mediated oxidation, consistent with the
results that H,O, can mediated the oxidation of organic matter in water
[39]. The lower yield after activation indicates that oxidation of
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Fig. 4. Solid CP-MAS '3C NMR spectra of LFA, PFA, and PFA-O-3.
Table 3
Integration Area of >*C CPMAS-NMR Spectra from fulvic acid-likes.
Treatments chemical shift (ppm)
0-45 45-65 65-95 95-110 110-140 140-160 160-190
LFA 16.65 11.38 7.75 3.35 34.97 8.98 16.92
PFA 11.16 21.18 1296 6.92 23.95 16.45 7.38
PFA-O-3 16.76 18.29 24.44 4091 9.92 6.54 19.14

macromolecules is accompanied with the release of CO-.

3.2. FTIR spectroscopy

The FTIR spectra (Fig. 2) exhibit typical absorption bands of FA
[35,36,40,41]. All spectra showed a large broad band at approximately
3400-3200 cm ~ !, which are normally attributed to stretching of O—H
bonds in phenol, hydroxyl and carboxyl groups [42]. The band at 1720-
1700 cm ™! is related to C—O vibration, indicative of carboxyl groups.
The bands at 1660-1600 cm™ is attributed to C=C stretching of aro-
matic rings, and to C=O0 stretching of conjugated carbonyl groups.
Effects of oxidation are obvious at the 1515, 1465-1450, 1426,
1420-1384, 1200 and 1125-1080 cm ™! bands (Fig. 2). The band at
1515cm ™! in PFA represents lignin [23], which is also assigned to
C=C stretching of aromatic rings. This band does not exist in PFA-Os,

3000Da 58

\ ——LFA

—— PFA-0-1

T T T
4000 6000 8000

MW (Da)

T
0 2000

T T
4000 6000

MW (Da)

T
0 2000 8000

Fig. 3. Size exclusion chromatograms monitored by refractive index detector for (A) LFA and PFA; (B) PFA-Os.
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Fig. 6. Effects of fulvic acid-like on rice seed-
ling growth under salt stress condition. (A)
picture of seedings treated by LFA, (B) biomass
of seedling treated by LFA, (C) picture of
seedings treated by PFA-O-3, and (D) biomass
of seedling treated by PFA-O-3. Mean values
with the same letter did not differ significantly
at p < 0.05. Error bars represent the stand
error (n=4).
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indicating that the lignin structures had been oxidized, which is in
consist with the results that H,O, can mediate the oxidation of kraft
lignin [43]. Similarly, the band at 1465 cm ™ ! in PFA, attributed to C—H
stretching of CH, and CH3 groups of aliphatic chains, and the band at
1426 cm ™! in PFA, attributed to stretching of O—H bonds in carboxyl,
are not shown in PFA-Os. There are also bands that are intense in PFA-
Os but do not exist in PFA. For example, the band at 1420-1384 cm ™! in
PFA-Os, assigned to antisymmetric COO— stretching, aliphatic C—H
deformation and the C—O stretching in phenols [44,45], and the band
at approximately 1200 cm ! in PFA-Os, attributed to stretching of O—H
and C—O deformation of COOH, are not present in PFA. Those results
reveal that H,O, oxidized the lignin structure in paper mill effluent
accompanied with the increase of functional groups. The results are in
line with the report that the polyfunctional monomeric compounds,

60 80 100 120

such as aromatic aldehydes and carboxylic acids, are the mainly oxi-
dation products of lignin [46]. Furthermore, compared with LFA and
PFA, PFA-Os have a distinct strong band at 615 cm ™!, which is attrib-
uted to the S—O stretching of sulfonic groups. This unique band in PFA-
Os indicates that oxidation helped formation of sulfur-containing
functional groups. Among all PFA-Os, the main differences are the in-
tensity of signals. For PFA-O-5, PFA-O-6 and PFA-O-7, the signal bands
and their intensities had no significant difference, and the yield of fulvic
acid-like decreased, suggesting that H,O, is overdosed and the overdose
of H,0, resulted in the overoxidation of functional groups and loss of
fulvic acid-like. For PFA-O-1, PFA-O-2, PFA-O-3 and PFA-O-4, the
signal intensities are obviously different. The stronger signals of PFA-O-
1 and PFA-O-3 means that the control of reaction time can regulate the
content and oxidization degree of functional groups in fulvic acid-like.
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Table 4

Superoxide dismutase (SOD), peroxide (POD), and catalase (CAT) activities in

rice seedlings under salt stress in response to fulvic acid-likes.

FA Concentrations SOD POD CAT
(mg-C/L) (Ug™ ' FW) (Ug 'min~'FW) (Ug™'min~'FW)
0 313.65 b 379.99 d 14.76 b
1 517.95 a 436.09 ¢ 14.07 be

LFA 2 505.52 a 441.19 ¢ 16.55 a
5 514.17 a 481.02 ¢ 11.17 d
10 517.13 b 606.67 a 13.64 be
20 505.47 a 549.87 b 13.00 ¢
0 313.65 ¢ 379.99 d 14.76 b
40 385.97 b 461.77 b 12.06 d

PFA-O-3 60 472.33 a 397.00 cd 13.43 ¢
80 515.44 a 430.19 be 13.12 ¢
100 396.10 b 434.53 be 16.33 a
120 485.03 a 519.93 a 13.63 ¢

Mean values with the same letter did not differ significantly at p < 0.05.
(m=4).

In all, PFA-O-3 has the most diversified and strongest absorption bands.

In conclusion, the FTIR of PFA-Os shows more similarities in spec-
troscopic characteristics with LFA than PFA after the actication of H,O,
with TiO, as catalyst. Besides, PFA-Os showed higher contents of
functional groups and less lignin structure than PFA. The best treatment
is PFA-O-3.

3.3. SEC analysis

SEC analysis provides a qualitative assessment of MW distribution of
fulvic acid-likes. Consisent with the literature, our results also showed
that PFA had a higher MW than LFA [23,24] (Fig. 3A). The low MW
fraction (MW < 3kDa) was 98.9% for LFA and 75.9% for PFA. The
MW distribution of PFA-O-1, 2, 3, 4 and 6 showed a much lower MW
than PFA with only one well-separated peak centered around
1.8-2.8 kDa (Fig. 3B). The ratio of low MW fraction (MW < 3kDa) was
80.1%, 86.1%, 90.8%, 93.54% and 92.4%, respectively, for PFA-O-1, 2,
3, 4 and 6. The results showed that H,O5 lowered the molecular weight
of fulvic acid-like under the control of reaction conditions.

When compare the MW distribution, functional groups, and FA yield
with different treatments, we found that the control of H,O, dosage
have strongly influenced on oxidation products and the control of re-
action time within suitable H,O, dosage can influence the content of
functional groups. By controlling the reaction conditions (H,O, dosage,
reaction temperature, and reaction time), PFA-Os with lower molecular
weight, more functional groups and higher yield can be produced, and
PFA-O-3 with 1:2vol ratio of paper mill effluent and 30% H,0, for
20 min digestion at 90 °C stands out as the optimal option for further
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analysis.

3.4. Solide-'>C NMR analysis

Detailed C functionality distributions and structural information of
LFA, PFA and PFA-O-3 were obtained by solid-state CP-MAS **C NMR
(Fig. 4). Typical peaks of FA in chemical shifts existed in all fulvic acid-
like fractions, indicating that they share similar structural features [21].
The relative distribution of signal areas normalized by integrating the
13C chemical shift intervals is summarized in Table 3. The sharp peaks
of LFA, PFA-O-3 and broad signals of PFA in the alkyl C (0-45 ppm)
range reveal the presence of alkyl chains (—CH,— and —CH3 groups).
Both LFA and PFA-O-3 have a higher alkyl-C content than PFA
(Table 3). The observed relative lower intensity of methoxy substituent
(45-65 ppm) in the spectra of LFA is indicative of mineralization of
bioavailable compounds. The main signal centered on 56 ppm of PFA
represents lignin derivatives [21,47]. For PFA-O-3, the strong signal
within the 45-60 ppm chemical shift can be attributed to the C—N bond
in the amino acid moiety, consistent with the elemental analysis results
(Table 1). The intense signal at 72 ppm indicates a higher content of O-
alkyl-C, which are assigned to the polysaccharide chains of wheat tissue
[48]. The signal at 109 ppm in the spectra of PFA indicates a higher
content of anomeric carbons of carbohydrates. The increase of carbo-
hydrates after oxidization was also observed in kraft pulp mill effluent
when treated by sun irradiation [18]. Our results indicated that the
lignin fraction in paper mill effluent had been oxidized since the release
of carbohydrate generally happens with the conversion of lignin.

The most distinctive features of LFA, PLA and PFA-Os were in the
aromatic/olefinic-C region (110-140 ppm). The larger relative intensity
around 130 ppm of LFA showed a higher aromatic C, consistent with
elemental analysis. For PFA and PFA-O-3, the different resonances
around 110-140 ppm are related to the unsubstituted C of lignin
monomers. PFA-O-3 has much lower ratio in this region, confirming the
effects of oxidation. The signal intensity at 147 ppm and 152 ppm
shown by the specific O-aromatic region and phenols (140-160 ppm) in
PFA confirmed the structures of lignin by the incorporation of O-sub-
stituted ring C, but the signals are relatively lower in PFA-O-3 and LFA.
Finally, the strong signal in the carbonyl region (160-190 ppm) at
168 ppm of LFA and 175 ppm of PFA-O-3 suggests the contribution of
carbonyl groups to those two FAs, but PFA has much lower absorbance
at 180 ppm (carboxyl groups).

While, PFA-O-3 shares much similarity with LFA, and LFA has a
higher content of aromatic C and phenol. Meanwhile, compared with
PFA, PFA-O-3 has less lignin derived aromatics structure, and more
carboxyl C, alkyl-C and carbohydrates. The decrease of aromatic
structure is contrary to the results that sun irradiation increased the
aromatic structure [18]. The reason may be that the strong oxidization
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of H,0, triggered the oxidative ring-opening cleavage reactions of
fulvic acid-like. Furthermore, the addition of NaOH can cause hydro-
lysis of lignin structure in fulvic acid-like under mild condition. This
may lead to the cleavage of ether linkages [49,50], and the strong
oxidation of H,O, may lead to the production of carboxyl groups.

3.5. Rice seed germination bioassay

Seed germination is critical for crop production in saline environ-
ment as it determines whether the crop can be successfully established
[51]. While salt stress inducted by 100 mM NacCl inhabited rice seed
germination in this experiment, LFA and PFA-O-3 both alleviated this
effect (Fig. 5). Compared with the control, LFA at 2, 5, 10 mg-C/L in-
creased germination rate by 15.2-29.7% after 72h of observation.
Germination rate decreased with further increase in LFA concentration
(Fig. 5A). PFA-O-3 at 60-120 mg-C/L improved seed germination rate
by 12.5-28.9% at 72h. The other concentrations had no significant
effects (Fig. 5B). After 120 h, germination rate of all treatment reached
close to 100%, indicating that LFA and PFA-O-3 were safe for use with
rice seeds. Our results showed that both LFA and PFA-O-3 can improve
the rice germination under salt stress, which are in consistent with the
results that the application of FA improved seed germination of barley
under salt stress and wheat under drought and heat stress [52,53].

3.6. Rice seedlings growth

Both LFA and PFA-O-3 showed significant effects on the growth of
rice seedlings under salt stress condition (Fig. 6). Application of LFA at
2 and 5 mg-C/L significantly increased the length and biomass of
seedlings including both shoot and root (Figs. 6A&B; S2A). However,
when LFA were applied at 10 and 20 mg-C/L, the effects were only
significant for root biomass. LFA at 1 mg-C/L had no effects. For PFA-O-
3, application at 60, 80 and 100 mg-C/L significantly increased the
length and biomass of shoot and root (Figs. 6C&D; S2B). By contrast,
application at 40 and 120 mg-C/L had no significant effects on seedling
growth. Visual observation of seeding root also indicated that LFA and
PFA-O-3 increased the number of lateral root (Fig. S3). Our results
support prior observations that humic substances improved plant
growth and physiology with increased root length and density, thus
favoring nutrient uptake in plants via increase in absorptive surface
area [54-57]. Several workers verified that the ability of FA in pro-
moting the growth of plant is associated with their structural features
and only the fractions with less content of aromatic structure and high
content of carboxyl groups can interact with cell membranes and im-
prove the growth of root [58,59]. The chemical structure features of
PFA-O-3 with less aromatic structure and high carboxyl groups may
help understand the mechanism in promoting the growth of rice root.

3.7. Antioxidant enzymes activity and lipid peroxidation

To further determine fulvic acid-like’s relieving effects on oxidative
damages induced by salt stress at the cellular level, changes of anti-
oxidant enzymes activities (SOD, POD and CAT) in rice seedlings were
compared. With salt stress imposed by 100 mM NaCl, LFA and PFA-O-3
significantly increased the activity of SOD and POD at all tested con-
centrations. The activity of CAT was increased by LFA only at 2 mg-C/L
and by PFA-O-3 at 100 mg-C/L (Table 4). Anjum et al. [34] also in-
dicated that exogenous FA enhanced levels of antioxidant enzymes
(SOD, POD, and CAT) under drought and well-watered condition.
Production of these antioxidant enzymes helps reduce oxidative da-
mages. Functional groups, especially the phenolic hydroxyl group, have
hydrogen donation and electron transfer capacities to scavenge reactive
oxygen species such as OH" [60-62]. The rich phenolic hydroxyl group
in LFA and PFA-O-3 can thus explain the alleviating effects with respect
to salt stress in this study.

Lipid peroxidation, reflected by the reduced content of MDA, is
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another process associated with increased stress resistance [63]. LFA at
2, 5, 10 mg-C/L reduced MDA content by 9-19%. Further increase in
LFA concentrations induced accumulation of MDA (Fig. 7A). In con-
trast, PFA-O-3 at 80, 100 mg-C/L reduced MDA content by 14.5-48%;
lower concentrations at 40 mg-C/L increased MDA content (Fig. 7B).
The application of FA has also been shown to reduce MDA content in
soybean under heat and salt stress and in maize in response to water
stress [33,64].

4. Conclusions

A novel method to activate and extract fulvic acid-like from paper
mill effluents using H,O, as oxidizer (effluent to 30% H,O, volume
ratio = '2) and TiO, as catalyst is now developed and proven effective.
With a higher H/C and O/C ratios and less lignin structure than the
original fulvic acid-like in paper mill effluents, the activated fluvic acid-
like features lower molecular weight and richer functional groups, re-
sembling much of the structure characteristics of benchmark fulvic acid
extracted from leonardite. Furthermore, the activated fluvic acid-like
functions are similarly with that of the benchmark fulvic acid in alle-
viating salt-induced inhibition of seed germination and early stage
seedling growth. These biological activities are evidenced by reduced
oxidative damage by salt stress via activation of antioxidative enzymes
and lipid peroxidation. The functional concentrations for improving
rice seed germination rate and seedling growth under salt stress con-
dition are 2-5 mg-C/L for the benchmark fulvic acid and 60-100 mg-C/
L for the activated fulvic acid extracted from paper mill effluents. This
study provides the needed technical basis for resourceful utilization of
paper mill effluents to produce fulvic acid as a plant growth promoter
for sustainable agriculture production.
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