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Abstract

Hydrochar (HC) produced by the hydrothermal carbonization (HTC) of typically wet biomass is generally consid-

ered to be less effective for carbon (C) sequestration in soils compared to biochar (BC) by pyrolysis, due to a higher
content of more easily decomposable C. Although the recalcitrance of HC is suggested to improve with increasing
HTC production temperature, the way it interacts and becomes associated with soil organic matter (SOM) fractions
of different stabilities against decomposition, may also influence its effectiveness for C sequestration in soils. In that
respect, this study aimed to verify the potential of HCs from maize silage produced at different HTC temperatures
(190, 210 and 230 °C) for C sequestration in a HC-amended sandy loam Podzol. To do this, we conducted a pot trial
experiment and traced the fate of HC-derived C (HC-C) within different SOM fractions, namely the free- and occluded
particulate organic matter (POM; and POM,, respectively) fractions and that comprising organic matter (OM) bound
to clays (OM¢). Approx. 1 year after applying 5% of the different HTC temperature HCs to the soil, the SOM fractions
were isolated by density fractionation for each HC treatment (HC190, HC210 and HC230) and the control (absent of
HC). All fractions and the HCs were analyzed for organic C (OC) content and isotopic signatures (& 130). From the & 1*C
signatures, the amount of HC-C and native soil organic carbon (SOC) within each fraction was calculated. Increased C
contents and decreased H/C and O/C ratios were observed with increasing HTC production temperatures, which sug-
gests a lower stability for the low temperature HC. After ca. 1 year, a loss of ~ 20-23% of the bulk soil TOC was found
in the HC-amended soils. The POMg fraction of the HC-amended soils showed losses of 68-819% HC-C and 52-72%
native SOC, which may be due to a positive priming effect caused by HC addition. The POMg and OM, fractions of
the HC-amended soils contained more OC than the control, indicating the integration of HC-C together with SOM
within these more stable fractions, while the effect of HTC production temperature on the level of decomposition of
the resultant HCs was negligible. In all HC treatments, the OM, fraction comprised the least amount of HC-C, thus
showing the weakest response to C amendment. In conclusion, long(er)-term research on the C net balance that
accounts for the observed priming-induced TOC losses and the HC-C enrichment in more stable fractions is required
to verify the potential of the different HCs for the purpose of C sequestration in soils.

*Correspondence: megan.dejager@uni-oldenburg.de

! nstitut Far Biologie Und Umweltwissenschaften, Carl Von Ossietzky
Universitat, Oldenburg, Germany
Full list of author information is available at the end of the article

. ©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
@ Sprlnger permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
— original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://orcid.org/0000-0002-0275-6245
http://orcid.org/0000-0002-8367-6684
http://orcid.org/0000-0002-8725-0103
http://orcid.org/0000-0003-0748-1962
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1007/s42773-022-00175-w&domain=pdf

de Jager et al. Biochar (2022) 4:52

Page 2 of 12

Highlights

the HCs.

1 year.

fractionation, & '*C analysis
Graphical Abstract

+ Increasing HTC temperature (190, 210 and 230 °C) resulted in physico-chemical and structural differences in

+ HC addition to a Podzol potentially resulted in a positive priming effect in the free OM fraction after 1 year.
+ The more stable SOM fractions of the HC-amended Podzol contained more OC than the (HC free) control after

Keywords: Hydrochar, Carbon sequestration, Carbon stabilization, Soil organic matter fractions, Soil density

Application to sandy loam Podzol (5% w/w)

g o

1 year Pot trial ¢ ¢
Densn:y frachonatlon
* Free particulate organic matter (POM;)
* Occluded particulate organic matter (POM,)
* Organic matter bound to clay (OM,;)
Analysis of:
* TOC
* 8 13C signature

Using 8 13C signatures, calculating share of:
* HC-carbon
* Native carbon

HC190

Approach: Results:
Malze d Gutoslave HC190, HC210, HC230:
Hydrothermal|Carbonization TOC: P OME:
1MN °C HC-carbon
L Loss: 68-81 %
Hydrochar (HC): HC190 HC210 HC230
l l l POM_& OM,:

Native carbon
Loss: 52-72 %
positive priming“

Increase in OC

HC-C (% of bulk soil TOC):

HC210

Y

HC230

1 Introduction

Land-use change and poor agricultural practices tend to
go hand-in-hand with the transformation of soil organic
carbon (SOC) to carbon dioxide (CO,), which thereby
increases greenhouse gas (GHG) emissions and reduces
soil quality and fertility (Del Galdo et al. 2003; Diochon
and Kellman 2009). The role soils play in the global C
cycle is well-documented (Batjes 1998; Buyanovsky and
Wagner 1998; Lal 2003; 2004; Liu et al. 2003). The con-
tent and quality of soil organic matter (SOM), which
consists of ca. 50% SOC, is strongly correlated with the
ability of a given soil to resist SOM decomposition and

mineralization (Trigalet et al. 2017). The fact that these
latter processes, which equate to reduced SOC stocks,
may be prompted and accelerated by stresses such as
land-use change, intensified agriculture and climate
change (Del Galdo et al. 2003; Lal 2004), highlights the
necessity to protect the SOC pool and improve its resil-
ience to such potential stresses. A popular mitigation
strategy aimed at (inter alia) improving the sequestra-
tion ability of soils by stabilizing SOM (Fang et al. 2019;
Greenberg et al. 2019) and improving soil quality and
fertility (Kizito et al. 2019; Kloss et al. 2014) is the appli-
cation of a C-rich charred material, known as biochar
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(BC). The production of BC by pyrolysis supports the
principles of a circular C economy, whereby~50% of
the original C content of the utilized waste (feedstock)
material is captured and stored in the final BC product
(Lehmann et al. 2006). Furthermore, the recalcitrant
nature of BC gives it an enhanced resistance to miner-
alization and decomposition by microorganisms, which
serves to increase SOC stocks and in turn, also improve
soil fertility (Steiner et al. 2009; Woolf et al. 2010). How-
ever, despite the amelioration effects of BC, its dry and
oxygen-limited production process possesses a number
of drawbacks (Lehmann et al. 2006; Libra et al. 2011;
Malghani et al. 2013).

As such, increasing researches are focused on an alter-
native biomass conversion technology known as hydro-
thermal carbonization (HTC) which produces a solid
hydrochar (HC), and wastewater. The benefits of HTC
include its ability to utilize wet feedstocks (Eibisch
et al. 2013) and minimize gaseous yields by operating at
lower temperatures compared to pyrolysis, while retain-
ing <80% of the feedstocks C content, in weight (Basso
et al. 2013). Similarly to BC, studies show HC to be an
effective soil amendment (Bento et al. 2019; Puccini
et al. 2018; Steiner et al. 2009; Woolf et al. 2010). How-
ever, a weaker consensus exists regarding its suitability
for C sequestration, with conflicting reports either pro-
moting or dismissing its potential there for (Bamminger
et al. 2014; Bargmann et al. 2014a; Busch and Glaser
2015; Eibisch et al. 2013; Libra et al. 2011; Malghani et al.
2014). In comparison to high temperature pyrolysis,
HTC produces HCs with higher hydrogen (H) and oxy-
gen (O) contents relative to C, making it more suscepti-
ble to microbial degradation and consequently, less stable
in soils compared to BC (Bai et al. 2013; Malghani et al.
2014). Additionally, the presence of a relatively large, eas-
ily degradable labile C fraction in HCs (of various feed-
stock origins) typically reduces their effectiveness for C
sequestration (Dicke et al. 2014; Libra et al. 2011). None-
theless, diversely focused researches are in general agree-
ment that the stability of HC in soils and therefore its
suitability and effectiveness for C sequestration is largely
dependent on the HTC process conditions and the feed-
stock material (Dieguez-Alonso et al. 2018; Schimmelp-
fennig et al. 2014). In this regard, production temperature
claims the greatest degree of control (Kambo and Dutta
2015). It has been suggested that higher HTC production
temperatures could improve the recalcitrance of the HC
by creating a more condensed C structure (Greenberg
et al. 2019; Fang et al. 2015).

The potential for HC to serve as a C sequestration tool
could be significantly increased if, after its addition to
soils, it interacted with- and became associated with the
primary SOM. Several components of SOM exist in soils,
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which exhibit different degrees of recalcitrance (Duddi-
gan et al. 2019). These include, in order of increasing pro-
tection against degradation (and therefore stability): (1)
free (non-occluded) particulate organic matter (POMp);
(2) occluded POM contained within aggregates (POM);
and (3) OM association with (bound to) clay particles
(OM)) in organo-mineral complexes (Duddigan et al.
2019; Trigalet et al. 2017). It is important to note that
when HC/ BC materials are added to soils, they initially
become part of the POM; fraction of the soil, and thereby
add stability to this otherwise unstable OM fraction.
(Haddix et al. 2016). Due to the recalcitrant nature of
BC, it persists as POM particles in soils for thousands of
years (Kuzyakov et al. 2009) and is therefore highly effec-
tive for C sequestration. However, as previously stated,
HC is suggested to be less effective for this purpose than
BC. Hence, it is worthwhile to consider whether there
are other possibilities to sequester C using HC. A cred-
ible approach could involve the interaction and associa-
tion of the decomposition products of HC with primary
SOM, preferentially with the relatively stable SOM frac-
tions, namely POM, and OM,. The integration of C
derived from HC (HC-C) into these fractions implies
an enhanced protection of the HC-C against microbial
decomposition and losses by erosion and leaching (Lanza
et al. 2018). However, up to now, limited knowledge is
available regarding the interaction of HC decomposi-
tion products with other SOM compounds, in particu-
lar, whether they become occluded within aggregates or
associate themselves with clay particles. If such interac-
tions do occur, it may be presumed that the way they take
place is dependent on the nature of the HC-C.

We hypothesize that HC produced at a low(er) HTC
temperature (also referred to as “low-temperature HC”)
will show a greater level of decomposition than high(er)-
temperature HC, resulting in a more substantial deple-
tion of the HC-C pool in the POM; fraction and vice
versa. The need to enhance SOC stocks and C sequestra-
tion is particularly prevalent in sandy soils, due to their
typically low SOC content and poor soil quality and fertil-
ity (Dicke et al. 2014). To gain insight into the respective
potentials of different HTC temperature-derived HCs to
enhance SOC stocks and C sequestration in low fertil-
ity soils, their C input and its subsequent incorporation
within the respective SOM fractions need to be exam-
ined. As such, this study aims to investigate the degree
of decomposition of the HC-C pool within the POM;
fraction of a Podzol and the potential of the HC decom-
position products released from that (POM;-associated)
HC-C pool to become associated with more recalci-
trant soil structures (the POM, and OM, fractions).
This then further implies that the HC-C (of maize plant
origin) would be considerably more protected against
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decomposition and mineralization. To achieve this,
density fractionation and delta (8) *C signatures were
employed to determine the amount of HC-C within each
SOM component and the potential losses and gains of
HC-C within the components.

Accordingly, the specific objectives of this study include
to (1) compare the amount of C within the major SOM
fractions (POMp, POMg and OM,)) that is derived from
the different HTC temperature HCs in order to deter-
mine the amount of HC-C that is lost from the POM;
fraction and potentially incorporated into the POM,
and OM(; fractions of the soil; (2) compare the § *C sig-
natures between the three major SOM fractions for the
control and each HTC temperature HC (produced at 190,
210 and 230 °C); and (3) evaluate which of the HCs pro-
duced at increasing HTC temperatures has a higher C
sequestration potential.

This study is justified by the potential economic and
environmental advantages offered by HTC over pyrolysis,
which necessitates the prioritization of determining the
influences of specific HTC conditions on the characteris-
tics of the final HC product, and in such, their suitability
and value as a C sequestration tool for soils.

2 Materials and methods

2.1 Hydrochar preparation and characterization

The HC was prepared from a<1 mm shredded maize
silage feedstock. In batches, the feedstock was homog-
enously mixed with distilled water at a 6:1 ratio (water:
biomass), after which it was transferred into an inner Tef-
lon liner and sealed in a stainless steel autoclave (Berg-
hof, Germany). The autoclave was then set to the desired
HTC production temperature (190, 210 or 230 °C) for a
reaction time of 8 h per batch. After the thermochemi-
cal conversion of each batch, the HC and liquid prod-
ucts were separated by vacuum filtration and the HC
was washed with distilled water and dried at 65 °C for
approximately 48 h to achieve a constant mass. Once the
required amount of HC was produced at each HTC tem-
perature (190, 210 and 230 °C), the respective HCs were
sieved <2 mm, producing a fine material. The elemental
composition, namely C, H, nitrogen (N) and sulphur (S)
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of the respective HCs were analyzed directly using a Euro
Elemental Analyzer (Eurovector; HEKAtech GmbH).
After determining the ash content of the respective HCs
according to DIN EN 14775:2010-04, the O content was
calculated as the difference between the total CHNS
composition and the ash content of the respective HCs,
according to the equation:

O[%] = 100% — C[%] — H[%] — N[%] — S[%] — Ash[%]

These results, which were used to calculate the atomic
C/N, O/C and H/C ratios, are presented in Table 1. As a
matter of interest, a scanning electron microscope (SEM)
was used to capture high resolution images at 700 um
and at 2 um of each HTC temperature HC prior to their
addition to the soil to examine their potential structural
differences (Fig. 1).

2.2 Soil properties and experimental set-up

The Podzol used in this study was collected from an ara-
ble field located in the Bruchhausen-Vilsen Municipality
within Lower Saxony, Germany (52° 48’ 35” N, 8° 59’ 41"
E) in December 2017. The study soils were cultivated with
maize in 2017 and 2014. The soil was randomly collected
from the upper 30 cm and air-dried in a greenhouse
under non-climate-controlled conditions before being
sieved <2 mm. Particle size distribution analysis clas-
sified the Podzol as a sandy loam, comprising 66% sand,
22% silt, and 13% clay (de Jager et al. 2020). Carbon and
N analysis using a Thermo Fisher Scientific Flash 2000
Elemental Analyzer indicated an average soil C and N
content of 18.1 g and 1.5 g per kg™ soil, respectively. The
HCs produced at 190, 210 and 230 °C were respectively
homogenously mixed with the Podzol at an application
rate of 5% (wt./wt.). It is presumed that the application of
HC to the soil initially constituted almost exclusively to
the POM fraction. The soil and HC mixtures are here-
inafter referred to as HC190, HC210 and HC230. Seven
replicates of each HC-soil mixture and 5 replicates for the
control of pure soil (no HC) were placed into respective
pots of ~1 L volume in August 2018. In order to deter-
mine that the HCs were not detrimental to plant growth

Table 1 The elemental composition (CHNS, O), ash content and calculated atomic ratios of the hydrochars produced at increasing

HTC temperatures

C H N S o Ash content Atomic ratio

wt. % C/N H/C o/C
190°C HC 579 7.1 1.2 n.d 311 27 56.3 15 04
210°C HC 60.7 73 1.7 nd 26.2 4.1 416 14 0.3
230°C HC 70.5 6.9 2.5 n.d 15.3 48 392 1.2 0.2

n.d: not detected
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a) 700 pm SEM of 190°C HC
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d) 2 um SEM of 190°C HC

b) 700 pm SEM of 210°C HC

e) 2 um SEM of 210°C HC

¢) 700 pm SEM of 230°C HC

f) 2 pm SEM of 230°C HC

Fig. 1 Scanning electron microscope (SEM) micrographs taken at 700 um (top row images: a—c) and 2 um (bottom row images: d—f) of the
hydrochars produced at increasing HTC temperatures

(a necessary prerequisite for any soil amendment), each
pot (HC-amended soils and controls) was then sown with
3 Chinese cabbage seeds and allowed to grow in a cli-
mate-controlled greenhouse at a temperature of ~22 °C
and using supplementary lighting. After a growth period
of ca. 3 weeks, the number of plants in each pot was
reduced to 1, and all the plants were maintained in the
pots for approx. 1 year, with manual irrigation based on
plant requirements. At the end of the experiment (Sep-
tember 2019), the soil in each pot was transferred into
respective sampling bags and the plants and roots were
gently removed from the soil as not to disturb aggrega-
tion. The soils were then transported to the laboratory
where they were air-dried. The samples from HC190,
HC210 and HC230 and the control were then homog-
enously mixed into respective composite samples prior
to being sieved <2 mm. Further analyses of the soils, as
described below, were performed in triplicate.

2.3 Soil density fractionation and & 3C analyses

The amount of HC-C fractionated between the three
major SOM components (POMg, POM, and OM;) was
quantified using a density fractionation technique and
the stable C isotope, delta (8) >C signatures. The method
is based on the difference between the § '3C signature
of HC-C (approx. — 13%o from C4 maize plant feed-
stock) (Malghani et al. 2014) and original SOM under
the growth of C3 plants (approx. — 28%o) (Del Galdo
et al. 2003; Malghani et al. 2014). The change in this § 1*C

signature of the native SOM was used to determine the
amount of HC-C that was lost from the POM; fraction
and became integrated into the POMg and OM, frac-
tions, using mass balance calculations of the § *C con-
tents in each fraction.

The density fractionation procedure used to separate
the SOM into the individual fractions (POMg, POMg
and OM,), followed the method described in Kalinina
et al. (2019), using 13 g of each replicate sample and
sodium (Na)-Polytungstate solution with a density of
1.8 g cm™>. Once the POM;, POM, and OM(, frac-
tions were obtained for each sample (of the control and
HC-amended soils after 1 year), they were weighed, and
their respective weight proportions of the bulk sam-
ple were determined (Table 2). Each fraction of each
sample was further analyzed for C and N as previously
described. Based on the C content (g kg™! soil, Table 2),
the relative weight proportion of each fraction, the
accumulated OC and the total OC (TOC) of each frac-
tion for the control and HC-amended soils were deter-
mined and are presented in Table 2. The data for the
sand and silt fractions were excluded due to their low C
contents (<0.52 g kg™!), however they were considered
in the determination of the fractionation results. The
C contents were also used to calculate the specific tar-
get weights required for each fraction (POMg, POMg
and OM(,) for each sample for the § '*C analyses. All
samples were prepared according to the guidelines
provided by the Centre for Stable Isotope Research
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Table 2 For the control and hydrochar (HC)-amended soils: The total organic carbon (“TOC") content of the bulk soil [including sand

and silt fractions (data not shown)] and each soil organic matter (SOM) fraction in g kg~

!, as well as the relative weight proportion

("Rel. weight prop”) in g kg™', and the resultant accumulated organic carbon (“Accum. OC") in g kg™' and as a percentage (%) of the

bulk soils TOC in each SOM fraction after 1 year

Bulksoil POMF POMO omcl

TOC* Rel. weight prop  Accum. OC Rel. weight prop  Accum. OC Rel. weight prop  Accum. OC

(gkg™  (gkg™ (gkg™) (%) (gkg™) (gkg™) (%) (gkg™ (gkg™) (%)
Control ~ 212+0.7  61.7+£5.1 81+09 384 483+52 94+07% 443 78424 06+01 29
HC190 36.7+£08 550+153 128+£23 351 8324108 204433 556 208+14 20+£06 54
HC210 385415 334430 8314 216 89.1£15.1 262+05° 681 235475 27£10 70
HC230 409+98 408+56 11.9+£21 306 117.04£24.0 2654116 630 16.2+34 1605 43

Values presented as mean + standard deviation (n = 3). Different letters indicate significant differences (p <0.05) in means between treatments

*Bulk soil TOC was determined as the sum of accumulated OC of all SOM fractions (including silt and sand)

and Analysis of the Georg-August-University of Got-
tingen, Germany. Using Acetanilide as the standard
(control) material, the § '3C analyses for the control,
HC-amended soils and the pure HCs, were conducted
by the Centre for Stable Isotope Research and Analy-
sis by means of a Flash 2000 Elemental CN Analyzer
(Thermo Fisher, Cambridge, United Kingdom) coupled
via a Continuous Flow (ConFlo) III Interface to a Delta
V Advantage Isotope Ratio Mass Spectrometer (IRMS)
(Thermo Electron, Bremen, Germany). The result-
ant § 3C signatures [in per mill (%o)] are presented in
Fig. 2. The HCs produced at 190, 210 and 230 °C had
avg. 8 *C values of — 13.640.1, — 13.5+£0.1 and —
13.7£0.0, respectively. The potential initial change in
the 8 '3C signatures of the bulk soil caused by the addi-
tion of each HC (at a 5% application rate) was calcu-
lated using the § '*C signatures and C contents of the
control and the different HCs. Since the HCs initially
constituted as POM when added to the soils (Had-
dix et al. 2016), it was expected that this change in §
3C would only have taken place in the POM fraction
of the HC-amended soils at the beginning of the study.
Thus, these calculated initial § *C signatures for the
HC190, HC210 and HC230 treatments are hereinafter
referred to as the initial free particulate organic matter
(iPOMy). The measured & '*C signatures were further
used to calculate the percentage of HC-C in all frac-
tions (iPOMg, POM;, POM and OM,) of each sample
using the adapted mass balance equation (Baronti et al.
2017; Del Galdo et al. 2003):

CHC—derivea[%] = ((813Csample - 813Ccontrol)

/(83 Crc — 8" Coontror)) x 100

where, Cyc_derived[%] is the amount of HC-derived C
in the sample; 83 Cyyyyp is the isotopic signature of the
sample; 813Cys01 is the isotopic signature of the pure
soil before HC addition; and 8'3Cpc is the approximate
isotopic signature of the added HC. These results (Online
Resource 1) were then used together with the mass of
each fraction to calculate the share of HC-C (%) of the
bulk soil TOC in each fraction for the control and HC-
amended soils. These HC-C values were then normalized
according to the respective accumulated OC contents
of the bulk soil TOC (Table 2), to represent the share of
HC-C and native SOC in each fraction for the control
and HC-amended soils. The native SOC content was

-35

-30

a ab ab b

a ab ab b ab a ab b

-25

-20

Avg. 8'3C signature (%o)

Control
Fig. 2 The average & '*C signatures (%o) of the major soil organic
matter (SOM) fractions for the control and hydrochar (HC)-amended
soils. The average calculated initial & 13¢C signatures (%o) of each
HC-amended soil is presented as iPOMg, which is the POM fraction
just after adding HC. Error bars represent standard deviation of the
means. Different letters indicate significant differences (p <0.05) in
means between treatments
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Fig. 3 The average percent (%) carbon (C) derived from the different
temperature hydrochars (HC-C) relative to the native soil organic
carbon (SOC) content within the major soil organic matter (SOM)
fractions at the beginning of the study (as iPOMy), and after approx.

1 year of soil incubation (as POMg, POMg and OM,). Error bars
represent standard deviation of the means. Different letters indicate
significant differences (p <0.05) in means between HC-C and native
SOC within fractions. An asterisk (*) indicates significant differences
(p<0.05) in means between HC treatments

determined as the difference between the accumulated
OC and HC-C. These values are presented in Fig. 3.

2.4 Statistical analyses

The small sample size (n=3) of this study meant that the
critical assumption of a normal distribution could not be
determined with certainty; therefore, the Kruskal-Wal-
lis H test, which is considered a non-parametric alterna-
tive to the one-way analysis of variance (ANOVA) was
applied to all residuals. The Dunn (1964) Pairwise Com-
parisons post-hoc test was used to determine signifi-
cant differences in the accumulated OC contents, the §
13C isotopic signatures, and the HC-derived C contents
between groups (p<0.05). This post-hoc test further
applies a Bonferroni correction for multiple compari-
sons. Where data distributions were similarly shaped, the
Kruskal-Wallis H test considered the median values for
statistical analyses, and mean ranks where the data dis-
tributions were dissimilar in shape (Statistics.laerd.com
2015). Statistical analyses were performed using SPSS
version 26.

3 Results and discussion

3.1 Physico-chemical properties of the hydrochars

The potential of thermally converted materials such as
BC and HC to sequester C is related to (inter alia) the
feedstock material (Eibisch et al. 2013) and the degree
of carbonization that occurs during the conversion pro-
cess, which in turn is largely dependent on the HTC
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temperature (Reza et al. 2015). These factors result in
HCs with variable physico-chemical properties, namely
the elemental composition and derived atomic ratios,
which hint toward the HCs recalcitrance and resist-
ance to degradation (Bargmann et al. 2014b; Bento et al.
2019; Santin et al. 2017). A relatively low degree of car-
bonization and an associated increased degradability of
HC are supposedly indicated by a high H/C (>0.6) and
O/C (>0.4) ratio (Dieguez-Alonso et al. 2018; Eibisch
et al. 2013; Gai et al. 2014). Similarly for BC, an H/C
ratio> 0.4 and <0.7 is considered stable and implies that
50% of the BC-C will potentially remain in the soil for at
least 100 years (Woolf et al. 2019). Additionally, the C/N
ratio is suggested to be indicative of the decomposition of
organic compounds (Rohrdanz et al. 2019).

The elemental composition of the HCs shown in
Table 1 indicates an increase in the C, N and ash con-
tents, and a decrease in the O content of the HCs with
increasing HTC production temperature, which indicates
an increased stability of the HCs with increasing HTC
production temperature. Except for the ash content,
similar results were found by Reza et al. (2015) using a
feedstock of wheat straw digestate produced at HTC tem-
peratures of 180, 200 and 220 °C at a residence time of
8 h. It has been stated that a higher degree of carboniza-
tion occurs with increasing HTC temperatures, typically
resulting in HC with an increased C content and reduced
O content, making it more recalcitrant and thus more
suitable for the purpose of C sequestration (Reza et al.
2015). The decrease in the elemental H and O contents
with increasing HTC temperature is reportedly due to
dehydration and decarboxylation processes (Funke et al.
2010; Mohammed et al. 2020), which is coincidental with
a higher degree of carbonization and the enhanced for-
mation of aromatic compounds during the HC produc-
tion process (Dieguez-Alonso et al. 2018). The formation
of such aromatic C structures is suggested to promote the
stability of SOM and thereby enhance its resistance to
degradation (Rohrdanz et al. 2016; Wu et al. 2015).

In this study, the atomic ratios (C/N, H/C and O/C)
decreased with increasing HTC production tempera-
ture (Table 1). A C/N ratio above 30, as found in this
study, suggests that net N immobilization may have
occurred after HC was applied to the soil (Dieguez-
Alonso et al. 2018), which may translate to a negligible
or low nutrient supply to plants and microbes. Based on
the H/C (<0.6) and O/C (< 0.4) ratios that are consid-
ered reliable indicators of improved stability (Dieguez-
Alonso et al. 2018; Eibisch et al. 2013), our results
offer conflicting indications (Table 1). The H/C ratios
for all the HTC temperature HCs were above 0.6, thus
implying a low stability. Contrastingly, the O/C ratios
were all <0.4, which is indicative of a relatively stable
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material that is theoretically suitable for C sequestra-
tion (Malghani et al. 2014). These concomitantly high
H/C ratios and relatively low O/C ratios of the HCs
are explained by Basso et al. (2013) as the result of the
decarboxylation process that takes place during the
HTC production process. The 230 °C HC exhibited the
lowest H/C and O/C ratios of all the HCs, which sug-
gests a relationship exists between enhanced stability
and higher production temperatures. Basso et al. (2013)
provide support for this finding by stating that with
increasing HTC temperatures, the processes of dehy-
dration and decarboxylation are enhanced, which low-
ers the O and H contents in relation to C, and therefore
also lowers the H/C and O/C ratios.

The influence of production temperature can also be
seen in the basic structure of the HCs, as captured by
SEM imaging (Fig. 1).

From the SEM images above (Fig. 1a, d), it is shown
that almost no structural disruption occurred in the
HC produced at 190 °C, which possesses a coarser
texture nearer to the structure of the original feed-
stock material with larger fibrous remnants (Falco
et al. 2011), compared to the HCs produced at 210 °C
(Fig. 1b, e) and 230 °C (Fig. 1c, f). According to Libra
et al. (2011), more severe HTC process conditions typi-
cally result in a higher degree of deformation of the
feedstock material. As such, lower HTC temperatures
produce HCs with structures similar to the original
biomass (Basso et al. 2013). Further support for this
is provided by the progressively smaller particle sizes
(i.e. finer texture) observed in the higher tempera-
ture HCs [210 °C (Fig. 1b) and 230 °C (Fig. 1c)], which
signifies a reduction in these materials’ mechanical
strength (Falco et al. 2011). As the HTC temperature
increases, the fibrous network of the feedstock mate-
rial is disrupted, and spherical particles begin to form
on the surface of the biomass, which increases the
surface roughness, as shown in the 210 °C HC (Fig. 1
e) and 230 °C HC (Fig. 1f), however the natural mac-
rostructure of the biomass is maintained (Falco et al.
2011). The thermal decomposition of the fibrous com-
ponents of the feedstock material is reported to occur
at different HTC temperatures (Funke et al. 2010; Libra
et al. 2011), which may explain the differential rates
of decomposition between the different temperature
HCs. At temperatures of ca. 180 °C, the hemicellulose
components undergo the initial reaction of hydroly-
sis (Funke et al. 2010), while lignin is typically readily
degraded at temperatures of ca. 200 °C. HTC tempera-
tures above 220 °C are required for the degradation of
the cellulosic components of the biomass (Libra et al.
2011), which is illustrated by the enhanced level of deg-
radation evidenced for the 230 °C HC in Fig. 1(c, f). The
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inherent structure and particle size distribution of the
HCs observed in this study may have implications for
the interactions and associations that occur with the
SOM fractions once the HC is added to soils.

3.2 Carbon contents of the soil organic matter (SOM)
fractions

The C sequestration potential of HC in soils is largely
dependent on the way it interacts and becomes asso-
ciated with the major SOM fractions. Therefore, it is
important to examine the changes that occur within the
SOM fractions after the incorporation of HC into the
soil.

The proportions (g per kg™* soil) of each SOM frac-
tion (POMg, POM, and OM,) of the bulk soil for the
control and HC-amended soils after approx. 1 year are
presented in Table 2. The POM; fraction of the con-
trol made up~62 g kg™! of the bulk sample, while the
POM,, fraction comprised ~48 g kg~ and the OM; frac-
tion~8 g kg~'. According to Kolbl and Kégel-Knabner
(2004), smaller POM,, fractions are typical of soils with
low clay contents due to decreased macro-aggregate for-
mation, while the POM; fraction is independent of the
clay content of the soil. While the HC-amended soils
had a smaller proportion of POM; than the control
after 1 year of soil incubation, they also comprised more
POM, and OMg,, thus revealing a loss of OC from the
POM; fraction and a gain of OC in the latter fractions.
Furthermore, for the HC-amended soils, the propor-
tion of the POM,, fraction (avg. 96.4+18.1 g kg™') was
larger than the POM fraction (avg. 43.1% +£11.0 g kg ™),
while the OMc, fraction was the smallest (avg.
20.2+3.7 g kg™!). The changes observed in the propor-
tion of the POM_, fraction in the HC-amended soils com-
pared to the control are substantiated by Malghani et al.
(2014), who observed an increased degree of aggregation
in HC-amended soils within 3 months after HC addi-
tion, proposedly caused by an enhanced fungal growth or
microbial biomass formation, which is often associated
with decomposition. George et al. (2012) also noted that
the incorporation of HC into aggregates was greater in
soils that were subjected to plant- and mycorrhizal fungi
growth (such as in this study), compared to incubated
soils without these influences.

Furthermore, Libra et al. (2011) reported that very
small BC particles were found in micro-aggregates of
the Terra Preta de Indio soils of the Amazon Basin.
Therefore, aggregation may have also been promoted
by the relatively small particle size (Wagai et al. 2009)
of the HCs in this study, which was comparable to that
of a powder after sieving. The results indicate that after
HC addition, the proportion of the less stable POM;
fraction and associated labile C decreased and the
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proportion of the relatively more stable POM,, fraction
and therewith assumedly more passive C increased,
which may be beneficial for the sequestration of C.
Compared to the control, the larger amount of accu-
mulated OC content in the POM and OM, fractions
of the HC-amended soils is due to an increase of their
weight proportions. Simultaneously to the positive
priming that occurred in the POM fraction of the HC-
amended soils, it is proposed that the likely inclusion
of the HC particles within newly formed aggregates,
which thus constitute the POM and OM(; fractions of
the HC-amended soils, resulted in the further contribu-
tion of C directly from the HC within these fractions.
Support hereof is provided by Kalinina et al. (2019),
who found that new C additions to the more stable
fractions of a Luvisol, namely OM bound to clays and
associated organo-mineral complexes, were achieved
within 1 to 5 years.

The TOC content of the bulk soil (sum of all frac-
tions) and the accumulated OC content of each frac-
tion for the control and HC-amended soils are also
presented in Table 2. The addition of 5% HC contain-
ing 579 (190 °C HC), 607 (210 °C HC) and 705 (230 °C
HC) g C kg™! soil (Table 1) to the Podzol with 18.1 g
C kg™! soil at the beginning of the study would have
likely increased the TOC content of the HC-amended
(bulk) soils to approx. 47.1 (HC190), 48.5 (HC210) and
53.4 (HC230) g C kg™ soil. Therefore, when comparing
these values to those presented in Table 2, it is evident
that during the 1 year study duration, the TOC con-
tent of the HC-amended soils decreased by ~20-23%.
These C losses in the HC-amended soils are likely due
to a positive priming effect, and the consequent min-
eralization of relatively easily decomposed labile C
compounds of the HCs and the native SOC stocks, due
to microbial stimulation (Gronwald et al. 2015; Lanza
et al. 2018; Woolf et al. 2019). Since the HC-C is gen-
erally more recalcitrant than native SOC, a preferential
mineralization of the latter typically occurs (Bargmann
et al. 2014b; Dieguez-Alonso et al. 2018; Dodor et al.
2018).

This rather undesired effect was also reported in a
meta-analysis by Wang et al. (2016), whereby the addi-
tion of BC to sandy soils with low fertility and clay con-
tents < 10%, induced a significant positive priming effect.
Bamminger et al. (2014) also found that after adding 40%
HC (produced from maize silage at 220 °C) to an arable
soil, only 15% of the observed C mineralization was that
of the HC-derived C. Thus, the remaining C-mineral-
ization was due to positive priming of the native SOC
caused by HC addition. It is proposed that the HC pro-
vided a source of C and other nutrients to microorgan-
isms, thereby reducing the limitations that previously
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prevented the mineralization of the native SOC (Bam-
minger et al. 2014).

3.3 The dynamics of hydrochar-derived carbon in the soil
organic matter (SOM) fractions
3.3.1 8 3Cisotopic signatures of the SOM fractions
The use of the natural abundance § '3C isotope allows for
the differentiation between C inputs into the soil, based
on the distinct § 3C values of different plant tissues
(Connin et al. 1996). In this study, the evolution of the &
13C isotopic signatures between the SOM previously cov-
ered with C; vegetation (approx. — 28%o) and the added
HC produced from a (C,) maize silage feedstock (approx.
— 13%o), were used to trace the fate of the HC-derived C
within the SOM fractions.

The § 3C values of the SOM fractions of the con-
trol (avg. — 28.5%o) agree with the typical & '*C value
of soils under C; vegetation (ca. — 28%o) (Del Galdo
et al. 2003). However, an increase in the § 13C values of
the SOM fractions in the control was observed in the
order of POM;<POMy<OM, (Fig. 2). The statisti-
cally significantly higher § *C value of the OM, frac-
tion compared to the POM; fraction (p=0.034) may be
due to a prior period of C, (i.e. maize) cultivation at the
study site in 2014 and 2017, as noted in Sect. 2.2. The §
13C traces of this earlier maize cultivation seem to have
already been restored to the § *C value of the original
SOM in the POM; and POM, fractions (— 29.0%o0 £ 0.4
and — 28.7%0£0.1, respectively). However, evidence
there of is still visible in the slowest reacting OM(, frac-
tion (Greenberg et al. 2019), which exhibits the highest
8 13C value (— 27.9%0=40.1) of the bulk control sample.
Shortly after adding the different HTC temperature HCs
to the soil, the iPOM; & 3C values increased compared
to the control, resulting in § '*C values of — 19.0%0 0.1,
— 18.7%0+0.0 and — 18.4%o0 % 0.0 for the HC190, HC210
and HC230 treatments, respectively. Hence, the iPOM;
fraction is the actual initial value for comparing the
development of the § '3C values of the POM; fraction
over time.

After approx. 1 year of incubation (exactly 394 days
from the beginning to the end of the pot trials), the §
13C values of the HC190 and HC210 POM; fractions
decreased to — 21.0%0£0.2 and — 20.2%0 4 0.4, respec-
tively, compared to the iPOM; (approx. — 19.0%o). This
indicates a loss of the maize-derived material from this
fraction and simultaneously, a development towards the &
13C signature of the original SOM (Fig. 2). The & '3C val-
ues of the POMg and OM(; fractions in all HC-amended
soils increased compared to the control, indicating the
incorporation of HC. However, the OM(, fraction had
the lowest § 'C values of all the fractions for all the
HC-amended soils (ranging between — 23.4%0+0.8 and



de Jager et al. Biochar (2022) 4:52

— 23.8%0+0.8), which indicates that this fraction had
the lowest input of HC-C compared to the POM; and
POM,, fractions. It is therefore evident that the interac-
tions and associations that occur between HC and clay-
bound OM in soils are relatively slowly acting, while in
the POM; and POM,, fractions, these processes likely
occur at a faster rate, resulting in more rapid transforma-
tions (Christensen 2001; Greenberg et al. 2019).

The lower 8 *C values in all SOM fractions of the
HC190 treatment compared to the other HC-amended
soils might indicate a greater degree of decomposition,
resulting in a more advanced development towards the
original SOM status and a lower stability of the 190 °C
HC, which confirms the results provided in Sect. 3.1.
The HC230 POM; fraction maintained a 8 '*C value
(= 17.9%0 = 0.0) similar to that of the iPOM; § '*C value
after HC addition (— 18.4%o0+0.0) (Fig. 2), and further-
more, exhibited a higher § *C value in the POM, frac-
tion compared to the other HC-amended soils. This
suggests that the HC produced at 230 °C may have a
greater recalcitrance and was not as easily decomposed
as the lower-temperature HCs, thereby allowing more
of the HC-derived C to remain in these fractions (POM;
and POM,,). Fang et al. (2015) reported a similarly strong
positive correlation between the recalcitrance of a HC
and increasing production temperatures.

3.3.2 Hydrochar-derived carbon content of the SOM
fractions

The determination of the amount of C in the different
SOM fractions that is derived directly from the added
HCs provides insight into the fate of the HC within the
soils, specifically regarding its decomposition and/or
interactions and associations of the resultant transforma-
tion products with the SOM fractions.

From Fig. 3, it is evident that at the beginning of
the study (iPOMg), the HCs constituted between ca.
65-70% of the TOC content of the bulk soil. After
approx. 1 year of soil incubation, 68—81% HC-derived
C and 51-72% native SOC were lost from the POM;
fraction in the HC-amended soils, due to positive prim-
ing which is in line with the low stability inferred by the
H/C ratios (Sect. 3.1). It is also clear from Fig. 3 that the
POM,, fractions of all the HC-amended soils contained
more HC-derived C than the POM fractions. Further-
more, the native SOC content in the POM, fractions
of all the HC-amended soils also increased considerably
compared to the POM; fractions, resulting in almost
equal proportions of HC-C and SOC-C in the POM,
fractions. This improved HC-C and native SOC content
suggests that the microbial decomposition of the labile
C fractions of the different temperature HCs and of the
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native SOC, as evidenced by the difference between
the iPOM and POM; fractions, was only temporary
and that the HC-derived C and native SOC became
associated and incorporated within aggregates during
the 1 year study. Similarly, Keith et al. (2011) reported
observations of stabilization of labile OM into organo-
mineral fractions via rapid interaction processes in a
BC-amended soil. Our findings are substantiated by
numerous studies (Keith et al. 2011; Wang et al. 2016;
Woolf et al. 2019), which stated that the initially rapid
mineralization of BC/HC-C was transient and was fol-
lowed by a significantly lower rate of mineralization
once the more labile C fraction had been decomposed
by microorganisms. A study by Lanza et al. (2018) pro-
posed that the labile C fraction of a HC produced from
maize silage at 210 °C for 8 h, showed a rapid rate of
decomposition within the first year after soil incorpora-
tion, followed by a significant reduction in mineraliza-
tion due to the recalcitrance of a more stable form of C.

The results in Fig. 3 also indicate that the OM(, frac-
tions of the HC-amended soils contained the least
HC-derived C compared to the other fractions. Fur-
thermore, this organo-mineral associated fraction also
comprised more native SOC than HC-derived C. This
finding highlights the slow reactivity of this fraction to
changes such as organic amendment additions, com-
pared to the POM,, fraction (Christensen 2001; Green-
berg et al. 2019).

4 Conclusion

The results from this study showed that the addition of
maize-derive HCs produced at different HTC tempera-
tures induced a positive priming effect which resulted
in substantial losses of both HC-C and native SOC from
the soil. The higher OC content of the POM and OM;
fractions of the HC-amended soils suggests that HC-C
was able to interact- and become associated with the
SOM in these more stable fractions. However, this kind
of C stabilization may not be enough to counteract or
balance the losses observed from the less stable POM;
fraction. While the effect of HTC temperature was evi-
dent in the physico-chemical- and structural properties
of the HCs, no significant differences were observed in
the overall losses and gains of C that occurred in the
different HC treatments. Despite the large contribu-
tion of C to the soil by HC addition, the induced prim-
ing effect may counteract the overall aim of long-term
C sequestration. Therefore, to verify the effective-
ness of the different HTC temperature HCs for long-
term C sequestration in soils, long(er)-term research
on the C net balance that accounts for the observed
priming-induced TOC losses and the observed HC-C
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enrichment in more stable fractions is required. For
this purpose, the applied C fractionation coupled with
stable C isotope measurements has proven a promising
tool in this study.
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