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Abstract

Nitrogen (N) losses during fertilization with livestock slurry, mainly in the form of
ammonia (NH;), can cause environmental problems and reduce fertilizer efficiency.
Leonardite, which is characterized by oxygen-rich functional groups and low pH,
has been found to decrease losses of slurry N. However, leonardite, as a byproduct
of open-cast lignite mining, is not a renewable resource. The objective of this study
was to modify biochar by chemical surface oxidation in order to find a sustainable
but similarly effective substitute for leonardite. Biochar was produced from spruce
sawdust in a pyrolysis oven at a maximum temperature of 610 °C. Then the biochar
was oxidized using the Fenton reaction, with a ratio of Fe2+/H202 of 1:1,000, as a
source of highly reactive HO- radicals to introduce oxygen-rich functional groups to
the biochar surface. The ammonium (NH, ) adsorption capacity of biochar, oxidized
biochar, and leonardite was tested in ammonium sulfate [(NH,),SO,] solution, pH-
adjusted (NH,),SO, solution, and cattle slurry. The results showed that biochar had
the highest total NH,* adsorption of 1.4 mg N g~! in (NH,),SO, solution, whereas
oxidized biochar had the highest reversible NH,* adsorption of 0.8 mg N g~!. In the
pH-adjusted ammonium solution, all materials reduced NH; emissions by >90%, and
oxidized biochar reduced NH; emissions by 99.99%. In contrast, leonardite reduced
NH; emissions the most in cattle slurry, and oxidation of biochar increased the
reduction in NH; emissions from 22 to 67% compared with non-oxidized biochar.
In conclusion, biochar oxidized by means of the Fenton reaction greatly decreased
NHj; emissions by increased adsorption of NH, " in cattle slurry compared with non-
oxidized biochar, indicating the great potential of oxidized biochar for reducing N

losses during slurry application.

1 | INTRODUCTION

Nitrogen (N) is one of the most essential nutrients for plant
growth. Livestock slurry, containing easily available carbon

Abbreviations: BET, Brunauer—-Emmett-Teller; CEC, cation exchange

capacity; CM, carbonaceous material.

(C) and ammonium (NH, ), is a traditional organic fertilizer.
However, it has been reported that up to 29% of the slurry-N
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can be emitted to the atmosphere via ammonia (NHj;)
volatilization during the fertilization process (Bouwman
et al., 2002). During nitrification, NH,* can be converted
to nitrate (NO5;7), which is highly mobile in soil and can
pollute water bodies through leaching. Part of the N can
also be converted to nitrous oxide (N,O) by nitrification and
denitrification, which contributes to global warming (Reay
et al., 2012; Zhang et al., 2015).

In addition to agricultural management practices, such
as adjusting fertilizer placement and application rates (He
et al., 2014; Pan et al., 2016), many studies have attempted
to add soil amendments, such as carbonaceous material
(CM), to improve N retention (Lehmann et al., 2011;
Pitman, 2006; Spokas et al., 2012). Previous studies have
shown that leonardite, an oxidized form of lignite, has the
potential to mitigate slurry-N loss due to its acidity and high
cation exchange capacity (CEC) (Cao et al., 2022; Manzoni
& Porporato, 2009). However, because leonardite originates
from near-surface mining of lignite, it is not a sustain-
able resource. Therefore, sustainable sources of CM, such
as biochar, could provide a suitable alternative and increase
acceptance in practice.

Biochar is a readily available and renewable resource, and
its benefits as a soil amendment have attracted the attention
of a growing number of researchers over the past few decades
(Schmidt et al., 2021). The composition and effectiveness of
biochar varies depending on the raw material, pyrolysis tem-
perature, and time or rate of heating (Ippolito et al., 2020).
Biochar produced by slow pyrolysis of wood cuttings and rice
husks at 600 °C for 10 h adsorbed up to 60% of the NH,*
from anaerobic pig slurry digestate at an application rate of
30 kg m~ slurry, while its adsorption capacity was related to
contact time, pH, NH, " concentration, and biochar particle
size (Kizito et al., 2015). Biochar produced from corn cobs,
grapefruit peels, and banana stems by pyrolysis at 200 °C
for 21 d retained 90% of NH,* of an ammonium sulfate
[(NH,4),SO,] solution due to oxygen-rich functional groups
(Cai et al., 2016).

It is known that oxygen-containing functional groups,
such as carboxylic acid and keto and hydroxyl groups, pro-
mote adsorption of heavy metals and organic molecules
(Mandal et al., 2017) and can also adsorb NHj either by pro-
ton exchange, thereby forming adduct ions, or by chemical
reactions, therby forming amines and amides on the surface
of biochar (Seredych & Bandosz, 2007). Hydrogen peroxide
(H,0,) is an oxidant that can change the properties of biochar
by introducing oxygen functional groups while only produc-
ing H,O and O,, which are not harmful to the environment
(Huff & Lee, 2016). Several studies have shown that the oxi-
dation of biochar with H,O, improves the removal of heavy
metals from aqueous solutions (Wang et al., 2018; Zuo et al.,

Core ideas

* Nitrogen losses from manure cause environmental
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* Renewable biochar has a great potential to reduce
nitrogen losses.

* The Fenton reaction introduces oxygen functional
groups on the surface of biochar.

* The Fenton reaction improves the adsorption
capacity of biochar for ammonium.

2016). Huff and Lee (2016) used different concentrations of
H, 0, to oxidize pinewood biochar and showed that high con-
centrations of H,O, increased the CEC of biochar. However,
the efficiency of this modification is usually very low and
requires long reaction times and additional heating (Wang
et al., 2016). Therefore, a faster and more efficient oxidation
method would be a great advantage.

Fenton oxidation is a complex chain of reactions between
H,0, and Fe(Il) ions in acidic solutions, mainly produc-
ing the highly reactive HO- radical, which is one of the
most powerful oxidants (Bachi et al, 2013). Xu et al.
(2020) reported that Fenton modification of biochar, includ-
ing iron-promoted pyrolysis and H,O, oxidation, improved
adsorption of hexavalent chromium and methylene blue. In
contrast, the effect of the Fenton reaction on the NH,*
adsorption capacity of common biochar has not been stud-
ied. To our knowledge, there is only one study available
that reported a Fenton-mediated enhancement of ammonium
adsorption of hydrochar, a material that is produced by high-
temperature and high-pressure conversion of organic material
in an aqueous medium (Belete et al., 2021).

The objectives of this study were to investigate whether
the Fenton reaction can directly and effectively oxidize com-
mon biochar and enhance the functional groups on the surface
for improving the NH,* adsorption capacity of biochar in
aqueous solutions and livestock slurry. In this study, we pro-
duced biochar from spruce sawdust in a pyrolysis oven and
subsequently oxidized the biochar by Fenton oxidation with
a Fe’*/H,0, ratio of 1:1,000. Sawdust is a common and
abundant byproduct of sawmills and is considered a promis-
ing feedstock for biochar and alternative fuels (Beiyuan
et al.,, 2017; Ghani et al., 2013). Then, we compared the
NH,* adsorption capacity of biochar, oxidized biochar, and
leonardite. We hypothesized that Fenton oxidation would
introduce oxygen functional groups to the surface of the
biochar and increase the NH,* adsorption capacity of the
biochar to the same level as that of leonardite.
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2 | MATERIALS AND METHODS

2.1 | Biochar production

The biochar was produced from small particles of spruce saw-
dust (no. 823 “Siebgut fein”) from Holz Ruser. The spruce
sawdust was produced in a custom-made pyrolysis oven,
and the pyrolysis process was terminated when the flame
at the top of the oven changed color from yellow to blue,
indicating a change from combustion of organic volatiles to
C monoxide (i.e., the completion of wood gasification). The
maximum temperature reached during the production process
was 610 °C.

2.2 | Biochar oxidation

Oxidized biochar was produced by applying the Fenton reac-
tion. For this purpose, 4 g biochar was added to 40 ml of
a solution of 30% H,0, and ferrous sulfate (FeSO,-7H,0)
with a ratio of Fe>* to H,0, of 1:1,000. The reaction process
was intense, with formation of a large amount of foam that
lasted for about 10 min. The oxidized biochar was rinsed with
deionized water and dried at 65 °C for 2 d.

2.3 | Characterization of CM

The properties of the CM were analyzed by a commercial
laboratory (Ruhr Lab GmbH). Proximate analysis of ash and
volatile matter content was performed in line with German
standards DIN 51719 (1997) and DIN 51720 (2001), respec-
tively. Elemental analysis included C, N, and hydrogen (H)
content and molar ratio of H to organic C (H/C,, ) (performed
according to the standard DIN 51732 [2014]); sulfur (S) con-
tent (based on the standard DIN 51724-3 [2012]); and oxygen
(O) and the molar ratio of O to organic C (Corg) carried
out in line with the standard DIN 51733 (2016), where COrg
was derived from the total C content minus the inorganic C
(CO,) content in the CM. Solid surface area was determined
by Brunauer—Emmett-Teller (BET) multipoint (N,) surface
area analysis based on the standard DIN ISO 9277 (2014).
The main elements from the borate digestion of ash (i.e.,
calcium [Ca], iron [Fe], potassium [K], magnesium [Mg],
sodium [Na], phosphorous [P], S and silicon [Si]) were ana-
lyzed according to the standard DIN EN ISO 11885 (E22)
(2009).

24 |
release

Determination of NH,* retention and

For the determination of NH,* retention, 500 mg biochar,
oxidized biochar, or leonardite were added to 40 ml of
(NH,),SO, solution with 100 mg NH,t-N L! (pH 5.55).
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The solution was shaken at 200 rpm for 20 h and centrifuged
at 3,500 rpm for 10 min (20 min for leonardite, which was
applied as powder), and the supernatant was filtered through
a 0.45-um syringe filter (ProSense). The residual sample was
rinsed several times with deionized water and then added
to 40 ml deionized water to determine the NH,* release of
previously retained NH,*, shaken at 200 rpm for 20 h, and
treated following the same steps as described above for the
determination of NH,* retention. All solutions were stored at
—22 °C until the NH,* content was analyzed by continuous
flow analysis (CFA Analyzer FLOWSYS 3-Kanal, Alliance
Instruments).

2.5 | Measurement of NH; emission

To further investigate the effects of CM on NH,* adsorption,
we prepared a pH-adjusted (NH,),SO, solution contain-
ing 0.22% N, corresponding to 2,200 mg NH,*-N L7,
and adjusted the pH to 6.8 with 0.01 M sodium hydroxide
(NaOH) to resemble the pH and N content of the cattle slurry
used below. The different CM (biochar, oxidized biochar,
leonardite) were added to the solution at a rate of 50 g C
L~! and mixed well, and then NH; emission was measured
with an infrared laser gas analyzer (G2508, Picarro Inc.) with
a dynamic chamber (50 mm high, 50 mm diameter) in closed-
loop mode tightly covering each sample for 10 min. The same
set of CM was tested in the same way in real cattle slurry with
0.22% N and pH 6.7. After each NH; emission test, 10 ml
of deionized water was added to the CM+ slurry mixture to
measure the pH because the mixture was too thick for direct
measurement. The NH; emission reduction efficiency was
calculated based on the difference in NH; emissions from pH-
adjusted (NH,),SO, solution or cattle slurry with and without
CM added.

2.6 | Calculations and statistical analysis

All results are expressed as the mean + SD of at least
three replicates. After accounting for statistical requirements
(normal distribution and homogeneity of variance), the sig-
nificance of the differences between treatments was analyzed
by one-way ANOVA and Tukey’s HSD as a post hoc test at
a significance level of p < .05 (SPSS Statistics for Windows,
Version 25.0, IBM Corp.).

3 | RESULTS
3.1 | Physicochemical properties of CM

Table 1 shows the physicochemical properties of the CM used
in this study. The non-oxidized biochar had the highest C
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TABLE 1 The physicochemical properties of the organic 2.0 1 Adsorption
materials used in this study Release
Oxidized
Properties Leonardite Biochar  biochar ~ 151 I
PHipo 4.29 5.27 3.22 = .
Specific surface area (BET), 1.10 193.04 25.17 g’ w
-~ g_] ; 1.0+
C. % WiW 47.88 7207 62.12 8 J .
H, %wiw, 2.93 292 330 3 o
N, %w/W, o 0.85 0.15 0.09 ' b
S, BWIW,ora 1.47 0.03 0.01 c
O, %W/W 19.37 17.88 28.1 0.0
H/c(7rg 0.73 0.48 0.63 Leonardite Biochar Oxdized biochar
O/Cor; 0.32 0.19 0-35 FIGURE 1 The NH,* retention capacity of carbonaceous
Volatile matter, % W/Wyq,) 41.88 2996 47.88 materials in aqueous (NH,),SO, solution and NH,* release in
Ash, Wiw,g, 15.32 2.54 0.77 deionized water. The error bars show the SEM of each treatment
Caas CaO, % w/w,g, 20.4 22.0 27.5 (n > 3). Different lowercase letters indicate significant differences at
Fe as Fe, 05, % w/w,g, 56 192 17.0 the p < .05 level between treatments
K as K,0, % wW/w,g, 04 8.2 6.2
Mg as MgO, % w/w,q, 6.7 35 4.9 [ Ammonium solution
Na as Na,0, % wW/w,g, 3.0 0.8 0.8 [_]cattle slurry
Pas P,0s, % wiw,,, <0.1 25 3.7 R z
S as SO, % wiw,g, 23.6 1.5 49 B :
Si as Si0,, % wiw,, 285 24.1 19.1 2 %7 (
[0} b
Note. The percentages of Ca as CaO, Fe as Fe, 05, K as K, 0, Mg as MgO, Na as © 60 4
Na,O, P as P,Os S as SO;, and Si as SiO, are based on borate-digested biochar 5
ash. BET, Brunauer-Emmett—Teller. §
hel
© 40
I(’)
z [c
20 1
content of 72%. Oxidation increased the O content of biochar
from 18 to 28% and reduced the pH from 5.3 to 3.2. The 0

BET multipoint (N,) determination of the specific biochar
surface area yielded 193 m? g~!, which was 6.7 and 192 times
higher than that of oxidized biochar and leonardite, suggest-
ing that the non-oxidized biochar had the largest surface area.
Non-oxidized biochar had also the smallest H/C,, and O/C,,
ratios, which are associated with high aromaticity and low
degree of oxidation.

3.2 | NH," retention and release

In the non—pH-adjusted (NH,),SO, solution with 100 mg
NH,-N L~!, the non-oxidized biochar showed the highest
NH,* retention capacity of 1.4 mg N g~! biochar, which was
significantly higher than that of the oxidized biochar (0.9 mg
N g~!) (Figure 1). In contrast, oxidized biochar had the high-
est exchangeable NH,* content (0.8 mg N g~!) of all CM (i.e.,
three times higher than that of biochar and 1.6 times higher
than that of leonardite).

Leonardite Biochar Oxdized biochar

FIGURE 2
pH-adjusted ammonium solution and cattle slurry (pH 6.8 and 6.7). The

The NH; reduction rates of carbonaceous materials in

error bars show the SEM of each treatment (n = 3). Different lowercase
letters indicate significant differences at the p < .05 level between
treatments

3.3 | Reduction of NH; emission

In the pH-adjusted (NH,4), SO, solution, all CM reduced NH;
emissions by >90%, with the highest reduction efficiency
of 99.99% for oxidized biochar (Figure 2). For cattle slurry,
the NH; emission reduction efficiency was in the following
order: leonardite (98%) > oxidized biochar (67%) > biochar
(22%) (Figure 2). The pH values of the slurry mixtures with
and without CM were in the following order: leonardite
(6.22) < oxidized biochar (6.69) < biochar (6.92) < cattle
slurry (6.95).
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4 | DISCUSSION

4.1 | Effect of Fenton oxidation of biochar on
NH,* retention and release

Fenton oxidation increased the oxygen content by 10 per-
centage points and reduced the pH of the biochar from 5.3
to 3.2 (Table 1), indicating that oxygen functional groups
were introduced to the surface of the biochar (Cheng et al.,
2008). However, oxidation did not increase the amount of
NH,* retained from the (NH,),SO, solution compared with
biochar. One reason could be that the increasing volatile mat-
ter (Table 1) in the oxidized biochar blocks the pores and then
reduces the surface area (Table 1), thus limiting the adsorption
of NH,* during the pore filling process (Ambaye et al., 2021;
Bourke et al., 2007). Another important reason for the lower
NH, " retention rate of oxidized biochar may have been its low
pH value. A high degree of protonation of the oxygen func-
tional groups in the acidic (NH, ), SO, solution might have led
to a neutral or even positive surface charge that reduced the
electrostatic attraction of NH,* (Kizito et al., 2015; Novak
et al., 2010). This is supported by studies that have shown
that protons and some metals, such as aluminum (Al) and Fe,
occupy exchange sites at low pH, which then limit the adsorp-
tion of NH,* on biochar (Halim et al., 2013; Sarkhot et al.,
2013; Wang et al., 2015).

The higher NH, " retention capacity of biochar may be due
to its superior BET surface area (Table 1), which would be
less influenced by pH. The high surface area of biochar may
be related to its low H/C,,,, ratio, with values <0.7 indicating a
mostly aromatic structure (Kuhlbusch & Crutzen, 1995). The
high degree of aromaticity indicates that the aliphatic alkyl
and ester groups shielding the aromatic core are completely
destroyed, and the nanopores within the aromatic C struc-
tures increase the surface area (Chen et al., 2008; Sun et al.,
2016; Xiao et al., 2016). Chen et al. (2008) found that the sur-
face area increased significantly when the H/C ratio was <0.5,
and this was confirmed by our results, with a surface area of
biochar of 193 m? g~ at an H/C,,, ratio of 0.48. Wei et al.
(2020) produced a series of biochars from herbal residues at
different pyrolysis temperatures and investigated their adsorp-
tion mechanisms. They found that when the H/C ratio was
<0.5, the number of surface acidic groups was <70 cmol kg™!,
and the retention mechanism was dominated by pore filling
(i.e., absorption). However, when the H/C ratio was >0.5,
the number of surface acidic groups increased with increas-
ing H/C values, and chemical bonding at the surface played
the dominant role (i.e., adsorption). In our study, the non-
oxidized biochar with an H/C,, ratio of 0.48 had a high NH,*
retention capacity in acidic solution due to its higher absorp-
tion capacity (i.e., filling of microcavities) compared with
leonardite and oxidized biochar, which were characterized by
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higher adsorption capacity (i.e., physicochemical bonding at
the surface).

In this study, deionized water was used to determine the
NH,* release rate of biochars, showing the different NH,*
retention strengths of different biochars. After shaking for
20 h, the non-oxidized biochar released the lowest amount
of NH," into deionized water, which further supports the
assumption of a strong physical retention of NH,* in the
microcavities of the biochar (Saleh et al.,, 2012). In con-
trast, oxidized biochar exhibited a greater NH, " release in
deionized water than non-oxidized biochar and leonardite,
indicating that the retention of NH,* by oxidized biochar
was not as strong as for biochar due to the more reversible
cation—anion interactions (adsorption) of NH,* and nega-
tively charged functional oxygen groups at the surface of the
oxidized biochar. This finding suggests that oxidized biochar
may be more suitable for increasing the CEC of the soil
than non-oxidized biochar, making retained NH, ™ more eas-
ily available to plants and microorganisms in the soil than
non-oxidized biochar. In contrast, non-oxidized biochar could
be more effective in retaining nitrate by simple absorption of
soil solution containing nitrate in the microporous structure
of the biochar, which is particularly pronounced in biochar
produced at high temperature (especially >600 °C) (Ippolito
et al., 2020).

4.2 | Effect of Fenton oxidation on the
reduction of NH; emission

In the pH-adjusted (NH,4),SO, solution (pH 6.8) all tested
CM reduced NH; emissions by >90%. This is consistent with
the study of Kizito et al. (2015), where biochar made from
rice husks and woody material adsorbed 80% of the NH,*
from ammonium chloride (NH,Cl) solution at pH values
between 6.5 and 7.0. In the pH-adjusted (NH,),SO, solution,
the oxidation of biochar significantly increased the reduction
efficiency of NH; emissions to 99.99%, which supports our
assumption that the acidic (NH,4),SO, solution limited the
retention of NH,4* by oxidized biochar. In neutral solutions,
oxygen functional groups are usually deprotonated, and free
ions, such as Al and Fe, are precipitated as oxides, and then
more adsorption sites of the oxygen functional groups are
available for NH,* adsorption (Brady et al., 2008; Wang et al.,
2015).

In the cattle slurry, the effect of non-oxidized and oxidized
biochar on reducing NH; emissions was significantly dimin-
ished. The composition of cattle slurry is much more complex
than the pure (NH,),SO, solution. It contains a large num-
ber of cations, such as K, Ca, and Al, which can compete
with NH,* for adsorption sites, resulting in higher NH; emis-
sion (Kizito et al., 2015). Although non-oxidized biochar had
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a much higher BET surface area than oxidized biochar and
leonardite, it reduced the NH; emissions the least, indicating
that it retained the lowest amount of NH,* in the cattle slurry
and suggesting that surface area is not a major factor in NH,*
adsorption capacity at neutral or even higher pH (Bargmann
et al., 2014; Spokas et al., 2012).

Leonardite showed a great effect in reducing NH; emis-
sions in both pH-adjusted ammonium solution and cattle
slurry, which means that it has sufficient adsorption sites for
NH,* and other cations even in cattle slurry. Because oxi-
dized biochar had the highest oxygen content and the lowest
pH, we can assume that oxidized biochar had more oxygen
functional groups than biochar and leonardite. Nevertheless,
the retention of NH,* by leonardite was higher than that of
oxidized biochar in cattle slurry. We can only speculate that
the reason for this is related to the additional cations in the
biochar, which might compete with NH,* for cation exchange
sites at the surface of the oxidized biochar. As shown in
Table 1, oxidized biochar contained more Ca, Fe, and K than
leonardite, and these ions can bind to the oxygen functional
groups, resulting in fewer vacant adsorption sites for NH,*.

The O/C,,, values of leonardite and oxidized biochar were
similar (0.35 and 0.32) and much higher than the O/C,, of
non-oxidized biochar (0.19). The O/C,,, values were found to
be positively correlated with CEC because high O/C,, ratios
indicate a greater abundance of hydroxyl, carbonyl, and car-
boxyl groups, associated with high CEC (Chen et al., 2008;
Glaser et al., 2002). Gai et al. (2014) tested 12 types of biochar
with different feedstocks and pyrolysis temperatures and con-
firmed the previous findings that the O/C ratio was positively
correlated with CEC and also with the adsorption capacity for
NH,* in NH,Cl solution.

S | CONCLUSIONS

Our study demonstrated that the Fenton reaction is a rapid
and effective method to increase the NH,* adsorption capac-
ity of biochar. Compared with oxidation with H,O, alone,
the Fenton reaction has a much higher oxidation capacity
and reduces time and energy consumption, providing an eco-
nomical and environmentally friendly strategy for biochar
oxidation. Biochar produced from spruce sawdust and oxi-
dized using the Fenton reaction exhibited significantly higher
reversible NH,* adsorption than the other two CM tested
(non-oxidized biochar and leonardite). The oxidized biochar
caused also the highest NH; emission reduction of 99.99% in
(NH,4),S0, solution adjusted to pH 6.8, which resembled the
pH of cattle slurry. In real cattle slurry, the Fenton-oxidized
biochar improved the NH; emission reduction effect sig-
nificantly compared with non-oxidized biochar, although it
remained below the performance of leonardite. Although the
oxidation with the Fenton reaction could not boost the biochar

all the way up to the level of leonardite, it is an important step
toward improving the NH, " retention capacity of biochar as a
sustainable resource. To achieve the same effect as leonardite,
future studies should focus on further increasing the number
of adsorption sites by testing different oxidation conditions
and on ways of removing excess cations from the produced
biochar to further increase its NH,* ammonium retention
capacity.

ACKNOWLEDGMENTS

This study was conducted in as part of the INPLAMINT
project of the BonaRes initiative, which is funded by the Ger-
man Federal Ministry of Education and Research (BMBF,
FKZ 031B0508A), and was supported by the Chinese Schol-
arship Council (Scholarship No. 201706340157).

AUTHOR CONTRIBUTIONS

Xinyue Cao: Investigation; Writing — original draft. Riidiger
Reichel: Writing — review & editing. Nicolas Briiggemann:
Methodology; Writing — review & editing.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

ORCID
Xinyue Cao © https://orcid.org/0000-0002-8986-0845
REFERENCES

Ambaye, T. G., Vaccari, M., van Hullebusch, E. D., Amrane, A., & Rtimi,
S. (2021). Mechanisms and adsorption capacities of biochar for the
removal of organic and inorganic pollutants from industrial wastewa-
ter. International Journal of Environmental Science and Technology,
18(10), 3273-3294. https://doi.org/10.1007/s13762-020-03060-w

Bachi, A., Dalle-Donne, 1., & Scaloni, A. (2013). Redox pro-
teomics: Chemical principles, methodological approaches and bio-
logical/biomedical promises. Chemical Reviews, 113(1), 596—-698.
https://doi.org/10.1021/cr300073p

Bargmann, I, Rillig, M. C., Kruse, A., Greef, J.-M., & Kacke, M. (2014).
Effects of hydrochar application on the dynamics of soluble nitro-
gen in soils and on plant availability. Journal of Plant Nutrition
and Soil Science, 177, 48-58. https://doi.org/10.1002/jpIn.201300
069

Beiyuan, J., Awad, Y. M., Beckers, F., Tsang, D. C. W.,, Ok, Y. S.,
& Rinklebe, J. (2017). Mobility and phytoavailability of as and pb
in a contaminated soil using pine sawdust biochar under systematic
change of redox conditions. Chemosphere, 178, 110-118. https://doi.
org/10.1016/j.chemosphere.2017.03.022

Belete, Y. Z., Ziemann, E., Gross, A., & Bernstein, R. (2021). Facile acti-
vation of sludge-based hydrochar by fenton oxidation for ammonium
adsorption in aqueous media. Chemosphere, 273, 128526. https://doi.
org/10.1016/j.chemosphere.2020.128526

Bourke, J., Manley-Harris, M., Fushimi, C., Dowaki, K., Nunoura, T.,
& Antal, M. J. (2007). Do all carbonized charcoals have the same
chemical structure? 2. A model of the chemical structure of car-
bonized charcoal. Industrial & Engineering Chemistry Research,
46(18), 5954-5967. https://doi.org/10.1021/ie070415u

85U80| 7 SUoWWIOD aAITeaID 8qed!|dde sy Aq peusenob afe saoike VO ‘8sn JO Sajnu 1o} Areiq 1T 8UlUO AB|1M UO (SUONIPUCO-PUR-SWLSI/LI0D A3 | 1M AReIq 1 U UO//:SdNY) SUONIPUOD pue SWie | 8Y18es *[220Z/TT/cZ] Uo Arigiqauluo A |im eiueD yoessay HAW ydine winnuezsbunyasiod Aq 6T¥0z Zbe/Z00T 0T/10p/woo e |1m Ae.q 1 puljuo'ssssde//sdny woy pepeojumoq ‘9 ‘zZ0¢ ‘LESZLEST


https://orcid.org/0000-0002-8986-0845
https://orcid.org/0000-0002-8986-0845
https://doi.org/10.1007/s13762-020-03060-w
https://doi.org/10.1021/cr300073p
https://doi.org/10.1002/jpln.201300069
https://doi.org/10.1002/jpln.201300069
https://doi.org/10.1016/j.chemosphere.2017.03.022
https://doi.org/10.1016/j.chemosphere.2017.03.022
https://doi.org/10.1016/j.chemosphere.2020.128526
https://doi.org/10.1016/j.chemosphere.2020.128526
https://doi.org/10.1021/ie070415u

CAO ET AL.

Bouwman, A. F., Boumans, L. J. M., & Batjes, N. H. (2002). Estima-
tion of global NH3 volatilization loss from synthetic fertilizers and
animal manure applied to arable lands and grasslands. Global Bio-
geochemical Cycles, 16(2), 1024. https://doi.org/10.1029/2000gb001
389

Brady, N. C., Weil, R. R., & Weil, R. R. (2008). The nature and
properties of soils (Vol. 13). Prentice Hall.

Cai, Y., Qi, H, Liu, Y., & He, X. (2016). Sorption/Desorption behavior
and mechanism of NH4+ by biochar as a nitrogen fertilizer sustained-
release material. Journal of Agricultural and Food Chemistry, 64(24),
4958-4964. https://doi.org/10.1021/acs.jafc.6b00109

Cao, X., Reichel, R., Wissel, H., Kummer, S., & Briiggemann, N. (2022).
High carbon amendments increase nitrogen retention in soil after
slurry application: an incubation study with silty loam soil. Journal
of Soil Science and Plant Nutrition, 22(2), 1277-1289. https://doi.org/
10.1007/s42729-021-00730-7

Chen, B., Zhou, D., & Zhu, L. (2008). Transitional adsorption and par-
tition of nonpolar and polar aromatic contaminants by biochars of
pine needles with different pyrolytic temperatures. Environmental
Science & Technology, 42(14), 5137-5143. https://doi.org/10.1021/
es8002684

Cheng, C.-H., Lehmann, J., & Engelhard, M. H. (2008). Natural oxida-
tion of black carbon in soils: Changes in molecular form and surface
charge along a climosequence. Geochimica et Cosmochimica Acta,
72(6), 1598-1610. https://doi.org/10.1016/j.gca.2008.01.010

Gai, X., Wang, H., Liu, J., Zhai, L., Liu, S, Ren, T., & Liu, H. (2014).
Effects of feedstock and pyrolysis temperature on biochar adsorption
of ammonium and nitrate. PLOS ONE, 9(12), e113888. https://doi.
org/10.1371/journal.pone.0113888

Ghani, W. A. W. A. K., Mohd, A., da Silva, G., Bachmann, R. T.,
Taufig-Yap, Y. H., Rashid, U., & Al-Muhtaseb, A. H. (2013). Biochar
production from waste rubber-wood-sawdust and its potential use in
¢ sequestration: Chemical and physical characterization. Industrial
Crops and Products, 44, 18-24. https://doi.org/10.1016/j.indcrop.
2012.10.017

Glaser, B., Lehmann, J., & Zech, W. (2002). Ameliorating physical and
chemical properties of highly weathered soils in the tropics with
charcoal: A review. Biology and Fertility of Soils, 35(4), 219-230.
https://doi.org/10.1007/s00374-002-0466-4

Halim, A., Latif, M. T., & Ithnin, A. (2013). Ammonia removal from
aqueous solution using organic acid modified activated carbon. World
Applied Sciences Journal, 24, 1-6. https://doi.org/10.5829/idosi.wasj.
2013.24.01.7454

He, Y., Yang, S., Xu, J., Wang, Y., & Peng, S. (2014). Ammonia
volatilization losses from paddy fields under controlled irrigation with
different drainage treatments. The Scientific World Journal, 2014,
417605. https://doi.org/10.1155/2014/417605

Huff, M. D., & Lee, J. W. (2016). Biochar-surface oxygenation with
hydrogen peroxide. Journal of Environmental Management, 165,
17-21. https://doi.org/10.1016/j.jenvman.2015.08.046

Ippolito, J. A., Cui, L., Kammann, C., Wrage-Monnig, N., Estavillo, J.
M., Fuertes-Mendizabal, T., Cayuela, M. L., Sigua, G., Novak, J.,
Spokas, K., & Borchard, N. (2020). Feedstock choice, pyrolysis tem-
perature and type influence biochar characteristics: A comprehensive
meta-data analysis review. Biochar, 2(4), 421-438. https://doi.org/10.
1007/s42773-020-00067-x

Kizito, S., Wu, S., Kipkemoi Kirui, W., Lei, M., Lu, Q., Bah, H., & Dong,
R. (2015). Evaluation of slow pyrolyzed wood and rice husks biochar
for adsorption of ammonium nitrogen from piggery manure anaero-

Journal of Environmental Quality 1325

bic digestate slurry. Science of the Total Environment, 505, 102—112.
https://doi.org/10.1016/j.scitotenv.2014.09.096

Kuhlbusch, T. A. J., & Crutzen, P. J. (1995). Toward a global estimate
of black carbon in residues of vegetation fires representing a sink of
atmospheric CO, and a source of O,. Global Biogeochemical Cycles,
9(4), 491-501. https://doi.org/10.1029/95GB02742

Lehmann, J., Rillig, M. C., Thies, J., Masiello, C. A., Hockaday, W. C., &
Crowley, D. (2011). Biochar effects on soil biota: A review. Soil Biol-
ogy and Biochemistry, 43(9), 1812—1836. https://doi.org/10.1016/j.
s0ilbi0.2011.04.022

Mandal, S., Sarkar, B., Bolan, N., Ok, Y. S., & Naidu, R. (2017).
Enhancement of chromate reduction in soils by surface modified
biochar. Journal of Environmental Management, 186, 277-284.
https://doi.org/10.1016/j.jenvman.2016.05.034

Manzoni, S., & Porporato, A. (2009). Soil carbon and nitrogen min-
eralization: Theory and models across scales. Soil Biology and
Biochemistry, 41(7), 1355-1379. https://doi.org/10.1016/j.soilbio.
2009.02.031

Novak, J. M., Busscher, W. J., Watts, D. W., Laird, D. A., Ahmedna,
M. A., & Niandou, M. A. S. (2010). Short-term CO, mineralization
after additions of biochar and switchgrass to a Typic kandiudult. Geo-
derma, 154(3), 281-288. https://doi.org/10.1016/j.geoderma.2009.
10.014

Pan, B., Lam, S. K., Mosier, A., Luo, Y., & Chen, D. (2016). Ammonia
volatilization from synthetic fertilizers and its mitigation strategies: A
global synthesis. Agriculture, Ecosystems & Environment, 232, 283—
289. https://doi.org/10.1016/j.agee.2016.08.019

Pitman, R. M. (2006). Wood ash use in forestry: a review of the envi-
ronmental impacts. Forestry: An International Journal of Forest
Research, 79(5), 563—588. https://doi.org/10.1093/forestry/cpl041

Reay, D. S., Davidson, E. A., Smith, K. A., Smith, P., Melillo, J. M.,
Dentener, F., & Crutzen, P. J. (2012). Global agriculture and nitrous
oxide emissions. Nature Climate Change, 2(6), 410—416. https://doi.
org/10.1038/nclimate1458

Saleh, M. E., Mahmoud, A. H., & Rashad, M. M. (2012). Peanut
biochar as a stable adsorbent for removing NH,-N from wastewa-
ter: A preliminary study. Advances in Environmental Biology, 6(7),
2170-2176.

Sarkhot, D. V., Ghezzehei, T. A., & Berhe, A. A. (2013). Effectiveness of
biochar for sorption of ammonium and phosphate from dairy effluent.
Journal of Environmental Quality, 42(5), 1545-1554. https://doi.org/
10.2134/jeq2012.0482

Schmidt, H.-P., Kammann, C., Hagemann, N., Leifeld, J., Bucheli, T.
D., Sanchez Monedero, M. A., & Cayuela, M. L. (2021). Biochar
in agriculture: A systematic review of 26 global meta-analyses. GCB
Bioenergy, 13(11), 1708-1730. https://doi.org/10.1111/gcbb.12889

Seredych, M., & Bandosz, T. J. (2007). Mechanism of ammonia reten-
tion on graphite oxides: role of surface chemistry and structure. The
Journal of Physical Chemistry C, 111(43), 15596-15604. https://doi.
org/10.1021/jp0735785

Spokas, K. A., Novak, J. M., & Venterea, R. T. (2012). Biochar’s role as
an alternative N-fertilizer: Ammonia capture. Plant and Soil, 350(1),
35-42. https://doi.org/10.1007/s11104-011-0930-8

Sun, K., Kang, M., Ro, K. S., Libra, J. A., Zhao, Y., & Xing, B. (2016).
Variation in sorption of propiconazole with biochars: The effect
of temperature, mineral, molecular structure, and nano-porosity.
Chemosphere, 142, 56-63.

Wang, B., Lehmann, J., Hanley, K., Hestrin, R., & Enders, A. (2015).
Adsorption and desorption of ammonium by maple wood biochar as

85UB017 SUOLIWIOD A IERID) 3 [qedlidde 3 Aq peuA0b 8.8 SO VO ‘88N JO S3|NJ 10} AIqITBUIIUO 481/ UO (SUORIPUOD-PUE-SLLBH 0D A3 1M ARe1q | Bu1 UO//SANY) SUORIPUOD PUe SWIS L 83 385 *[2202/TT/EZ] U0 ARigITauluO AB]IM “ejueD UoIeesey HAWS UdIINe wniauwezsbunyasiod Aq 6T70Z Zbe (/00T 0T/10p/w0d" A 1m-Asiq1jeul|uo ssesde// sy o} popeojumoq ‘9 ‘220z ‘LESZLEST


https://doi.org/10.1029/2000gb001389
https://doi.org/10.1029/2000gb001389
https://doi.org/10.1021/acs.jafc.6b00109
https://doi.org/10.1007/s42729-021-00730-7
https://doi.org/10.1007/s42729-021-00730-7
https://doi.org/10.1021/es8002684
https://doi.org/10.1021/es8002684
https://doi.org/10.1016/j.gca.2008.01.010
https://doi.org/10.1371/journal.pone.0113888
https://doi.org/10.1371/journal.pone.0113888
https://doi.org/10.1016/j.indcrop.2012.10.017
https://doi.org/10.1016/j.indcrop.2012.10.017
https://doi.org/10.1007/s00374-002-0466-4
https://doi.org/10.5829/idosi.wasj.2013.24.01.7454
https://doi.org/10.5829/idosi.wasj.2013.24.01.7454
https://doi.org/10.1155/2014/417605
https://doi.org/10.1016/j.jenvman.2015.08.046
https://doi.org/10.1007/s42773-020-00067-x
https://doi.org/10.1007/s42773-020-00067-x
https://doi.org/10.1016/j.scitotenv.2014.09.096
https://doi.org/10.1029/95GB02742
https://doi.org/10.1016/j.soilbio.2011.04.022
https://doi.org/10.1016/j.soilbio.2011.04.022
https://doi.org/10.1016/j.jenvman.2016.05.034
https://doi.org/10.1016/j.soilbio.2009.02.031
https://doi.org/10.1016/j.soilbio.2009.02.031
https://doi.org/10.1016/j.geoderma.2009.10.014
https://doi.org/10.1016/j.geoderma.2009.10.014
https://doi.org/10.1016/j.agee.2016.08.019
https://doi.org/10.1093/forestry/cpl041
https://doi.org/10.1038/nclimate1458
https://doi.org/10.1038/nclimate1458
https://doi.org/10.2134/jeq2012.0482
https://doi.org/10.2134/jeq2012.0482
https://doi.org/10.1111/gcbb.12889
https://doi.org/10.1021/jp0735785
https://doi.org/10.1021/jp0735785
https://doi.org/10.1007/s11104-011-0930-8

CAO ET AL.

1326 Journal of Environmental Quality

a function of oxidation and pH. Chemosphere, 138, 120-126. https://
doi.org/10.1016/j.chemosphere.2015.05.062

Wang, B., Lehmann, J., Hanley, K., Hestrin, R., & Enders, A. (2016).
Ammonium retention by oxidized biochars produced at different
pyrolysis temperatures and residence times. RSC Advances, 6(48),
41907-41913. https://doi.org/10.1039/C6RA06419A

Wang, Q., Wang, B., Lee, X., Lehmann, J., & Gao, B. (2018). Sorption
and desorption of Pb(II) to biochar as affected by oxidation and pH.
Science of the Total Environment, 634, 188—194. https://doi.org/10.
1016/j.scitotenv.2018.03.189

Wei, L., Huang, Y., Huang, L., Li, Y., Huang, Q., Xu, G., Miiller, K.,
Wang, H., Ok, Y. S., & Liu, Z. (2020). The ratio of H/C is a use-
ful parameter to predict adsorption of the herbicide metolachlor to
biochars. Environmental Research, 184, 109324. https://doi.org/10.
1016/j.envres.2020.109324

Xiao, X., Chen, Z., & Chen, B. (2016). H/C atomic ratio as a smart
linkage between pyrolytic temperatures, aromatic clusters and sorp-
tion properties of biochars derived from diverse precursory materials.
Scientific Reports, 6, 22644. https://doi.org/10.1038/srep22644

Xu, S, Li, J., Yin, Z., Liu, S., Bian, S., & Zhang, Y. (2020). A highly
efficient strategy for enhancing the adsorptive and magnetic capabili-

ties of biochar using Fenton oxidation. Bioresource Technology, 315,
123797. https://doi.org/10.1016/j.biortech.2020.123797

Zhang, X., Davidson, E. A., Mauzerall, D. L., Searchinger, T. D.,
Dumas, P., & Shen, Y. (2015). Managing nitrogen for sustain-
able development. Nature, 528(7580), 51-59. https://doi.org/10.1038/
nature15743

Zuo, X., Liu, Z., & Chen, M. (2016). Effect of H,O, concentrations
on copper removal using the modified hydrothermal biochar. Biore-
source Technology, 207, 262-267. https://doi.org/10.1016/j.biortech.
2016.02.032

How to cite this article: Cao, X., Reichel, R., &
Briiggemann, N. (2022). Fenton oxidation of biochar
improves retention of cattle slurry nitrogen. Journal of
Environmental Quality, 51, 1319-1326.
https://doi.org/10.1002/jeq2.20419

85UB017 SUOLIWIOD A IERID) 3 [qedlidde 3 Aq peuA0b 8.8 SO VO ‘88N JO S3|NJ 10} AIqITBUIIUO 481/ UO (SUORIPUOD-PUE-SLLBH 0D A3 1M ARe1q | Bu1 UO//SANY) SUORIPUOD PUe SWIS L 83 385 *[2202/TT/EZ] U0 ARigITauluO AB]IM “ejueD UoIeesey HAWS UdIINe wniauwezsbunyasiod Aq 6T70Z Zbe (/00T 0T/10p/w0d" A 1m-Asiq1jeul|uo ssesde// sy o} popeojumoq ‘9 ‘220z ‘LESZLEST


https://doi.org/10.1016/j.chemosphere.2015.05.062
https://doi.org/10.1016/j.chemosphere.2015.05.062
https://doi.org/10.1039/C6RA06419A
https://doi.org/10.1016/j.scitotenv.2018.03.189
https://doi.org/10.1016/j.scitotenv.2018.03.189
https://doi.org/10.1016/j.envres.2020.109324
https://doi.org/10.1016/j.envres.2020.109324
https://doi.org/10.1038/srep22644
https://doi.org/10.1016/j.biortech.2020.123797
https://doi.org/10.1038/nature15743
https://doi.org/10.1038/nature15743
https://doi.org/10.1016/j.biortech.2016.02.032
https://doi.org/10.1016/j.biortech.2016.02.032
https://doi.org/10.1002/jeq2.20419

	Fenton oxidation of biochar improves retention of cattle slurry nitrogen
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Biochar production
	2.2 | Biochar oxidation
	2.3 | Characterization of CM
	2.4 | Determination of NH4+ retention and release
	2.5 | Measurement of NH3 emission
	2.6 | Calculations and statistical analysis

	3 | RESULTS
	3.1 | Physicochemical properties of CM
	3.2 | NH4+ retention and release
	3.3 | Reduction of NH3 emission

	4 | DISCUSSION
	4.1 | Effect of Fenton oxidation of biochar on NH4+ retention and release
	4.2 | Effect of Fenton oxidation on the reduction of NH3 emission

	5 | CONCLUSIONS
	ACKNOWLEDGMENTS
	AUTHOR CONTRIBUTIONS
	CONFLICT OF INTEREST
	ORCID
	REFERENCES


