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summary

The growing demand for sustainable construction materials has prompted interest in reusing dredged
sediments as an alternative to traditional raw materials in dike construction. Before they can be reused,
sediments must undergo the lengthy ripening process, during which they are transformed into sta-
ble soil. Accelerating this transformation could significantly improve the feasibility of sediment reuse.
This study investigates whether biochar amendment can enhance the biophysicochemical ripening of
dredged sediments, focusing on the influence of biochar application rate and particle size.

Dredged material from the port of Hamburg, Germany, that was dewatered and processed at the
METHA plant, was mixed with biochar produced by Bio Energy Netherlands from the gasification of
wood waste at 800-1000°C for 90-120 minutes. The mixtures contained biochar with varying applica-
tion rates (2%, 4%, 6%) and particle sizes (<2 mm, 2-5 mm, >5 mm). Over the course of 15 weeks of
field ripening, the sediment-biochar mixtures were exposed to natural weather conditions and turned
weekly. Biochar amendment introduced additional porosity which increased water holding capacity by
33-72% compared to the control after 15 weeks of ripening, resulting in values of 24-72% DW. The
oven-dried COLE, ranged from of 2.2 to 5.4% which represents a decrease of up to 54% relative to
the unamended sediments. This improvement can be attributed to the non-plastic behavior of biochar
and explains the decreasing shrinkage observed with an increasing application rate. Increasing parti-
cle size was correlated to decreasing shrinkage (p <0.05) which could be due to the interrupting effect
of coarse biochar particles on tensile load propagation in the rods. A qualitative assessment of the
structure development of the experimental variants suggests an acceleration of structure formation
with higher biochar application rate and larger particle size when combined with weekly turning. This
resulted in a faster breakdown of the dense and platy METHA material into smaller and more aerated
aggregates. Overall, the physical ripening of the dredged material was improved with the addition of
biochar at increasing application rates and particle size, which promoted a faster stabilization of sedi-
ment aggregates and enhanced physical properties beneficial for construction applications.

The occurrence of sulfur oxidation, the main chemical ripening reaction, was evidenced by a loss in
the total sulfur content of samples and an increasing electrical conductivity during dry periods. The pH
was expected to decrease as a result of the release of protons from this reaction, however this was not
observed. Instead, increasing biochar application rates was correlated to a higher pH (p <0.05) and
was evidence of the material’s buffering capacity which can be attributed to its high functional group
and mineral content. The total sulfur content reduced on average by 5% and 22% in the amended
samples and the control, and this smaller decrease compared to the control could be explained either
by a slower chemical ripening in amended sediments or by measurement limitations. Furthermore, the
evolution of electrical conductivity over the 15 weeks of field ripening evidenced the accumulation of
chemical reaction products in dry periods.

The influence of biochar on sediment physical and chemical properties, including the increased pore
structure, water holding capacity, aeration and buffering capacity, all contributed to creating conditions
favorable to microbial activity. A priming effect of biochar application could be observed in the first six
weeks of ripening, with high respiration rates, high decomposition rates, and decreasing stabilization of
organic matter. In this period, total organic carbon content decreased on average by 30% in amended
samples, compared to only 6% in the control. At the same time, nitrogen content decreased on average
by 13% in the samples with biochar, further confirming the high microbial activity. This was followed by
a period of decreasing microbial activity until the end of the experiment, which was marked by 14-32%
lower respiratory carbon release of the amended samples compared to the control, decreasing decom-
position rates and increasing stabilization of organic matter. Thus, biochar application accelerated the
decomposition of labile carbon and enhanced the biological stabilization of organic matter in sediments.

These findings suggest that biochar amendment can significantly improve sediment ripening processes
and can result in a material with properties desirable for dike construction.
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Introduction

1.1. Problem Definition

In the Netherlands, nearly one third of the land is below sea level and floods constitute a major threat to
this low-lying system [127]. This vulnerable land has been historically protected with the construction
of dikes, which form a physical barrier between water surges and land. Dikes are traditionally made
with a sand core covered with an impermeable clay layer [36], however the extraction of these raw
materials comes with an environmental cost as they are associated with habitat and biodiversity loss,
and emissions from machinery use and transportation [117].

The Koninklijk Nederlands Meteorologisch Instituut (KNMI) is signaling the risk of higher flood peaks
and longer dry periods in Dutch rivers, including the Rhine River, a vital trading route for the Dutch
economy [42]. As the frequency and intensity of extreme weather events are predicted to increase in
the future due to climate change, the construction of more flood defense infrastructures such as dikes
and embankments may be necessary. However, meeting the growing demand for primary earthen
construction materials requires innovative and sustainable solutions, as the Netherlands has pledged
to reduce greenhouse gas (GHG) emissions in the construction sector—which currently accounts for
35% of national emissions—in pursuit of full material circularity by 2050 [41].

In response to the growing demand for more circular construction materials, specifically for dike con-
struction, the use of alternative materials such as ripened sediments is starting to gain popularity. Sed-
iment ripening is the combination of the physical, chemical and biological transformations of sediments
into aerated, aggregated and stable soil that is functionally equivalent to soil [99, 128, 35]. Transform-
ing dredged sediments could be an adequate solution given the growing volume dredged each year.
In 2020, nearly 120 million tonnes of dredged material were recorded for waterway maintenance pur-
poses by the OSPAR Convention, which regulates marine activities in the North-East Atlantic [21]. This
material is for the most part clean enough for relocation at sea or reuse, while a small portion must be
treated or placed in confined disposal due to high concentrations of pollutants such as heavy metals
[29, 120]. Furthermore, the volume of dredged material is likely to grow as ports lower their channel en-
trance depth to accommodate large ships with drafts now reaching up to 16-16.5 m capable of carrying
24,000 containers [111].

Research into the potential applications of dredged sediments has explored several areas relevant
to this study. Examples of beneficial reuse applications of dredged sediments vary in technique (on
land, in water) and in function (raw material, remediation, reclamation, restoration, resiliency) [15].
Several dikes have been built using sediments, including the Maade River dike in Friesland, Germany,
constructed with marsh sediments in 2001 which demonstrated the physical and geochemical suitability
of this material [88]. The Norddeich CT 4 is a dike spanning over 900 m constructed in Bremerhaven,
Germany, which further confirmed that the properties of processed dredged material could match or
even exceed that of marsh sediments traditionally used for such applications [110]. The construction of
the Brede Groene Dijk (Broad Green Dike) near Delftzijl, in the Netherlands, is another prime example
of the beneficial use of the large amount of locally dredged sediments for the reinforcement of dikes.
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Dredged sediments from the Ems-Dollar estuary were ripened locally to form clay that could be used
to reinforce the 750 meter long dike [126]. The ripening parameters were further investigated as part of
the Clay Ripening Pilot, which highlighted the importance of thin ripening layers and frequent plowing
to accelerate the ripening process [27].

Ripening of dredged sediment is considered complete when chemical, physical, and biological transfor-
mations have stabilized the material, including the complete degradation of labile organic matter, the
oxidation of reduced compounds, and the formation of structured soil aggregates [130]. However, this
natural process can take many years, which results in high operation costs and makes it difficult for this
resource to compete with primary material [9]. Thus, bridging the gap between this growing sediment
supply and the pressing demand for circular construction materials has the potential to significantly
increase the circularity of the Dutch construction industry, and enhancing the ripening process to make
it faster may be the key to making this material the new standard in dike construction.

One particular way in which sediment ripening could be enhanced is with the addition of biochar. The
European Biochar Certification (EBC) defines biochar as the thermochemical conversion of biomass
between 350°C and 1000°C [28]. At these high temperatures and in the absence of oxygen, organic
substances break down and form syngas, which is mainly composed of carbon monoxide and hydrogen;
biochar, a highly stable carbonaceous material; and depending on the process, oil. The use of biochar
in agricultural soils is well established due to the many benefits of this material. With its high specific
surface area (SSA), exceeding 150 m?/g in many cases [112, 123], biochar can efficiently adsorb
pollutants [51, 139, 102]. A more recalcitrant biochar is able to resist abiotic and biotic degradation and
is ideal for carbon fixation [19, 144, 31]. Finally, soil amendment applications benefit from biochar rich
in nutrients and minerals and a high water holding capacity [143, 104].

Biochar may have the capacity to enhance the ripening process by creating physical, chemical and
biological conditions enabling a faster stabilization of the dredged material. Some examples of stud-
ies conducted on sediments and biochar include the work of Fang, Zhao, Rong, Chen, Xu, Qiu, and
Cao [30], who successfully converted coastal silt into soil with biochar from varying feedstocks (peanut
shells, cow dung, sewage sludge) and production temperatures (300°C, 500°C, 700°C) and cement
application, which resulted in a material with enhanced compressive strength and increased C'O, ab-
sorption. Furthermore, Ojeda, Patricio, Mattana, and Sobral [90] amended estuarine sediments with
biochar from the gasification of pine biomass at 600-900°C at different application rates and demon-
strated an increase in water content, a decrease of CO, emissions only noticeable at the highest ap-
plication rate of 14%, a higher pH and lower electrical conductivity with the application of biochar. This
study highlighted the role of aromatic carbons and increased water holding capacity in reducing CO-
emissions. This lack of scientific studies assessing the impact of biochar application rate and particle
size on the main physical, chemical and biological sediment ripening processes highlights an important
research gap.

Gathering a better understanding of sediment ripening with such an approach is the motivation for the
Sediment-to-Soil (S2S) project, which aims to extensively analyze different ripening strategies and iden-
tify the parameters that will consistently and efficiently deliver stable soil [35]. The effect of a range of
ripening strategies, including the turning frequency, moisture content, vegetation cover and layer thick-
ness, will be investigated throughout the ripening process as part of the S2S research project. In asso-
ciation with the S2S experiments, the proposed thesis will focus on the impact of biochar amendment
on sediment ripening and answer the following research question: "How does biochar application
rate and particle size affect biophysicochemical sediment ripening processes?”

Thus, the investigation of the impact of biochar application on sediment ripening could contribute to
answering the broader problem of increasing material circularity in a changing climate. The Intergov-
ernmental Panel on Climate Change (IPCC) sounded the alarm in its most recent report, projecting
a global mean sea level rise relative to 1995-2014 of 0.28 to 0.55 meters under the most optimistic
emission scenario, and up to 0.63 to 1.01 meters under the most pessimistic emissions scenario by
2100 [46]. As global warming accelerates, the threat of rising relative sea levels can be felt in coastal
cities across the world, as is the urgency to erect resilient flood defense infrastructure. At the same
time, the high environmental impact of primary construction material extraction further motivates the
development of more sustainable alternatives such as ripened dredged sediments with biochar.
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1.2. Research Questions

This research was conducted by combining an outdoor ripening experiment and laboratory tests. In
the outdoor experiment setup, buckets were filled with sediments and biochar in varying amounts and
particle sizes and the same weekly turning frequency was applied to all samples. With the laboratory
testing, biological and chemical and physical parameters were measured under controlled conditions
to evaluate the impact of the ripening strategies. A series of sub-questions will contribute to answering
the research question.

a. How does biochar amendment change the shrinkage potential and the water holding capacity
of ripening sediment? The porous structure of biochar in combination with its large specific surface
area and microporosity [34] can decrease sediment bulk density which in turn can improve the sediment
mechanical properties[147] and increase soil water holding capacity [141]. It was therefore hypothe-
sized that biochar amendment could increase the water holding capacity and reduce swell-shrinkage
behavior.

b. Does biochar amendment accelerate the stabilization of organic matter? Biochar is rich in
minerals, with a high C content, large SSA, high pH, which makes it ideal for increasing soil organic
matter[19]. Previous research has shown that biochar amendment resulted in a rapid increase in C
mineralization, which was explained by the protecting effect of biochar against the decomposition of
OM by microbes [52]. Thus, the organic matter in the sediments may stabilize faster with the addition
of biochar.

c. How does the microbial decomposer community respond to biochar amendment? The addi-
tion of biochar may create a favorable environment for microbial activity by increasing soil pH and water
retention, by providing habitats for microbes with the macropores on the biochar particle surfaces and
by introducing large amounts of C and nutrients[131, 108, 95]. A short term response may be observed
with an increase of the decomposition rate and a decrease of the stabilization factor, which corresponds
to the proportion of non-decomposed hydrolysable labile fraction [24].

d. How does biochar amendment change principal chemical sediment properties? The pH is
expected to increase due to the alkalinity of biochar: the oxides (calcium, magnesium, potassium)
it contains dissolve in water and neutralize soil activity [119]. The electrical conductivity should also
increase with the addition of biochar as previous research relates EC to soluble ash content [119, 114].
The total organic carbon (TOC) should increase due to biochar’s high C content, its complex aromatized
structure and inherent chemical inertness [119]. The addition of biochar may modify sediment chemical
properties during the ripening process by increasing EC, TOC and pH.

e. What is the effect of the biochar-to-sediment ratio and of the biochar particle size on the
processes above? Small biochar particles have a higher specific surface area, a highly porous struc-
ture and microporosity, lower C content (more completely pyrolyzed) and more functional groups than
large particles [34, 23]. It is therefore expected that a more noticeable increase in OM stabilization
will be observed with smaller biochar particles [19]. The higher porosity and specific surface area of
fine biochar particles may provide habitats for microbial communities, thus favoring the decomposition
process [48]. Smaller biochar particles may result in greater water holding capacity increases because
of their effect on soil texture and have been observed to have more functional groups than larger par-
ticles, but smaller SSA and C content [34, 23]. It is possible that the smallest size fraction will show
no significant improvement compared to the intermediate fraction as it was the case in a study of the
effect of biochar particle size on WHC [2]. The application of larger amounts of biochar relative to the
sediment content of each bucket may result in improved OM stabilization, microbial activity, WHC and
reduced shrinkage [34].
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2.1. Biochar amendment background

The European Biochar Certificate (EBC) defines biochar as the carbonaceous and porous product
of the thermochemical conversion of biomass at temperatures between 350°C and 1000°C in a low-
oxygen environment [28]. The EBC emphasizes on the sustainable application of this material which
must either act as a long-term carbon sink or replace fossil fuels. The term "biochar” was only coined
in 1998 to designate the solid byproduct of the pyrolysis of biomass [118], however it can be argued
that the anthropogenic use of this carbonaceous material, albeit produced with evolving methods, has
been present since the start of civilization [118]. Biochar application to soils can be traced as far back
as 2,500 years ago in the Amazon Basin where areas of arable land patches, Terra Preta and Terra
Mulata, stand out from the otherwise infertile soil [45]. Other examples of intentional biochar application
can be found around the world, such as in Japan in the 17th century, China and Korea [87]. The use
of biochar has evolved over time, shifting from primarily agricultural applications, to energy production
and since the 1980s, carbon sequestration [39, 59].

The beneficial use of biochar gained scientific traction due to its carbon sequestration potential. When
biochar is applied to soils, organic matter which would have otherwise decomposed and emitted CO,
is perennially stored in soils, and the gas formed during its production can be used as a fossil fuel
alternative [65]. These elements constitute a strong case for the mitigating effect of biochar application
and production can have in climate change.

Research in the field of biochar amendment for sediment ripening is sparse, however, a review of the
scientific literature pertaining to sediment ripening and biochar-amended soil provides a solid knowl-
edge base for this topic.

2.2. Sediment ripening

Soil ripening is a well defined process by which sediments are transformed into soil suitable for agricul-
tural or earthen construction use [35, 99]. This irreversible process is preceded by sedimentation and
consolidation, which occur in a short time frame when the sediments are extracted from the original
environment, fluvial or marine [130]. After this stage, the ripening begins and can take several years
to complete. It can be characterized into three interconnected sub-processes: physical, chemical and
biological ripening.

The ripening process begins with the physical transformation of the sediments. During the physical
ripening of the sediments, the material loses a major part of its water mass as it is exposed to atmo-
spheric weather conditions. This results in the formation of a more compact, aerated and permeable
material [105]. Thus, as initially high moisture content of sediments reduces, they shrink and form
aggregates with a friable consistency [130].

The formation of aggregates, macropores and cracks allows air to seep into the material and kick-starts
the chemical ripening process [130]. This next stage changes pore water composition as oxidation

4
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reactions and cation exchange occur, thus altering mineral formation and nutrient availability. Chemical
ripening is defined as the changes in the chemical composition of sediments as a result of oxidation
reactions and the leaching of soluble substances [128]. The fluvial sediments undergo a change in
their ionic composition and concentration, the less stable minerals are weathered while new minerals
and precipitates form [128]. As a result of the oxidation process, pH decreases due to the formation
of sulfuric acid and the production of acid from the biological oxidation of soil organic matter (SOM)
[115]. These chemical changes, most notably soil pH, have an effect on biological ripening and can
alter microbial activity and growth rate [92].

Finally, in the biological ripening process, microbes decompose organic matter (OM) and plants en-
hance structure formation. Aerobic mineralization of OM is the main biochemical ripening process
[130]. The aerobic microorganisms can degrade OM from 100 to 1000 times faster than their anaer-
obic counterpart found in unripe sediments [106]. Furthermore, their population increases throughout
the ripening period, from 1 x 10° per gram soil at the start of the process to 6.5 x 107 per gram soil after
4 years [128].

2.2.1. Effect of sediment ripening on physical parameters

Water retention capacity changes over the course of the ripening process because of the nature of water-
soil bonds. In coarse grains, water is bound by capillary forces, whereas is fine grains the adhesive and
osmotic forces dominate [92]. Consequently, the fine fraction can release more water than the coarse
fraction. Organic compounds in soils usually retain more water and as biological ripening reduces the
amount of OM, the water holding capacity decreases [92]. Inversely, a high water retention capacity
would hinder the ripening process by reducing the number of air-filled pores, which in turn decreases
oxygen diffusion and OM oxidation [92].

During physical ripening, the clay platelets reorient face-to-face, and in this process the contacts be-
tween the platelets are destroyed, resulting in irreversible shrinkage [129]. However, clay content is not
the only factor at play in shrink-swell behaviour. A study focusing on the effect of ripening of METHA
sediments on shrinkage showed that total inorganic carbon (TOC) was also an important factor, as
a higher TOC contents enable more water absorption and increased swelling [89]. As ripening pro-
gressed, shrinkage of METHA sediments measured with the coefficient of linear extensibility (COLE.,..4)
can drop by 20-80% relative to unripe materials [89].

2.2.2. Effect of sediment ripening on chemical parameters

The principal chemical ripening reaction is oxidation of sulfur into sulfate, which releases protons and
decreases sediment pH [130, 98, 93]. The pH of ripening sediments decreases due to the oxidation
process: organic matter decomposes and produces carbon dioxide and organic acids [98]. This means
that chemical ripening requires aerobic conditions and OM [63].

Few studies quantify the evolution of sediment electrical conductivity (EC) during the ripening process
despite it's highly informative value on the dissolvable ion load of a material. A linear correlation be-
tween sediment conductivity and buffering capacity was observed in a study monitoring the heavy metal
release of ripening contaminated sediments, such that EC can be used as an indication of the chemical
reactivity of the sediments Cappuyns, Swennen, and Devivier [14]. Additionally, an increase of EC val-
ues of ripening sediments from 5.48 mS/cm to 6.04 mS/cm over 14 weeks was observed, which could
be explained by the oxidation of sulfides which releases soluble ions such as SO; ™. A later study con-
firmed the proportional relation of EC and SOi* concentrations [13] and observed an overall increase
of this value over the course of 150 days of ripening, from around 500 ;S/cm up to 2000 pS/cm.

2.2.3. Effect of sediment ripening on biological parameters

Moisture plays an important role in aerobic microbial activity. Microbial activity is inhibited when matric
pressures are below -16,000 hPa [106] but this is unlikely to happen in the Netherlands due to the
temperate weather conditions [10]. The decomposition rate of SOM depends mainly on the amount
of carbon, nitrogen and phosphorus (C, N, P) it contains: C gives the microorganisms the necessary
energy to function whilst N and P provide them with nutrients [128]. The carbon rich substrates, car-
bohydrates, are the first to degrade according the chemical Equation 2.1 [130], thus releasing CO,
into the atmosphere. After this initial breakdown, the remaining SOM is more recalcitrant and takes
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longer to degrade [49]. The respiratory quotient relates the amount of CO, released to the amount
of O, consumed and gives information on the evolution of the microbial population [130]. A growing
microbial population that is assimilating C would have a respiratory quotient greater than 1, whereas a
decaying population that is releasing C would have a quotient less than 1.

C(H20)n 4+ nOy — nCO4 + nHy0 + energy (2.1)

The total organic carbon (TOC) content sediments is a key parameter of the chemical and biological
ripening processes. Microbial organisms feed off of TOC which enables OM mineralization and oxida-
tion and contributes to structure formation [146]. Organic carbon can be found in soils both in dissolved
and in particulate forms. Vermeulen, Van Gool, Dorleijn, Joziasse, Bruning, Rulkens, and Grotenhuis
[130] analyzed the biochemical ripening of sediments and could not identify a clear change in dissolved
organic carbon content over a 160 day period. Two hypotheses were developed to explain this phe-
nomenon: either the organic matter in the sediments is highly recalcitrant or the its mineralization rate
is the same as the rate at which new dissolved organic carbon is formed.

2.3. Biochar amendment

2.3.1. Biochar characterization

Biochar is the carbonaceous product of the thermochemical conversion of biomass under anoxic con-
ditions [136, 30]. Biochar can be used for a range of projects depending on its properties. With its high
specific surface area (SSA), it can efficiently adsorb pollutants [51, 102, 31]. A more recalcitrant biochar
is able to resist abiotic and biotic degradation and is ideal for carbon fixation [19]. Finally, soil amend-
ment applications benefit from biochars rich in nutrients and minerals and a high water holding capacity
(WHC) [143]. These properties are primarily determined by the feedstock type and the pyrolysis tem-
perature. Wood-based feedstocks produce biochar with a high carbon (C) content, high SSA and low
plant-available nutrients; grass-based biochars have a high cation exchange capacity (CEC) and are
rich in potassium and calcium; Crop waste biochars lie in between the wood and grass feedstocks [47].
Pyrolysis temperature is a key parameter influencing biochar properties: higher temperatures result in
more stable material with increased SSA and porosity, higher C content, pH and ash content [47].

Biochar may have the capacity to drastically enhance the sediment ripening process by creating bio-
logical and chemical soil properties desirable for construction applications. This potential was demon-
strated in numerous studies, some focusing on the biochar amendment to marine sediments [30, 38],
and others on biochar addition to soils [131, 34].

2.3.2. Effect of biochar on soil physical properties

The relationship between biochar application and moisture content varies depending on its production
method. Biochar produced at low temperatures (<450°C) tends to be hydrophobic and to reduce soil
moisture content [137]. Biochar produced at a high temperature has the opposite effect and can sig-
nificantly increase moisture content. This is due to the removal of organic compounds from biochar
surfaces at high pyrolysis temperatures, which reduces hydrophobicity [43].

Omondi, Xia, Nahayo, Liu, Korai, and Pan [94] demonstrated that biochar amendment to soil could
increase soil porosity by 8.4% and water holding capacity by 15.1%. Biochar has a high internal porosity
which holds water and increases water holding capacity. However it can have the adverse effect of
decreasing air permeability [60].

Studies show a positive effect of biochar application on reducing soil shrinkage. In a study of the effect
of rice husk biochar and coal fly ash on the physical properties of a clay rich soil, Lu, Sun, and Zong
[74] measured a decrease of the COLE from 0.63 (control) to 0.56 for a 6% biochar application rate. In
a similar study, Zong, Chen, and Lu [147] found a reduction of the COLE from a 6% application rate of
woodchip biochar on a clayey soil from 6.3% (control) to 3.4%. This drop in COLE could be explained
by the modification of shrink-swell behaviour of clay minerals in contact with carbon particles, which
form complexes and alter micro-structure and reduce shrinkage [147]. Another explanation for this
COLE decrease could be that biochar particles cover clay mineral phase surfaces which would inhibit
their shrink-swell behaviour [147].
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2.3.3. Effect of biochar on soil chemical properties

A correlation between biochar application rate and increased soil pH has been demonstrated by Vijay,
Shreedhar, Adlak, Payyanad, Sreedharan, Gopi, and Aravind [131] in a review of the effect of biochar
amendment on agricultural soils. It was also observed that the effect on biochar on soil pH decreases
over time, as no significant difference could be observed after 12 months. Biochar contains base ions
in the form of oxides and soluble carbonates (calcium, potassium, sodium) which dissolve in water and
neutralize soil acidity [121].

The effect of biochar amendment on soil electrical conductivity is convoluted, as some sources show
a clear increase of EC with application rate [131], whereas others show the opposite trend [3] or no
correlation [1]. This can be explained by the increased soil porosity due to biochar application, which
leads to the leaching of nutrient ions and a reduction of soil EC [131].

Biochar application appears to increase soil organic carbon (SOC) [131]. This can be explained by its
high carbon content, chemical inertness and complex aromatized structure which changes the compo-
sition of soil organic matter to increase SOC [131]. Furthermore, biochar with a high C/N ratio leads to
microbial nitrogen immobilization and carbon substrate input in soil, which in turn decreases microbial
activities and increases SOC [57].

2.3.4. Effect of biochar on soil biological properties

Several scientific studies point towards the positive effect of biochar amendment on microbial commu-
nities in soils. Liu, Zheng, Zhang, Cheng, Zhou, Zhang, Li, Chen, Joseph, and Pan [73] demonstrated
that biochar could increase microbial habitats and access to microbial food. In acid soils, it can serve
as an alkaline buffer and enhance microbial activity. This study also outlines the impact of C/N ratios
on microbial activity: in high biochar application rates, microbial activity is reduced as the high C/N ratio
immobilizes soil microbial nitrogen which hinders microbial activity. A review of the effects of biochar
on soil biota concludes that biochar amendment may improve resource use in soils [66]. Furthermore,
it identified biochar’s sorption of growth-inhibiting substances as a potential cause for the increased
abundance of soil microorganisms.

The application of biochar as a soil amendment strategy is of major scientific interest because of its
carbon sequestration potential. Firstly, if the biochar comes from the pyrolysis of a waste material
and beneficially used, it can be accounted as sequestered carbon which would have otherwise been
emitted into the atmosphere (see Section 2.3.1). Additionally, biochar’s direct impact on reducing soil
C O, emissions may also contribute to the material’s overall carbon sequestration. Fang, Zhao, Rong,
Chen, Xu, Qiu, and Cao [30] estimated that 36-94 kg CO- could be sequestered per tonne of coastal
silt converted to sub-grade soil.

Smith, Collins, and Bailey [116] analyzed the effect of young biochar on soil respiration and measured
an initial increase of soil CO, production which decreased after 6 days. These findings suggest that
biochar is not totally inert, and a small labile C pool contributes to the soil CO, flux on the short term.
This labile C may originate from a portion of the condensates from the bio-oil formation during the
pyrolysis process being absorbed by the biochar [122]. However, on a longer time-scale respiration
rates decrease which validates the hypothesis that biochar can reduce GHG emissions. The findings
of a field study of the application of biochar on agricultural land confirmed the presence of this initial
CO, flush and observed a decrease in CO- emissions with an increase in biochar application rate [91].
However, these trends are not unanimous, as some studies observe an increased soil respiration after
biochar amendment [145, 86], and others observe no significant difference [73, 133].

2.3.5. Effect of biochar particle size on soil properties

The influence of particle size on the physical, chemical and biological impact of biochar should also be
considered in soil amendments. Smaller biochar particles may resultin greater WHC increase because
of their effect on soil texture: Garg, Wani, Zhu, and Kushvaha [34] conducted a study assessing the
role of biochar particle size on soil water retention capacity and observed a correlation between the
soil physical properties and biochar particle size: porous and irregularly shaped particles can result in
a higher increase of soil water retention capacity [73]. Jesus Duarte, Glaser, and Pellegrino Cerri [50]
tested the impact of biochar amendment on agricultural soil with three different particle size ranges: 2
mm, 2-0.15 mm, and <0.15 mm. This study revealed that the smallest particle size resulted in the most
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significant increase of soil water retention capacity. Alghamdi, Alkhasha, and Ibrahim [2] assessed
the effect of four different biochar particle size fractions (2—1 mm,1-0.5 mm, 0.5-0.1 mm,and <0.1mm)
with a 4% application rate on soil water retention and availability. Whilst no significant impact of biochar
particle size on pH and EC were observed, strong variations of the physical properties could be noted.
The finest fraction (<0.1 mm) proved to have the strongest effect on increasing water content and
available water, most likely due to the increased surface area, the micro-porosity and highly porous
structure of the finest fraction.

A study investigating the influence of biochar pH and particle size (<0.5 mm, 0.5-1 mm, 1-2 mm, 2-
5 mm, >5 mm) conducted by Cybulak, Sokotowska, Boguta, and Tomczyk [23] found no correlation
between these two parameters, but identified a decrease in the total carbon content of the smallest
particle size fraction. The latter was explained by the facilitated conversion of smaller biomass particles
into gas during the pyrolysis process. This study also highlighted certain characteristics of the fine
biochar particles, such as their higher adsorption energy, bulk density and functional group content. An
increasing C/N ratio in biochar amended soil was observed with decreasing biochar particle, with the
highest C/N ratios measured with the application of 2 - 0.15 mm biochar particles [50].

Jaafar, Clode, and Abbott [48] tested the hypothesis that biochar could enhance microbial activity by
providing protection for soil microorganisms with its highly porous structure, in particular smaller biochar
particles because of their higher porosity. The study included three different biochar particle size frac-
tions (0.5-1.0, 1.0-2.0 and 2.0—4.0 mm), but found no significant long term impact of particle size on
soil respiration, pH and microbial community. On the short term (less than 56 days), the microbial
population appeared to increase with increasing particle size. This could be due to soil entering and
blocking the smaller biochar pores, diminishing the benefits of applying smaller biochar particles in the
long term. Liang, Gascd, Fu, Méndez, and Paz-Ferreiro [69] studied the impact of two biochar particle
sizes (<2 mm and >2 mm) on mineralization rate and stability. The results revealed increased micro-
bial respiration rates with the fine biochar particle size fraction, as smaller particle size could enhance
degradation rates and OM mineralization [113]

Biochar specific surface area plays a significant role in improving soil aggregate stability by enabling the
adsorption of more minerals and organic matter and increasing the amount of binding agents (hyphae
and mucilage) in the biochar—soil mixtures [32]. Furthermore, the overall SSA of biochar amended
increases for an increasing application rate [32], resulting in an increased soil water content, field ca-
pacity, permanent welting point, available water content and soil water holding capacity and confirmed
previous findings Jesus Duarte, Glaser, and Pellegrino Cerri [50]. Cybulak, Sokotowska, Boguta, and
Tomczyk [23] measured the SSA of biochar obtained from wood waste pyrolysis and found that the
highest SSA was measured in the largest particle size fraction (>5 mm, 109.9 m?g). Another study
measured the SSA of three wood-based biochars and three particle size fractions (0.5-1 mm, 1-2 mm,
2-4 mm) Jaafar, Clode, and Abbott [48]. Whilst no trend could be identified between SSA and particle
size, the highest SSA values were recorded in the finest particle size fraction for two types of feedstock
(Jarrah wood and a mix of Jarrah and Wandoo wood), and in the medium fraction for one feedstock
(australian wattle branches). Alghamdi, Alkhasha, and Ibrahim [2] corroborates these findings with the
observation of a clear increase in soil SSA amended with smaller biochar particles, reaching up to
197.2 m?/g when mixed with <0.1 mm biochar particles.

2.3.6. Effect of biochar application rate on soil properties

Understanding the impact of biochar application rate in soil amendments is in the best interest of stake-
holders in order to maximize the benefits of this amendments while minimizing the biochar material
use.

The influence of biochar application rate on soil physical properties has been the focus of multiple
studies outlined below, and gave insights into the effect of this parameter on soil physical and chemical
properties. Chen, Liu, Yang, Xu, Shen, and Chen [20] investigated the effects of biochar application
rate ( 0%, 1%, 2.5%, 5%, 10%) on the remediation of saline-alkali soil with the aim of enhancing crop
growth. This study demonstrated the highest biochar content (10%) resulted in the highest increase of
soil water content, SOC and the highest reduction of salt content, EC and Na™, CI~ and 504*2. Higher
biochar application rates were also proven to correlate with a reduced particle density, bulk density and
porosity [38]. Biochar application may reduce shrinkage behaviour: a fraction of the water which would
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have normally been absorbed by the clay minerals and produced swelling is absorbed by the biochar,
reducing overall swelling [134]. Biochar was applied at four different rates ( 0, 50, 100, 150 g/kg dry
soil weight) to lime concretion black soil soil and a significant shrinkage reduction was observed from
23% in the control experiment, to 14% and 13% for the 100 and 150 g/kg application rates [134]. This
drastic difference can be explained by the lower clay content of samples with biochar.

Sun, Hu, Shi, Li, Pang, Liu, and Jia [119] observed that a higher biochar application rate results in a
higher soil pH increase, which is related to biochar’s high alkalinity. Furthermore, electrical conductivity
was initially increased with biochar amendment in this same study and was linked to the introduction
of ash into the soil mix. On the long term, the increase in soil porosity due to the addition of biochar
facilitates the leaching of water soluble ions and reduced EC. An increase of soil organic carbon follow-
ing the amendment was also observed, which was linked to the high porosity of biochar. Soil organic
carbon finds itself protected in the biochar’s expansive pore structure, which prevents its degradation.

Increased biochar application rate may result in lower soil CO, emissions [91]. In field study where
three different biochar application rates (5, 15 and 25 t/h) were tested, it was observed that CO, emis-
sions increased with increasing biochar application rates yet the percentage of biochar-C mineralized
decreased. The latter trend could be explained by the increased biochar biotoxicity which could have
an inhibiting effect on microbial degradation activities. This could also be due to the higher protection
of soil and biochar-C from biochar surface adsorption or occlusion.



Materials and Methods

3.1. Materials
3.1.1. Biochar

The biochar is supplied by Bio Energy Netherlands, a research and design focused company located
in Amsterdam whose goal is to produce energy in a more sustainable way. Local non-recyclable
woodchips are fed into the gasification reactor. The biochar comes from the gasification of local non-
recyclable woodchips which are fed into a reactor at 800 - 1000°C at rate of 7.7 m?3/hour. The biochar
spends 90 to 120 minutes in the reactor and is removed at a rate of 0.5 m3/hour. The biochar comes
from a batch registered with the European Biochar Organisation (EBC) (BA-NL-538-1-1), produced in
2024 and stored outside in atmospheric conditions to limit the risk of spontaneous combustion. The
basic characteristics of the biochar are available in Table 3.1, as defined by Bio Energy Netherlands.

Table 3.1: Biochar Characteristics [85]

Parameter Value Parameter Value
Ash 550°C 0.76 % DW Bulk Density 107 kg/m?>
Carbon (C) 15.61 % DW | Electrical Conductivity | 217.0 puS/em
Organic Carbon (Corg) | 15.57 % DW Salt Content 1.146 g/kg
Hydrogen 0.04 % DW pH 7.20
Nitrogen (N) 0.09 % DW H/Corg 0.03
Sulphur (S) 0.01 % DW O/Corg 0.03
Oxygen (O) 0.71 % DW C/N 173.44

The three different particle size fractions were obtained by successively sieving the biochar. First, a 5
mm sieve was used to collect the coarse fraction with particles > 5 mm in size. Then a 2 mm sieve
retained the particles in the 2<x < 5 mm particle range for the medium fraction. Finally, the remaining
biochar was used in the fine fraction with a particle size smaller than 2 mm. The biochar was saturated
with water due to its storage conditions, so it was air dried until its mass stabilized before being applied
to the sediments.

3.1.2. METHA material
The sediment used in this experiment was dredged in the port of Hamburg, Northern Germany, then
dewatered and processed in the METHA plant (Mechanical Treatment of Harbour-Sediment).

First, hydrocyclones and upstream current classifiers separate the 63 um fraction. The fine fraction (<
63 um) used in this experiment was dewatered in the High Intensity Press (HIP) with a vacuum belt
up to approximately 50% moisture content [16]. This fraction is usually further treated, dewatered, and
landfilled in the absence of a specific use for this material. The sediments used are a mix of samples
processed between December 2nd 2025 and January 1st 2025. The average particle size distribution
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of this material is represented in Figure 3.1. The sediments are composed on 46.7% clay (< 20 um),
33.7 % silt (20-63 um), 18.1 % fine and very fine sand (63-200 xm) and 1.7% medium sand or coarser
(> 200 pum). Once on site, the original material was mixed together and distributed into each bucket,
then the biochar was added, marking the start of the experimental phase.

Original METHA sediment particle size distribution
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Figure 3.1: Particle size distribution of original METHA sediments

The sediments used in this project were collected at the METHA plants from batches processed De-
cember 2nd 2025 and January 1st 2025. The original total organic carbon content of this material is of
3.0 wt/ % TS and its pH of 7.3.

3.2. Experimental approach and setup

The biochar experiment was setup in an outdoor experimental space located on the Flood Proof Holland
site, 2 km away from the TU Delft Civil Engineering Faculty (see Figure 3.2a. At this location, the
ten experiment variants each containing a different sediment-to-biochar ratio were exposed to natural
atmospheric conditions over the course of 15 weeks. Small holes drilled at the bottom of the buckets
let excess water drain onto layer of sand, preventing the accumulation of water at the bottom during
intense precipitation events. Samples were regularly taken from the buckets and brought to the TU
Delft Geoscience and Engineering Laboratory for analysis.

Biochar grain size
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(a) Biochar experiment in Flood Proof Holland (photograph by
Robert Kroonen, 2025) (b) Biochar Experiment Setup

Figure 3.2: Setup of outdoor sediment ripening experiment with biochar variants

Three biochar size fractions and three different application rates were tested to assess their respective
impact on chemical, biological and physical properties. The biochar experiment consist of 10 different
experiment variants. Each bucket contains 7 kg of fine-grained dredged sediments from the Port of
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Hamburg already partially dewatered in the German soil treatment plant METHA.

The biochar experiment was designed such that each bucket tests a different biochar content and
particle size combination defined according to published studies [23, 34, 2, 70] (see Figure 3.2b). This
design of experiment aims to establish correlations between the measured biological, chemical and
physical parameters and the biochar characteristics. The other parameters were kept the same in all
experiments: the samples were turned weekly, the water content was uncontrolled (changed depending
on natural precipitation and evaporation) and all vegetation was removed (see Table 3.2). The turning
was done by hand, mixing all the material from top to bottom and redistributing it evenly in the bucket.

Several laboratory analyses were conducted on samples from each experiment variant throughout the
experimental period. These analyses, described in Section 3.3, were conducted on the samples at
gradually increasing time steps, from one to six weeks apart. The higher initial sampling frequency
was selected to reflect the quick changes occurring at the start of the ripening process.

Table 3.2: Overview of particle size, biochar mixing ratios and boundary conditions of field experiment

Name | Turning | Water | Vegetetation Cover | Content | Particle Size | Biochar Mass
Control | Weekly | Natural Removed 0% N/A 0 kg
A1l <2 mm
A2 Weekly | Natural Removed 2% 2-5mm 0.42 kg
A3 >5 mm
B1 <2 mm
B2 Weekly | Natural Removed 4% 2-5mm 0.84 kg
B3 >5 mm
C1 <2 mm
Cc2 Weekly | Natural Removed 6% 2-5mm 1.26 kg
C3 >5 mm
Total Mass 2.52 kg

3.3. Analyses

3.3.1. Soil biological properties

Respiration

The analysis of sediment respiration is essential for understanding the anaerobic and aerobic organic
matter degradation processes and assess the impact of biochar may have on the ripening process.

The respiration bottles are prepared as follows:

1. 1 L glass bottles are filled with 50 g of sample and sealed with rubber stoppers;
2. 100 mL of ambient air is injected into the bottle;

3. The bottles are then kept away from direct light like a cupboard or a cardboard box in a horizontal
position;

4. Using the gas chromatograph (see 3.3.1), the content of gaseous CO,, CH,, N, and O, in each
bottle is measured at regular intervals.

Gas chromatograph

The gas chromatograph (GC) determines the concentration of CH,, CO5, O3 and N, in gas samples.
Measurements were made with the Agilent 490-PRO Micro Gas Chromatograph equipped with a ther-
mal conductivity detector (TCD). The gas sample is injected into the device and is transported by the
carrier gas (He) through a packed column designed to separate the sample compounds. The column
configuration is comprised of the Molsieve 5A column, which separates permanent gases, and the
PoraPLOT Q column which targets hydrocarbons. Thus the four different gases measured reach the
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detector at different retention times and produce a signal that can then be analyzed to quantify the
relative share of these gases in the sample. The procedure to follow to use the gas chromatograph are
detailed in Appendix A.1.

The resulting gas concentrations are adjusted for their sum to reach 100%. Then the corrected C O,
content is converted from a percentage to moles using the ideal gas law. A series of equations are
applied to convert the C'O, concentration to the amount of carbon respired in mg C/ g DW (see Appendix
A.2).

Soil respiration can be influenced by soil structure, thus crushing the sample could lead to erroneous
readings. Careful handling of the samples is primordial to minimize this error. Changing storage con-
ditions (temperature and moisture) can also alter soil respiration rates, so it is important to keep the
bottles in a stable environment such as a cardboard box or a cupboard in a temperature controlled
room.

The results of these measurements were fitted to an exponential decay function when sufficient data
was available according to Equation 3.1. The data was considered sufficient when it had been collected
over a significant time span with numerous measurements (>50 days, > 4 measurements) to prevent
erroneous fitting. In this equation, x is the date of the measurement relative to the start of the analysis,
y0 is the asymptote value, ¢1 is the decay constant and A1 is the initial amplitude. The quality of the fit
was assessed with the coefficient of determination, R?, which ranges from 0 to 1, with 1 corresponding
to a perfect fit. Once the curve fitting parameters determined, a carbon emission value could be esti-
mated for any specific date within the analysis period. This enabled the comparison of the respiration
rate of all samples at the same date, even if measurements had not been made on that date.

f(z) = Al x e™®/1 440 (3.1)

Teabag index

The teabag index (TBI) is a standardized test to measure the decomposition and stabilization of or-
ganic matter in a soil, which can interpreted to assess the activity of the microbial community in the
sample. Measuring the weight loss of the teabags over time enables the quantification of the litter
stabilization factor S and the recalcitrant rate k of a specific sample and separates litter quality from
external conditions. The tea used for this test must have non-biodegradable nylon bag and specific
types are used according to the standard method [124]: the Japanese Sencha EAN 5 063270 101797
for green tea and the Lipton Infusion Rooibos: EAN 5 063270 101612 for rooibos tea. While the green
tea decomposes quickly, the rooibos tea is more recalcitrant, meaning that the decomposition of the
labile material continues in rooibos tea after it has been completely consumed in the green tea [56].
The TBI takes advantage of this difference in litter types to calculate both the green tea decomposable
fraction and the rooibos rate constant with a single measurement.

The teabags are buried according the following protocol:

1. 200 g of soil are taken from each experiment variant;

2. 4 teabags, two of rooibos tea and two of green tea, are labeled and dried at 60°C overnight after
which their mass is recorded;

3. Inajar, 100 g of sediments are poured and the water content is adjusted to 60% of the sample’s
water holding capacity;

4. The four teabags are laid flat over the sediment layer and the final 100 g of sample cover the top
and are adjusted to 60% of the sample’s water holding capacity;

5. The jaris then closed and placed in a cool dark place for a 21 day period during which is opened
daily for 15 min to aerate the material and ensure that O, availability does not limit the microbial
activity;

6. After the 21 day period, the teabags are taken out of the jar and any soil stuck to the bags is
carefully removed with a brush;

7. The teabags are then dried at 70°C for 3 days after extraction and are weighed.
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The litter stabilization factor S is computed with the green tea mass loss values according to Equation
3.2. This value represents the inhibiting effect of the sample on the decomposition of the labile fraction.

—1_ Y%
S=1 i, (3.2)
S : Stabilisation factor
ay : Decomposable fraction of green tea (9/gpar)
H, : Hydrolysable fraction of green tea (9/gpas)
The decomposable fraction of rooibos tea a,. can then be calculated with formula 3.3.
a.=H,.(1-15) (3.3)

a, : Decomposable fraction of rooibos tea (g/g9par)
S : Stabilisation factor
H,. : Hydrolysable fraction of rooibos tea

Finally, the rate constant & for both green and rooibos teas is estimated by fitting the mass loss to the
exponential decay function 3.4 [56], assuming that in the span of the short 21-day incubation period,
the mass loss of the recalcitrant fraction (rooibos tea) is negligible.

M(t) = ae " + (1 - a) (3.4)
M (t) : Mass of tea after burial time t (g)
t : Burial time (day)
a : Labile fraction
1 — a : Recalcitrant fraction of both teas
k:

Rate constant fitted from the decomposition curve for teas(day ')

3.3.2. Soil physical properties

Coefficient of linear extensibility

The coefficient of linear extensibility (COLE) test characterizes the shrink-swell behavior of a soil. When
the soil is moist, the clay mineral swell and increase the volume. Quantifying this behavior gives valu-
able insights into the physical properties of a soil and was achieved using two different methods: the
COLE rod extrusion method for experiments in the fine and medium biochar size fraction (A1, A2, B1,
B2, C1, C2), and the shrinkage molds for the coarse size fraction (A3, B3, C3).

The COLE was analyzed following these steps:

1.

Sample 100 g of unsieved soil from each experiment;

2. Add water and mix until a thick paste forms;
3.
4. Extrude three 6 cm (L,,,) rods for each sample onto an aluminum plate with a 1.2 cm diameter

Let the soil mixture equilibrate for 24 hours and then adjust the moisture if necessary;

syringe hole, trimming them perpendicular to the plate surface with a spatula to the appropriate
length if necessary;

After air drying the rods for 72 hours, measure the dried lengths L; and calculate the COLE,.,4
value according to Equation 3.5.
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6. Complete the drying at 105°C overnight and calculate a new value for the COLE., .4 0 p according
to Equation 3.6

The shrinkage mold method is based on the standard BS 1377-2:1990 and uses a half-cylinder metal
mold, 14 cm in length and 1.25 cm in radius. The method applied is described below:

1. Prepare the samples in the same way as for the COLE rod method (steps 1-3);

2. Coat the shrinkage mold with a thin layer of petroleum jelly to prevent the sample from sticking
to the mold;

Pour the mixture into the mold in a slight excess, and gently jar the mold to remove air bubbles;
Remove the excess with a palette knife and tidy the rims with a damp cloth;
Let the mold air dry from 4 days or until its mass has stabilized;
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Continue the drying at 65°C overnight and measure the length of the soil bar L for the calculation
of the COLE value;

7. Finally, leave in the oven at 105°C overnight to measure the oven dried (OD) length L,; and
calculate the COLEop.

COLE = [(Ly,/Lq) — 1] x 100 (3.5)
COLEop = [(Lm/Lop) — 1] x 100 (3.6)

Where L,, is the length of the moist sample and L, is the length of the dry sample and L, if the length
of the oven dried sample in cm.

The biochar particles may hinder the rod extrusion and can be a source of error, which is why the
linear shrinkage molds were used for the coarse fraction. With the material collected during the final
sampling, both methods were applied to all samples. A larger syringe diameter of 2 cm was used for
the biochar coarse fraction samples. To ensure the cohesion and comparability of the results from the
two methods, a correction factor was applied to the results from the rod extrusion method.

Water holding capacity

The measurement of soil water holding capacity (WHC) is essential in understanding a sample’s physi-
cal properties as it quantifies its ability to retain water which has an impact on processes such as solute
gas transport and soil respiration. This measurement is necessary for the TBI and the respiration anal-
yses as the moisture content of these samples is adjusted to 60% of WHC. The WHC test consists in
saturating a sample with water, letting the excess drain freely, and measuring the amount of water that
the soil was able to hold against gravity. This test was conducted for all ten experiment variants with a
duplicate.

The procedure for WHC measurement is as follows:

1. Prepare the test by placing a funnel over an Erlenmeyer and lining it with a circular filter paper
folded into a cone shape;

Place 20 g of the sample into the lined funnel;
Pour 100 mL of distilled water over the sample;
Cover the funnel with aluminum foil and let it drain for 48 hours to prevent evaporation

o e

After the resting period, scrape the soil out of the filter paper, avoiding the parts adhered to the
paper, and dry overnight at 105°C;

6. Calculate the gravimetric water content of the drained soil samples, also known as the the WHC,
according to the Equation 3.7:
WM — DM



3.3. Analyses 16

With:

W Cpw : Water content in proportion of the dry weight (%)
WM : Soil wet mass (g)
DM : Soil dry mass (g)

This test is associated with instrumental errors, as the scale could be miscalibrated and give an incorrect
reading. Furthermore, the improper sealing of if the wet sediment mix could allow water to evaporate,
thus under-representing the WHC.

Moisture Content

The moisture content is determined by weighting 50 g of the sample and drying it overnight at 105°C.
The mass loss during the drying period is due to water evaporating and this value is used to calculated
moisture content on the dry basis according to Equation 3.8

WM — DM

MR T DM

(3.8)
With:

mcy, : Moisture content in proportion of the dry mass (%)
WM : Soil wet mass (g)
DM : Soil dry mass (g)

3.3.3. Soil chemical properties

Elemental analysis: total carbon, hydrogen, nitrogen, sulfur

The elemental analysis of the samples gives important information about their chemical characteristics,
in particular the total carbon (TC) which is necessary to calculate the total organic carbon (TOC). The
samples are fully combusted in a furnace at high temperatures reaching 1200°C in the presence of
an excess of oxygen. This results in the complete gasification of the samples into CO,, H2O, N, and
SO,. These gases are then isolated as they pass through gas-specific columns, using helium as a
carrier gas. Finally, the thermal conductivity detector (TCD) quantifies each gas based on their thermal
conductivity. This result is converted to a concentration of each element: carbon, hydrogen, nitrogen
and sulfur. The analysis was conducted with the CHNS elemental analyzer Vario El Cube, produced
by Elementar, Germany. The analysis is repeated with one duplicate for each sample and the protocol
is as follows:

1. Prepare the sample by drying overnight at 105°C and finely grinding it with a pestle and mortar;
2. Deposit approximately 25 mg of the prepared sample in a tin foil sheet;

3. Encapsulate the sample in the sheet by first closing it with tweezers, then using the compression
tool;

4. Place the sample in the elemental analyzer for measurement.

pH and electrical conductivity

pH is a key indicator of sediment ripening as it can be used to understand which chemical reactions
may be occurring in a sample, the availability of nutrients and the rates of biological processes [82]. It
is calculated by taking the negative logarithm of the hydronium (H3O7) concentration of a solution. It
was measured in a soil-water suspensions at a 1:2.5 ratio of sample to water with a glass hydrogen
electrode.

The electrical conductivity (EC) of a sample is a measure of its ability to transmit and electrical current,
which depends on ionic concentrations, their size and charge. The EC value is measured based on
Ohm'’s law: the voltage drop at a constant current is measured by the EC probe and inversely propor-
tional to the ionic concentration of the soil solution [125].

These measurements are done on each sample with one duplicate according to the procedure below:
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Weigh 10 g of each sample into a small container (50 mL centrifuge tube);

Add 25 mL of distilled water and stir;

Wait 1 hour, then stir again before making the measurements;

Calibrate the pH sensor with neutral buffer of pH 7 and acidic buffer of pH 4;

Before each measurement, the electrode must first be rinsed in distilled water and dried;

Place the electrode in the solution to measure, wait 1 minute and record the pH value measured;

No g s~ oDdhd =

Calibrate the EC sensor with the 1.412 mS/cm solution;
8. Repeat step 6 until all the solutions have been measured.

It is possible that the sensor does not stabilize to a value and continues to drift. For this reason, the
measurements were systematically taken after 1 min.

Total inorganic carbon

The total inorganic carbon (TIC) content of a soil sample can be determined by converting the TIC
to carbon dioxide (CO3) and measuring it with gas chromatography. This value combined with the
total carbon can be used to calculate the total organic carbon contained in a sample [138]. Inorganic
carbon refers to carbon compounds without carbon-hydrogen bonds, such as CO,, carbonates, and
bicarbonates. These compounds are usually in ionic or covalent bonds. Thus, inorganically bound
carbon must be released as CO- to be quantified. This is achieved by adding acid to the soil samples,
which initiates the following reactions:

CaCOs3 +2H' — Hy,CO3 + Ca®T (3.9)

HyCO5 4 Ca*t — Hy0 + COy + Ca®t (3.10)

The sample is prepared by first being dried and crushed. Then an acidic solution is added to facilitate
the release of CO, and the gas produced is analyzed in a GC. The GC analyzes the gas released by
the soil with a thermal conductivity detector (TCD). The TCD measures the thermal conductivity of CO-,
which is proportional to its concentration. The output of this measurement is a graph of the C'O- signal
in time. The CO, concentration can then be estimated by comparing the peak area or height of this
signal to a calibration curve obtained with known standards of TIC.

This test is repeated for each biochar experiment at each sampling, with one duplicate, according to
the following procedure:

Prepare the sample by drying it at 105°C overnight and finely grinding it with a pestle and mortar;
Place 0.50 g of the crushed sample into a 100 mL bottle and seal it;

Inject 5 mL of phosphoric acid (H; PO 40%) into the sealed bottle;

Place in an oven at 80°C overnight;

Let the sample cool for 1 hour;

Measure the pressure in the container;

N o o s~ owbd =

Extract 1-2 mL of air from the container with a syringe and inject into the gas chromatograph (GC)
for analysis (see 3.3.1.

Once the results for CO, concentration are obtained from the GC reading, a value for the TIC can be
calculated according to the calculation outlined in Appendix A.3. Then total organic carbon could be
calculated as the difference of total carbon and and TIC.

3.3.4. Biochar characterization

The physical characteristics of each biochar size fraction (coarse: > 5 mm, medium: 2-5 mm, fine:
<2 mm) were measured with the Quantachrome Autosorb-iQ2 BET Surface Analyzer with automated
nitrogen absorption. This analysis was conducted in the TU Delft Process and Engineering Laboratory.
The biochar samples were initially dried in an oven at 105°C overnight. Then a 100 mg sample of each
particle size fraction was degassed at 150°C for 2 hours with a constant vacuum according to DIN
ISO 9277 (2014). The analysis was conducted at a pressure in the 0.05-0.99 p/peq range, resulting
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in a reading for the biochar specific surface area (SSA) in m?/g, pore volume in m?/g, and pore size
distribution.

3.3.5. Field analyses

Weight monitoring

The weight of the each experimental variant was measured on site every week with a scale kept at
Flood Proof Holland. In between weeks when samples are taken, this record can be used to estimate
the moisture content of the variants.

Standardized photos
Photos of the experiment variants were taken at each sampling date before mixing to qualitatively
monitor the changes in soil structure. A ruler was placed in each photo to provide a scale.

Field respiration measurement

The CO, efflux of each experiment variant was measured on site using the IAQ-Calc Indoor Air Quality
Meters 7525. In order to create a sealed environment for the experiment, the material should be trans-
ferred into a small bucket with a lid with a known volume. The probe is placed inside and the cable
connecting it to the device goes through a small hole in the lid that is covered with tape to maintain the
seal. The CO, measurements are taken at a 15 second interval over the course of 15 minutes. The
analyzer also records the temperature and atmospheric pressure throughout the measurement. The
flux of carbon emitted is then calculated using the same equations as for the laboratory respiration
analysis, available in Appendix A.2. A bottle volume of 22.68 L was used to account for the size of
the bucket, and volume of the soil was recalculated for each experimental variant based on its mass to
reflect the reduced gas volume of the fuller buckets.

Figure 3.3: Field respiration measurement setup

3.3.6. Statistical analysis

The statistical analysis of the results of this experiment was conducted using a response surface model
and a central composite design in Stat.Ease 360. The biochar application rate and particle size were
input as the two factors of the design, and the analysis results were input as system responses. The
best fitting model was then automatically selected between linear, quadratic, cubic, 2F| according to
the lowest p-value and highest coefficient of determination.



Results

4.1. Field weather conditions

The outdoor experiment started on March 5, 2025, with a first sampling a week later on March 12, and
the final sampling taken on June 18, 2025, 15 weeks later. The weather conditions during this period
are shown in Figure 4.1. The weather data was extracted from the Rotterdam KNMI weather station,
and includes precipitation, potential evaporation, and average daily temperature [109].

Over the course of the experimental period, the temperatures rose from 4°C to 15°C. Heavy precipita-
tion events were recorded in week 5 to 7, week 11 and week 13, resulting in 33.9 mm, 32.3 mm, and
29.2 mm of rain respectively. The potential evaporation also increased during the 15 weeks, from a
mean of 1.56 mm in week 1 to 5.1 mm in week 15.
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Figure 4.1: Weather conditions during ripening experiment [109]

4.2. Material characteristics

4.2.1. Biochar characteristics

The pH, electrical conductivity (EC), water holding capacity (WHC) and specific surface area (SSA)
of each biochar particle size fraction measured in comparison to the specifications provided by Bio
Energy Netherlands can be viewed in Table 4.1. The pH of the biochar is highest in the finest fraction,
and slightly lower in the medium and coarse fractions. The pH values greatly surpass the values from
the biochar specification of 7.2. The electrical conductivity of the sample appears to decrease with an
increasing particle size, from 1.055 mS/cm for the fine fraction to 0.393 mS/cm for the coarse fraction.
The electrical conductivity also exceed the specification value of 0.217 mS/cm. The water holding

19
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capacity of the biochar increases significantly with a decreasing particle size, and reaches an average
of 612% in the finest fraction. Whilst the Bio Energy Netherlands specifications do not include a general
value for the biochar water holding capacity, it does contain the WHC of biochar particles <2 mm of
586.1 %. Finally the SSA showed similar results for the fine and medium fraction and the highest value
was measured in the coarse fraction, at 541.39 m?#/g, approximately 18% higher than the specified
457.06 m?/g measurement.

Table 4.1: Biochar characteristics

Biochar Sample pH EC (mS/cm) | WHC (% DW) | SSA (m?/g) | Pore volume (cm?/g)
Fine (<2 mm) 9.74 | 1.055 612 464.40 0.293

Medium (2-5 mm) | 9.55 | 0.429 432 454.05 0.303

Coarse (> 5mm) | 9.60 | 0.393 350 541.39 0.304

Specification [85] | 7.20 | 0.217 N/A 457.06 N/A

4.2.2. Sediment characteristics

The some characteristic of the original METHA sediments were determined are shown in Table 4.2.
The results of this physical characterization show that the material has a high original moisture content
of 51%, which amounts to approximately 44% of the water holding capacity. The shrinkage of the
material, quantified with the coefficient of linear extensibility (COLE), is of 12.43% after air drying and
12.72% after oven drying.

Table 4.2: Original METHA sediments physical and biological characteristics

Physical Parameter Value | Biological Parameter Value
Moisture content (% DW) 51 Stabilization factor, S 0.397
Water holding capacity (% DW) | 116 Decomposition rate, k 0.022
COLE air dried (%) 12.13

COLE oven dried (%) 12.72

Chemical Parameter Value | Chemical Parameter Value
Total carbon (% DW) 3.28 | Total inorganic carbon (% DW) | 0.924
Total hydrogen (% DW) 0.559 | Total organic carbon (% DW) 2.357
Total nitrogen (% DW) 0.275 | C/N ratio 11.766
Total sulfur (% DW) 0.409 | pH 7.18
EC (1uS/cm) 0.938

The results of the material characterization conducted directly at the sediment treatment plant for
batches sampled between November 11 and December 20, 2024, were averaged to estimate the prop-
erties of the initial material [81]. Furthermore, this analysis resulted in an average pH of 7.3, which is
slightly above the value measured in the TU Delft laboratory of 7.18. The total organic carbon of this
material amounted to an average of 3.0 % DW according to the METHA laboratory, which amounts to
0.643 % less than the value measured in the TU Delft laboratory.

4.3. Physical properties

4.3.1. Moisture content

The moisture content of the experimental variants was determined with two methods throughout the
ripening period: in the laboratory and using mass measurement in the field. The laboratory measure-
ments are more precise but limit the analysis to weeks when samples were collected. The moisture
contents calculated from the wet mass of the samples in between those weeks may be less accurate, as
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they assume a constant dry mass since the last sample collection, however they give valuable insights
into the effects of field conditions on the samples.

The moisture content of each sample decreased significantly over the first weeks of ripening, from a
mean of 34.29% DW in week 1 to a mean of 9.35% DW in week 6 (Figure 4.2). After the initial drop in
moisture content, the biochar amended samples displayed a different behavior from the control sample:
their moisture content increased again by 1-10% between week 6 and week 15 whereas the moisture
of the control sample remained constant.

Moisture content over sampling period
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Figure 4.2: Moisture content of each experiment during the 15 week sampling period (laboratory results)

An increasing biochar application rate resulted in an increased average moisture content in the first
15 weeks of sediment ripening (see Table 4.4) . This correlation is statistically significant (p <0.05)
(details available in Appendix C). The moisture content of the control sample dropped by 87% during
the ripening period, from 34% DW to a final value of 5% DW. Meanwhile the amended samples held
more moisture which only dropped by 61%, 58% and 46% for the 2-4-6% application rates respectively.
This represents a maximum average increase of 296% of the final moisture content of the 6% amended
samples relative to the control sample.

Table 4.3: Average moisture content for each application rate during the 15 week field ripening period

Experiment Week 1 2 |4 |5 |6 |9 |15
Moisture Content 2% Average (% DW) | 34 | 26 |12 |5 |8 | 8 13
Moisture Content 4% Average (% DW) | 35 |32 |20 | 15| 11 | 14 | 15
Moisture Content 6% Average (% DW) | 34 | 34 | 19 | 13 | 10 | 17 | 18
Moisture Content Control (% DW) 341234 |4 |5 |4 5

The moisture content determined in the lab from samples taken in weeks 1, 2, 4, 5, 6, 9 and 15 were sup-
plemented by values determined from the measurement of bucket mass in field. In between samplings,
it was assumed that the dry mass remained constant which enabled the estimation of the moisture
content of the experiment variants in weeks where samples were not collected. The results, presented
in Figure 4.3, show the initial drying of the sample lasting until week 6, followed by three distinct wetting-
drying cycles from week 6 to week 11, from week 11 to week 13 and finally from 13 to week 15. The
peaks of each respective cycle took place in week 8, 12 and 14, reaching up to 37.4 % DW, 29.5 %
DW, 93 % DW and 71.4 % DW respectively, from the 6%-fine or the 6%-medium sample.
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Moisture Content from laboratory and field measurements
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Figure 4.3: Development of sample moisture content over 15 weeks of field ripening combining results from laboratory and
field measurements

4.3.2. Water holding capacity

Figure 4.4 describes the evolution of water holding capacity of the samples over the course of the 15
week experimental period. The values have a high initial spread, with a standard deviation of 21.27%
DW, which decreases over time down to 10.96% DW, with the exception of a surge in week 6. The
control sample presents the lowest WHC throughout the entire sampling period as it decreases from
82.68% DW to 48.22% DW, which represents a 42% decrease over 15 weeks of ripening. The water
holding capacity of all samples appears to decrease rapidly in the first 5 weeks of ripening, after which
they stabilized.

Water holding capacity over sampling period

Sample
140 —e— 2% Fine —e— 4% Coarse
2% Medium 6% Fine
—e— 2% Coarse —eo— 6% Medium
120 —e— 4% Fine 6% Coarse
LN —e— 4% Medium Control
2
@ 100
Q
I
= 8 —
N S
—‘—:—_.:—!
60
40
2 4 6 8 10 12 14

Week
Figure 4.4: Water holding capacity of each experiment during the 15 week sampling period
The 4% biochar application rate results in the highest average WHC across the three particle size frac-

tions, starting from 113% DW and ending with 76% DW after 15 weeks of ripening. Whilst samples from
all three application rates start and end at different average water holding capacities, they experienced
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a similar decrease of 33%, 33% and 34% for the 2-4-6% samples respectively.

Table 4.4: Average water holding capacity (WHC) for each application rate during the 15 week field ripening period

Experiment Week 1 2 4 5 6 9 15
WHC 2% Average (% DW) | 98 | 92 | 57 | 59 | 58 | 64 | 65
WHC 4% Average (% DW) | 113 | 106 | 79 | 66 | 72 | 72 | 76
WHC 6% Average (% DW) | 109 | 116 | 85 | 72 | 83 | 71 | 71
WHC Control (% DW) 83 |79 |46 | 44 | 47 | 52 | 48

4.3.3. Coefficient of linear extensibility

The COLE was determined using two different methods: syringe extrusion for the samples amended
with the fine and medium biochar particle size fractions, and linear shrinkage molds for the samples
with the coarse biochar size fraction. In the last sampling, at week 15, both methods were applied to
all samples with some modifications as the syringe opening was increased from 12 mm to 20 mm for
the coarse fraction. Thus a correction factor could be estimated to adjust the shrinkage of the rods
extruded with the syringe method to the results of the linear shrinkage molds. It was decided to correct
the syringe values to match the linear shrinkage mold values because the exact same procedure could
be applied to all samples with this method, contrary to the syringe method which required a different
syringe diameter for the coarse fraction.

Table 4.5 shows the correction factors that should be used to adjust the COLE values obtained from
the syringe method to the COLE values from the linear shrinkage mold method. As the COLE was
calculated for both the air dried length and the oven dried length, a correction factor was calculated for
both. A comparison of these two values shows more consistent results from the oven dried correction
factors than the air dried correction factors. The air-dried correction factors lie in a much broader range
than the oven-dried correction factors, 2.45-6.30% and 1.71-2.96% respectively. This difference reveals
that oven drying the COLE rods may eliminate the uncertainty due to humidity that is present in the
air dried samples. No correction factor was calculated for the coarse fraction of each application rate
as the COLE values for these samples were obtained with the linear shrinkage molds in the previous
weeks.

Table 4.5: COLE correction factors enabling the comparison between shrinkage mold and syringe methods

Sample Air dried syringe to mold correction factor | Oven dried syringe to mold correction factor
2% Fine 2.78 2.64
2% Medium | 3.00 237
4% Fine 6.30 2.96
4% Medium | 2.51 1.71
6% Fine 2.84 2.68
6% Medium | 5.58 2.49
Control 2.45 2.16

Oven-dried corrected COLE

The corrected oven dried coefficient of linear extensibility decreased after 15 weeks of ripening, from an
average of 14.46% in week 1 to 3.90% in week 15 for the amended samples, and from 20.35% to 4.91%
for the control 4.5. The data set is incomplete in weeks 1 and 2 due to method adjustment described
earlier. The samples which were amended with coarse biochar (2% coarse, 4% coarse and 6% coarse)
display a different behavior from the rest of the samples, as their COLE values are significantly lower
than the rest of the samples. Furthermore, they appear to have reached a stable shrinkage behavior in
week 9, when all the other samples still had a decreasing COLE. A statistical analysis of the samples
after 15 weeks of ripening shows no significant correlation between application rate and COLE values.
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However, the particle size of biochar may be an important factor, as a decrease of 39%, 55% and 35%
of the COLE of the 2%-coarse, 4%-coarse and 6%-coarse samples compared to the control could be
observed at the end of the ripening period. Thus, the application of coarse biochar particles is strongly
correlated to a decrease in COLE values across of all application rates (p <0.05) (details available in
Appendix C).

Corrected oven-dried COLE
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Figure 4.5: Corrected oven-dried COLE during 15 week field ripening period

Table 4.6: Average oven dried COLE (corrected) for each application rate during the 15 week field ripening period

Experiment Week 1 2 4 6 9 15

COLE 2% Average (%) | 16.76 | 21.48 | 14.07 | 5.32 | 9.66 | 4.50
COLE 4% Average (%) | 12.15 | 19.50 | 12.15 | 4.57 | 6.46 | 3.83
COLE 6% Average (%) | N/A 16.85 | 10.57 | 4.18 | 6.86 | 3.35
COLE Control (%) 20.35 | 2459 | 17.08 | 11.35 | 11.65 | 4.91

Figure 4.6 shows the shrinkage potential of the week 15 samples from the mold method, which is the
same as the corrected results. When comparing the oven-dried COLE of the amended samples to the
control sample, biochar application rate and particle size both appear to play a role in reducing the
shrinkage behavior of the material. The average shrinkage of the material from each application rate
group decreases with an increasing application rate (see Table 4.6), from 4.50% to 3.35%. Furthermore,
the coarse biochar appears to consistently deliver the lowest oven-dried COLE values.
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Figure 4.6: Week 15 oven dried COLE values obtained from mold method

4.3.4. Uncorrected air and oven dried COLE

The comparison of the uncorrected results of the COLE using the syringe method is presented in Figure
4.7. The samples amended with fine and medium biochar were extruded from a 12 mm syringe, and the
samples with coarse biochar were extruded with a 20 mm syringe to accommodate the larger particle
size.

The air-dried COLE results show lower values in all amended samples compared to the control ex-
cept for the 2%-coarse and 4%-coarse. The amended samples (except 2%-coarse and 4%-coarse)
achieved values 15-72% lower than the control, measured in the 2%-fine and 6%-medium samples
respectively. The air dried values show no clear decreasing trend linked to biochar application rate,
however the coarse particles appear to result in more shrinkage.

The COLE after oven drying increased in all samples as the rods lost their remaining moisture. How-
ever, this increase is relatively small in the samples amended with coarse biochar and in the control
sample. The samples generally have an increasing oven dried COLE as biochar particle size increases.
However, this effect is more noticeable in the 2% and 4% amended samples. The samples amended
with 6% biochar seem to result in the smallest shrinkage in this analysis, as they achieved a 33-41%
reduction compared to the control after oven drying, whereas the 2% and 4% amended generally have
a similar or higher shrinkage than the control.
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Figure 4.7: Comparison of week 15 air and oven dried COLE values obtained from the syringe method

4.3.5. Structure formation

Photos of each experiment variantin week 1, 5, 9 and 15 can be viewed in Appendix D. The photos were
scaled to a 30 cm ruler to show the change in aggregate size over the course of the ripening period. A
qualitative assessment of these photos shows a gradual breakdown of the aggregates from an initially
platy structure to the formation of smaller aggregates. Over the course of the field ripening, the size
of the biggest aggregates in the control dropped from approximately 5 cm to 2.5 cm. Furthermore, an
increasing biochar application rate and decreasing particle size appears to have decreased aggregate
size as shown in Figure 4.8

(a) Control week 1 (b) Control week 15

ISR BRI SRR 50 ..

(c) 6%-Coarse week 1 (d) 6%-Coarse week 15

Figure 4.8: Soil structure formation of the control and 6%-coarse samples over the 15 weeks of field ripening
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4.4. Chemical properties

441 pH

The change in pH over the course of the experiment can be seen in Figure 4.9, from an average value
of 7.36 in week 1 to 7.71 in week 15. The original matter has a pH of 7.18 (Table ??). The pH values
measured in the first week of the experiment are very scattered in comparison to the following weeks,
the standard deviation decreases from 0.21 in the first week to 0.12 in the last week. The pH reading
of the control experiment increases over time, from 7.185 in week 1 to 7.635 in week 15, and most of
the increase appears to take place between week 5 and week 9.
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Figure 4.9: Development of pH over 15 weeks of field ripening

The experiments with the lowest application rate (2%) consistently present the lowest pH value of the
three groups at each measurement, from an average of 7.18 in week 1 to 7.60 in week 15 (see Table
4.7). The highest biochar application rate (6%) led to the highest pH values during the full experimental
period, from 7.62 to 7.83 over the same period. The measurements made of the buckets with an
intermediate application rate (4%) placed themselves in between the two previous groups throughout
the experiment duration with the exception of week 15, where the pH of sample 4%-coarse reached
7.82, thus neighboring the values of the 6% application rate group. A significant correlation between
increasing biochar application rate and increasing pH can be noted (p <0.05) in the last measurement
(details available in Appendix C).

Table 4.7: Average pH for each application rate during the 15 week field ripening period

Experiment Week | 1 2 5 6 9 15

2% Average 718 | 7.27 | 7.29 | 743 | 7.52 | 7.60
4% Average 733 | 732|748 | 7.57 | 761 | 7.76
6% Average 762 | 743 | 760 | 7.74 | 7.72 | 7.83
Control 719 | 725 | 7.31 | 7.46 | 7.46 | 7.64

A closer look at the influence of particle size on pH measurements in each application rate group can
be seen in Appendix B, Figure ??. At a 2% application rate, the lowest pH values are in majority
recorded for the finest fraction, and the highest pH values are measured in the medium fraction. At
a 4% application rate, the results are more varied as yet the coarse fraction gives predominantly the
lowest pH reading and the medium fraction often gives the highest pH value. At the highest application
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rate of 6%, the coarse fraction mostly has the lowest pH, whilst the medium and fine fractions share the
same number of highest pH values. Despite these observations, no significant statistical correlation
could be established between particle size and pH (p >0.05) (details available in Appendix C).

4.4.2. Electrical conductivity

The electrical conductivity (EC) of the samples fluctuated significantly over the course of the ripening
period (Figure 4.10. In the first two weeks of the experiment, the EC values remained close to each
other and ranged between 0.98-1.42 mS/cm and 1.09-1.44 mS/cm respectively. In week 5, the range
increased significantly, from 1.20 to 2.76 mS/cm, before decreasing in week 6 and increasing again in
week 9 from 1.28 to 2.15 mS/cm. At each of those events, the 6%-coarse biochar application stands out
for resulting in significantly higher values than the rest of the samples. Finally, the week 15 EC reading
shows a difference separating the 6% amended samples from the rest of the sample with higher values
in the 1.31-1.6 mS/cm range. A correlation between increasing biochar application rate and increasing
electrical conductivity could be established (p <0.05), however the particle size does not seem to have
a significant effect on EC values (details available in Appendix C).
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Figure 4.10: Development of electrical conductivity (EC) over 15 weeks of field ripening

Table 4.8: Average electrical conductivity for each application rate during the 15 week field ripening period

Experiment Week | 1 2 5 6 9 15

2% Average 117 | 117 | 1.58 | 1.31 | 1.35 | 0.94
4% Average 1.25 | 119 | 1.56 | 1.28 | 1.37 | 1.11
6% Average 1.08 | 1.33 | 229 | 1.24 | 1.60 | 1.41
Control 1.09 | 1.21 | 1.54 | 0.95 | 1.28 | 0.91

4.4.3. Elemental composition (C, N, S)

Total organic and inorganic carbon content

Total carbon is comprised of inorganic and organic carbon. An increase of the total carbon content of
the amended samples can be observed in between week 1 and 15, and it appears to be driven by an
increase in the total organic carbon content (see Figure 4.11). The total carbon content of the control
sample decreased from 3.375% DW to 3.340% DW from the start to the end of the ripening experiment.

The total inorganic carbon of the sediment-biochar mixtures appears to have decreased over the course
of the ripening experiment 4.12b. In week 1, the amended samples had an average total inorganic
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Figure 4.11: Total carbon content

carbon content in the range of 0.727-0.949% DW, and the control had a value of 0.870 % DW. These
values then decreased until week 15, to 0.490-0.906% DW and 0.792 for the amended and control
samples, which represents an average decrease of 9% and 6% respectively. The relative inorganic
carbon content of the amended samples appears to increase over the course of the field ripening
period, as it made up 6-20% of the total carbon at the start of the experiment, against 19-28% at the
end of the 15 week ripening period. In comparison, the inorganic carbon content of the control sample
remained started with 25% and ended with 24% TIC/TC.

The evolution of the total organic carbon content of the samples over 15 weeks of ripening can be
viewed in Figure 4.12a. The TOC values in week 1 amended samples have a high spread compared to
the following weeks as they range from 4.2 to 12% DW. From week 1 to week 5 or 6 depending on the
sample, the TOC content of the amended samples and the control decreased on average by 30% and
6% respectively (excluding 4%-coarse). Week 6 is when the highest increases in total organic carbon
were measured, most significantly in the 6%-fine, 4%-coarse and 4%-fine samples which increased
on average by 96%, 66% and 48% respectively compared to the previous week. After this increase,
the values appear to stabilize until week 15. The total organic carbon content of the control sample
remained relatively constant throughout the 15 weeks of experiment, fluctuating from 2.28 to 2.72%
DW.

The final TOC content of the samples with biochar measured in week 15 seems to increase with an
increasing biochar application rate (p < 0.05) (details available in Appendix C). A median increase of
84%, 216% and 249% in TOC compared to the control can be observed in the 2%, 4% and 6% biochar
application rates respectively. However, the application rate does not seem to be correlated to the TOC
content (p > 0.05).

Total sulfur content

The evolution of the total sulfur content of the experimental variants throughout the ripening period can
be viewed in Figure 4.12d. A decreasing trend can be observed in most samples, with an average
decrease of 5% and 22% for the amended and the control samples respectively between the start and
end of the ripening. The amended samples had a sulfur content in week 1 ranging from 0.306-0.442%
DW which reduced to 0.331-0.391% DW in week 15. In comparison, the control sample also had a
high initial sulfur content of 0.426% DW, which decreased to 0.350% DW in week 15.

Total nitrogen content
The total nitrogen content appears to generally decrease from the start of the analysis to week 5 or 6
depending on the sample, with the exception of sample 6%-fine. After this decrease, no clear trend
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could be established among all samples as their nitrogen content seems to fluctuate until week 15. The
initial total sulfur content of the samples lied in the range 0.28-0.32% DW, which is very close to the
final range of 0.27-0.32% DW. Excluding the 4%-fine sample, total nitrogen appears to decrease with
increasing biochar particle size. The effect of biochar application rate on nitrogen content, however,
remains unclear.
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Figure 4.12: Elemental composition of the experimental variants over 15 weeks of field ripening

4.5. Biological properties

4.5.1. Teabag index

The results of the teabag index (TBI) can be summarized with the analysis of the stabilization factor S
and the decomposition rate k (also available in Appendix B.3). The evolution of the stabilization factor,
which indicates the inhibiting effect of the sample on the decomposition of the organic matter, over the
course of the ripening period can be observed in Figure 4.13. The S values generally decreased in the
first 6 weeks, before increasing again until week 15 and surpassing the original values. In this initial
phase, the stabilization factor both the amended and control samples stay within a close range, from
0.43-0.49, 0.36-0.41 and 0.34-0.40 in weeks 1, 4 and 6 respectively. In the second phase, the control
sample displayed a higher S value than the amended samples. In the final measurement, at week
15, the control sample has a stabilization factor of 0.53 and the amended samples were 9-20% lower
than the control. The biggest reduction in the S values at week 15 can be observed in the 6%-medium
sample.
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Stabilization factor over sampling period
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Figure 4.13: Stabilization factor of samples during 15 weeks of field ripening

The decomposition rate of the tea appears to be decreasing as the sediments ripen. In week 6, the
values seem to increase out of line with the decreasing trend. In week 15, the decomposition rate of the
amended samples are 23-62% higher than the control sample with decomposition rate of 0.0159. The
biggest increase in decomposition rate is found in the 2%-coarse sample. A strong correlation between
increasing application rate and decreasing decomposition can be observed in the last measurement (p
<0.05) (details available in Appendix C).
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Figure 4.14: Decomposition rate of samples during 15 weeks of field ripening

4.5.2. Laboratory respiration
The measurement of the respiration of the original METHA material and experiment samples taken in
week 1, 2 and 5 can be observed in Figure 4.15. The cumulated carbon release was calculated for
each sample of the course of 86, 99, 80 and 63 days, in mg C/ g DW. The curve fitting parameters are
available in Appendix A, Figure B.1.
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The original METHA material reaches a maximum of 0.94 mg C/g DW after 86 days of incubation. The
week 1 samples reach values ranging from 0.58 mg C/g DW (2%-medium) to 0.98 mg C/g DW (4%-
medium) after 99 days of incubation. The week 2 samples attain from 0.79 mg C/g DW (4%-fine) to
0.92 mg C/g DW (6%-fine) after 80 days. Finally, the week 5 samples release up 0.29-0.43 mg C/g DW
after 63 days.

Fitting an exponential decay function to the respiration data points enabled the estimation of the cumu-
lative carbon efflux on day 32 for the samples collected in weeks 1, 2, and 5 to compare them to the
week 9 and 15 measurement, as shown in Figure 4.16.

A significant drop in the carbon efflux can be observed between samples collected before and after
week 5, from 0.42-0.52 mg C/g DW to 0.08-0.25 mg C/g DW. Two sample batches were collected in
this first phase, in week 1 and week 2. The cumulative carbon release of the week 1 amended samples
on day 32 ranged from 0.42 to 0.55 mg C/g DW and the control sample reached a value of 0.45 mg
C/g DW. In comparison to the control, some amended samples presented a reduced carbon efflux (2%-
fine, 2%-medium, 2%-coarse, 4%-fine) whilst the rest of the sampled showed either the same or higher
values. The week 2 amended samples all released less carbon than the control after 32 days. Whilst
the control released 0.52 mg C/g DW, the amended samples released between 0.42-0.50 mg C/g DW,
which represents up to up to a 20% decrease.

In the second phase, samples collected in week 5, 9 and 15 can be compared. The control sample from
week 5 of the experiment displays a significantly lower cumulative release than in previous weeks after
32 days as it reaches 0.22 mg C/g DW. In this sampling batch, all the samples with biochar released
less carbon than the control, resulting in a 2%- 23% reduction with the biggest reduction found in the
6%-coarse sample. In the week 9 sampling batch, the carbon efflux of the amended samples lies in
a reduced range compared to the week 5, from 0.08 to 0.19 mg C/g DW. On day 32 of the analysis,
the control sample released 0.24 mg C/g DW and all the amended samples released lower amounts of
carbon resulting in a 23-68% reduction. The result of the week 15 respiration analysis show a similar
amount of carbon released by the control sample on day 32 compared to the week 9 samples, reaching
0.25 mg C/g DW. As observed in previous weeks, the amended samples display a lower carbon efflux
than the control, ranging from 0.17 to 0.22 mg C/g DW. This amounts to a 14-32% reduction of the
cumulative carbon released in amended samples.

In summary, the week 1 and week 2 samples show generally higher cumulative carbon release values
compared to the samples collected in week 5 or later. In the first phase, some of the amended samples
released more carbon than the control, which could be attributed to an initial priming effect of the biochar
addition. However, samples collected later in the course of the field ripening experiment generally
release less carbon than the control, though this reduction fluctuates from week to week from as little
as 2% in the week 5 6%-fine sample, to 68% in the week 9 4%-coarse sample.
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4.5.3. Field respiration

The respiration of the samples was also measured in the field using CO- analyzers. The evolution of
the daily cumulative carbon release from week 6 to week 15 are shown in Figure 4.17. The respiration
flux appears to increase over the course of these 9 weeks, with a significant surge in week 6 across all
samples.

The observation of the difference in the respiration rates of the amended samples compared to the
control sample allows a better understanding of the impact of biochar application (see Appendix B.2).
In week 6, the amended values ranged from 0.144-0.177 mg C/g DW/day and the control had a res-
piration rate of 0.160 mg C/g DW/day. All amended samples displayed a lower respiration rate with
the exception of the 6%-fine sample, which was 11% higher than the control. In week 9, samples 2%-
medium and 6%-fine both show an increase in their respiration rates relative to the control, of 4% and
22% respectively. This trend of the 6%-fine sample having a higher respiration rate than the control
appears again in week 10. In week 12, the field respiration measurements show a significant decrease
relative to the control reaching up to 22% in samples 4%-medium to 6%-coarse. In this week, the
respiration rates increase significantly, reaching an average of 0.29 mg C/g DW/day for the amended
samples and 0.31 mg C/g DW/day for the control. Finally, in week 15, there appears to be a linear
increase decrease in the respiration rate with an increasing application rate and particle size, with the
exception of sample 4%-fine which displays a higher reduction than the other samples amended at 4%.
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Figure 4.17: Field respiration measured from Week 6 to 15 of the ripening experiment



Discussion

5.1. Development of physical properties during ripening of biochar-

sediment mixtures
The changes in the moisture content, water holding capacity, shrinkage potential and structure of sedi-
ment mixes varying in biochar application rate and particle size were assessed over the course of a 15
week ripening period. The results showed that biochar amendment could increase the moisture content
and water holding capacity of the material, whilst reducing the shrinkage potential and accelerating soil
structure formation.

5.1.1. Phasel-Initial drying: moisture loss, structural rearrangement and shrink-

age reduction

In the first six weeks of the field ripening period, the lack of precipitation led to the loss of a majority of
the moisture in all sediment samples as the water held in the sediment pores gradually evaporated. As
a result, the moisture content and the water holding capacity of the samples dropped. This observation
is in line with multiple investigations on the effect of ripening on sediment physical properties, which
commonly identified the collapse of large pores and a reduction in the total pore volume of sediments
after desiccation [128, 99, 58]. However, these decreases both in moisture content and water holding
capacity were less significant in the samples amended with increasing biochar amounts. Whilst the
previously water-filled sediment pores drained and collapsed, the biochar pores remained intact and
maintained the water holding capacity of the amended samples. Previous studies have demonstrated
that the internal porosity introduced following the addition of biochar consistently results in significant
water holding capacity increases [94, 67, 8]. However, biochar pyrolysis temperature is an important
factor in achieving these results, as higher temperatures (> 400°C) have been linked to reduced biochar
hydrophobicity due to the volatilization of aliphatic and aromatic compounds which normally repel water
molecules [79, 43, 80]. The high gasification temperature of the Bio Energy Netherlands biochar of
750°C makes this material ideal for increasing the water holding capacity of the ripening sediments.
The outcome of this drying process is the oxygenation of the material, as air can finally enter the
sediment pores which has compounding effects not only on the physical properties of sediments, but
also on their chemical and biological properties [128, 92].

During this period, the shrinkage potential of the material reduced significantly, from an average cor-
rected oven-dried COLE value of 14.46% to 7.66% in the amended samples and from 20.35% to 11.65%
for the control. At the start of the ripening experiment, the plate-shaped clay crystals driving swell-shrink
behavior were surrounded by water and when the moisture content of the material dropped, this layer
of water was lost and the clay platelets grew closer together, resulting in an irreversible volume loss
and primary shrinkage [10, 89] . These observations are closely linked to water holding capacity, which
dictates the volume available for swelling [10, 97].

35
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5.1.2. Phase 2 - Wetting-drying cycles: aggregate formation and physical stabi-

lization
This initial period of desiccation was followed by three wetting-drying cycles. The combination of intense
precipitation events and rising temperatures resulted in successive moisture content increases and
decreases. A linear relation between increasing biochar application rate and an increasing sample
moisture content (p < 0.05) was established with the week 15 measurements. However, the biochar
particle size could not be correlated to any trends on the resulting moisture content.

In parallel to these moisture content fluctuations, the water holding capacity of the samples remained
relatively stable until the end of the ripening period at 15 weeks. This suggests that a significant part
of the structural changes that may occur over the course of the physical ripening process had already
taken place by week 5. The biochar amended sampled resulted in a 33-72% increase in WHC com-
pared to the control in the final measurement in week 15. No statistically significant relation could be
established between biochar application rate nor particle size and sediment water holding capacity.
However, it is clear that biochar amendment increases overall WHC. This observation is further con-
firmed by the high WHC of the biochar (see Table 4.1), which reached up to 612% in the fine fraction,
which amounts to approximately 5 times more than the original sediment WHC. Several studies investi-
gating the impact of biochar application on soil physical properties confirmed this increase in the water
holding capacity owed to high internal porosity of biochar and the presence of hydroxyl and carboxyl
hydrophilic functional groups on their surfaces [72, 90, 4].

The subsequent wetting—drying cycles, combined with weekly turning, disrupted the initial platy struc-
ture of the sediment and promoted the formation of smaller, more stable aggregates. Similar aggregate
restructuring under repeated wetting—drying has been reported in ripening and shrink—swell studies
where drying induces increased soil water tension, leading to the collapse of micropores and the de-
velopment of larger surface-connected pores at aggregate boundaries [89, 128, 92, 58]. This effect
was more pronounced in biochar-amended samples, particularly at higher application rates and with
coarser particle sizes. This observation is consistent with the water holding capacity and shrinkage
results, which show a faster physical stabilization in this sample group.

The COLE of the samples continued to decrease until week 15, and it was observed that several of
the amended samples reached a stable state as soon as week 9. In between week 1 and 15, the
corrected oven-dried COLE of the control sample decreased by 76%, from 20.35% to 4.91%. These
observations are in line with previous scientific studies conducted on sediments of the same origin,
which observed COLE values in the range 5% to 13% in unripe METHA sediments, which decreased
by 20-80% after ripening [89]. The corrected oven-dried COLE of the amended samples at the end
of the experiment ranged from 2.23% to 5.38%, which represents up to a 55% decrease relative to
the control sample. This decrease was most significant in all coarse biochar amendments, and in the
6% biochar amendments. A correlation between increasing biochar particle size on decreasing COLE
values was identified as statistically significant (p < 0.05), however the correlation with application rate
could not be confirmed with this analysis. The importance of repeated wetting drying cycles in the
reduction of shrinkage is well documented in scientific literature, as they cause unstable structure to
break down and rearrange, thus accelerating the stabilization of soil structure [89, 97, 77, 101].

The shrinkage reduction observed in the amended samples could be explained by the non-plastic prop-
erty of the biochar, which experiences no significant change in volume with an increased water content
[75]. Thus, as an increasing ratio of this non-expandable material is added relative to the shrinkage
prone clay, the overall shrink-swell behavior of the material can be reduced. Furthermore, the addition
of biochar may have altered soil particle transitions as evidenced by Lu, Gu, Shen, Wang, Zhang, Tang,
and Shi [75] in a study where biochar was added to soil in different particle size fractions (<0.25 mm,
0.25-1 mm, 1-2 mm) and application rates (1, 3, 5, 10%). This study observed loosening contacts
between biochar particles and soil with increased biochar particle size. As a result, biochar particles
positioned in between soil particles increase their repulsive forces, reducing the shrinkage of the soil.
[147] hypothesized that this COLE reduction may be attributed to the biochar particles covering the
clay mineral phase surfaces and occupy the pore space in between soil particles, resulting in reduced
shrinkage.

The significant reduction of the shrinkage of samples amended with coarse biochar may be explained
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by a change in the tensile stress propagation in the COLE rods obtained from the mold method. Coarse
biochar particles increase the heterogeneity of sediment matrix compared to finer particles that can be
more evenly mixed. This heterogeneity may have disrupted the transfer of stress within the COLE rod,
resulting the localized concentration of tensile forces around the coarse biochar particles and reducing
overall shrinkage.

The effect of an increasing biochar particle size on shrinkage behavior in the values obtained from
the syringe method appears to contradict the results from the mold method. These results showed
decreasing shrinkage with increasing application rate and decreasing particle size. This difference
could be explained by the larger syringe opening used for the samples amended with coarse biochar,
which slowed down the drying process and may have altered shrinkage behavior. The COLE only
takes into consideration linear shrinkage, however an increased sample diameter causes additional
shrinkage in all directions which may explain the higher COLE values observed [18].

The air-dried and oven-dried COLE results from the syringe method can be compared to the results
of the values to the values determined from stockpile 5 (SP-5) of the large scale S2S ripening project,
whose management was considered the closest to the strategy of this project, with 4 annual turnings
and the removal of vegetation [84]. After 106 days of ripening in the stockpile, the sediments reached
air-dried and oven-dried COLE values of 16.9% and 17.1%. This represents an 91% and 88% increase
compared to the control. The difference in sediment management, including the turning frequency and
stockpile size, could explain this significant

5.1.3. Methodological Limitations: measurement constraints and environmen-
tal influences

Adaptation of the COLE preparation method

There are several methodological limitations that may have hindered the COLE analysis. Some data
points are missing in the first 5 measurements as the initial syringe method failed on samples with a 6%
application rate and samples amended with coarse biochar particles. These issues were progressively
solved, first by increasing the syringe opening diameter from 10 mm to 12 mm, which enabled the testing
of the 6%-fine and 6%-medium samples. Then the linear shrinkage molds were used an alternative
method to the standard syringe for the samples amended with coarse biochar particles (2%-coarse,
4%-coarse, 6%-coarse). From week 4 onward, a full set of measurements could be made, but some
corrections had to be implemented in order to compare the data. The corrections were based on values
obtained from the final samplings, where all samples were tested with both methods. In order to apply
the syringe method to the samples amended with the coarse fraction, a syringe with a 20 mm opening
was used. The results revealed that the linear shrinkage molds result in higher COLE values than the
syringe method. This could be explained by the bigger size and surface area of the molds, which are
14 cm long with a 2.5 cm diameter, compared to the rods with a 6 cm length and 12-20 mm radius.
Whilst the COLE calculation is related to the length of the rod or mold, it is not related to its diameter,
which could result in some differences.

Two different COLE datasets were obtained from each test, one corresponding to the air-dried COLE
and the other to the oven-dried COLE. When comparing the results from the two methods discussed
above, the correction factor calculated for the air-dried COLE had a broad range, from 2.39 for the
control sample to 6.06 for the 2%-fine sample. In contrast, the correction factors for the oven-dried
COLE values only ranged from 1.70 (2%-medium) to 2.87 (2%-fine). This smaller range in correction
factor values for the oven-dried samples was preferred to continue the analysis and compare results
from both methods as it would indicate a more consistent change in the results. The high spread of the
correction factors for the air-dried COLE may instead indicate a possible limitation of this experiment
as discussed in Section 5.1.3.

Effect of relative humidity on air-dried COLE measurements

Fluctuations in the relative humidity of the room may have influenced the air-dried length of the COLE
rods. However, in the absence of a complete dataset of the room relative humidity, the relationship
between the room and outdoor relative humidity first had to be characterized. The two datasets can be
visualized in Appendix E, Figure E.1, along with their correlation in Figure E.2a which shows a stronger
correlation until June 15th which may be explained by a change in the atmospheric control of the
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building. Thus, the missing room relative humidity values could be estimated from the linear regression
parameters of the data until that date, available in E.1. Finally the room relative humidity could be plotted
along with the air-dried COLE values in E.3.The relative humidity of the room lied approximately in the
range of 39-56%. This could mean that the values measured in a more humid room may under-estimate
shrinkage compared to the rest of the measurements. This may have been the case for the week 15
measurement, which were made at the highest relative humidity of all measurements, at 56%. This
observation reinforces the advantage of using the oven-dried COLE values for a long term analysis
with measurements spread out over different humidity conditions, as they eliminate the uncertainty
associated with the fluctuations in room relative humidity.

5.2. Sulfur oxidation and indicators of chemical ripening

One of the most important process that takes place in chemical ripening is the aerobic oxidation of
reduced sulfur (e.g., FeS, FeS[)) into sulfate SO3~ that can then leach out of the material [98, 130].
This chemical reaction results in a decrease of the pH due to the release of positively charged hydrogen
ions and a loss of the total sulfur content (TS) . Over the course of the ripening experiment, a small
overall reduction of the total sulfur content of some samples was observed. The amended samples
had initially lower sulfur contents, in the range of 0.306-0.442%TS, and lost on average 5% TS, whilst
the control sample had a starting total sulfur content of 0.426 which dropped by 22% after 15 weeks
of ripening. The effect of biochar application rate and particle size could not be clearly identified due
small magnitude of the changes and the scale of the analysis, which only took two samples of 25 mg
each. This result is in accordance with other findings, as Vermeulen, Van Dijk, and Grotenhuis [129]
identified a loss of 23-80% of the total sulfur in the first 7 days of sediment ripening. The loss of total
sulfur, albeit small in some samples, demonstrates the onset of chemical ripening in the sediments.

This decrease in total sulfur content was expected to result in a pH drop, due to the oxidation of reduced
sulfur compounds producing sulfuric acid [130, 37]. However, the opposite was observed: in amended
samples, pH rose from a mean of 7.38 to 7.73, while the control sample’s pH increased from 7.19 to 7.64.
Across all samples, pH increased during the ripening period, with a greater rise in biochar-amended
treatments. The positive correlation between biochar application rate and pH was statistically significant
(p <0.05), whereas particle size showed no clear effect. Similar trends have been reported in previous
studies, where increased soil pH was attributed to the high alkalinity, buffering capacity, and functional
group composition of biochar [131, 119, 100]. Biochar contains exchangeable base cations such as
Ca*t, Mg*t, K* and Na?* L1, which dissolve and enhance buffering capacity [121], while abundant
carbonates, hydroxyl, and phenolic functional groups consume protons and further raise pH [68].

In addition to altering pH, sulfur oxidation was expect to increase electrical conductivity through the
oxidization of compounds and dissolution of salts into the pore water, releasing ions [128]. The ionic
concentration of a solution is proportional to its electrical conductivity (EC), so an increase in EC can
be linked to greater dissolution of ions and is an indicator of ongoing chemical ripening reactions [96].
Several studies have established a correlation between the chemical reactivity of sediments and their
electrical conductivity, and have identified a proportional relation between EC and SOi* concentrations,
as higher concentrations of this ion results in an increase of the electrical conductivity [14, 13, 142].

In this study, EC did not show a consistent increase or decrease over the full ripening period, but it pro-
vided useful insights into in-situ processes and the influence of weather. The EC readings increased
drastically from week 1 to week 5, from a mean of 1.155 to 1.807 mS/cm in the amended samples and
from 1.085 to 1.535 mS/cm in the control sample, coinciding with a prolonged dry period marked by
steadily decreasing moisture contents. In this period, a significant share of the sediment pore water
evaporated and there was no leaching in the absence of precipitation. These conditions resulted in
an increasing salt concentration in the pore water, which was detected with the increasing electrical
conductivity values. This could indicate that the products of chemical ripening reactions such as the
sulfur oxidation have been accumulating in the samples before leaching at the next rain event. The
EC values increased again in week 9, point at which the sediments have been drying since week 8 as
indicated by the decreased moisture content. Finally, between week 9 and week 15, the electrical con-
ductivity of some samples increases (4%-medium, 6%-medium and coarse), whilst the rest decreased.
This could be due to the heavy successive precipitation events that occurred in this period, which re-
moved the leaching ions. In the samples with an increasing electrical conductivity, it is possible that
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the sulfur reduction rate was higher than the rate at which the rain could remove the ionic product, thus
increasing the total EC. No significant difference could be observed in the electrical conductivity of the
amended samples compared to the control, as the results of both stayed within the same range through
the ripening period. Accounts on the effect of biochar on soil electrical conductivity vary, with some
studies observing increased electrical conductivity due to the addition of soluble salts [11, 114], whilst
others could not establish a link due to the variability of biochar composition in leachable ions ( Ca?™,
Mg?+, K+, Na?")[1].

5.3. Effect of biochar on microbial activity

5.3.1. Phase 1 - Fast microbial degradation of labile organic carbon and biochar
priming effect

In the first six weeks of the experiment, the stabilization factor decreased across all samples, and the
amended samples had generally lower stabilization values. This general decrease indicates that a
growing fraction of the litter is being degraded into CO, rather than being mineralized in this period.
This could be explained by the drop in moisture content of the sample during this period, which led to
sediment pores drying up and enabled air to enter the material which in turn facilitated the growth of
the aerobic microbial community responsible for the degradation of organic matter [130].

Furthermore, this relative decrease of the stabilization factor in samples with biochar compared to the
control could reveal a positive priming effect as the respiration process appears to be enhanced in
those samples. This could be due to the creation of environments favorable to the development of
microbial communities with the addition of biochar which provides them with the necessary substrates
and habitats in their extensive pore structure [66, 5]. Simultaneously with this decreasing stabilization,
the decomposition rate was decreasing until week 6 where a sharp increase could be observed, but
no significant difference could be established between the control and the amended samples. This
decreasing trend shows that the labile fraction is broken down at slower rates as ripening progresses
which could indicate that the fraction of the easily degradable material is diminishing with time, leaving
the more recalcitrant material to be broken down by the microorganisms.

The total nitrogen and organic carbon content of each experimental variant evolved over time, reflecting
microbial dynamics consistent with the teabag index results. The microbial community relies on nutri-
ents, most importantly nitrogen, to fuel its activity, decomposing organic matter into CO, [107]. Nearly
all samples (except 6%-fine) showed a decrease in their total nitrogen content until week 5 or 6 of 13%
on average for the amended samples and 8% for the control.

This drop could be explained by the reduction of nitrate to N, or N>O as gases through the process
of denitrification. This process has been proven to be enhanced in biochar amended soils due to the
maintenance of moist conditions favorable to denitrifying bacteria and the increased soil pH [140, 44].
However, this hypothesis is uncertain as denitrification is conducted by anaerobic microbes [135], and
the sediments were drying when this total nitrogen loss was measured.

It is also possible that nitrogen mineralization, which consists in the microbial conversion of nitrogen
from organic to inorganic forms [61], may have been enhanced during this period of high microbial
activity, resulting in some of the nitrogen content being lost as a gas.

At the same time, the total organic carbon content decreased by 30% on average and 6% in the
amended samples (excluding 4%-coarse) and the control sample respectively. This observation corrob-
orates the possibility of a positive priming effect following biochar addition, which may have stimulated
the microbial decomposition of organic matter, thus increasing nitrogen mineralization and organic car-
bon respiration. These findings align with multiple studies reporting positive priming effects of biochar
on microbial decomposer communities resulting in a drop in nitrogen and organic carbon content [17,
146, 76]. However, it is important to note that several studies also observed negative priming effects
[25, 53, 55], which are often attributed to differences in biochar feedstock and production methods,
which may have introduced additional labile carbon due to their incomplete pyrolysis [7, 132].

A significant decrease in cumulative respiratory carbon (C) release across all samples was observed
between week 1 and week 5, amounting to a reduction of approximately 59% in the amended samples
and 52% in the control. These values were measured in a controlled environment, with a moisture
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content adjusted to 60% of the water holding capacity and a stable temperature of 20°C, which means
they do not fully represent field respiration values. However, the pronounced decrease between week 1
and 5 indicates that a large fraction of the labile organic carbon has been broken down in this period. A
study of the kinetics of organic matter mineralization in ripening sediments supports these findings with
the identification of a first phase, lasting until 14 to 28 days, during which the easily degradable organic
matter was rapidly mineralized at a rate 100 to 1000 times faster than the more recalcitrant fraction
Vermeulen, Van Gool, Dorleijn, Joziasse, Bruning, Rulkens, and Grotenhuis [130]. This observation
corroborates the hypothesis that between the start of the experiment and week 5, a large fraction of
the labile fraction was broken down to release CO,. Following this phase, mineralization slowed due
to the predominance of more recalcitrant organic matter, resulting in reduced respiratory C release,
consistent with findings from other studies on soil organic matter decomposition [61, 7].

5.3.2. Phase 2 - Shift in microbial decomposer community for the degradation

of recalcitrant organic compounds

After six weeks of drying, the stabilization factors appeared to increase across all samples, and this
increase was more significant in the control sample. This suggests that as a growing fraction of the
labile material has already been degraded, the remaining material is becoming increasingly recalcitrant
[56]. In parallel, the decomposition rate continued to decrease, but this decrease was more significant
in the control sample. This can be interpreted as a slowing down of the microbial degradation of the
control sample after the degradation of a large part of the labile litter[78]. In the last week of the field
ripening experiment, the application of biochar resulted in a decrease of the stabilization factor reaching
up to 20% relative to the control, and an increase of the decomposition rate up to 62% higher than the
control. A linear correlation was established between increasing biochar application rate and increasing
decomposition rate (p < 0.05). This would indicate that the microbial community in those samples is
capable of actively breaking down organic material that the microbial community in the control sample
cannot, and is doing so at a faster rate. This finding can be supported by several investigations which
observed an enhanced microbial activity in biochar-amended soils, as the material supports microbial
community development by increasing nutrient availability, habitats, water holding capacity and pH
buffering [71, 40, 103, 54].

Following this phase of high microbial activity, a subsequent average 9% and 6% increase of the total
nitrogen content in the amended and control samples respectively could be measured in weeks 6 and 9.
After this increase, the total nitrogen contents stabilized until the end of the ripening experiment in week
15. In the same period, the TOC of the amended samples increased in weeks 5 or 6 by an average
of 25% (excluding 6%-medium), and then stabilized around this new level. Meanwhile, the control
sample’s TOC content remained stable. This could be explained by a change in microbial community
and substrate availability. At the start of the ripening period, the results of the biochemical analyses
support the hypothesis that microorganisms rapidly degraded organic carbon and consumed nitrogen to
support biomass growth and enzyme production [61]. Once this labile pool was depleted, the microbial
community shifted towards populations adapted to the degradation of more recalcitrant carbon, which
generally increases the nitrogen demand [107]. This could be explained by the higher energy microbial
energy demand for the degradation of recalcitrant C, which stimulates nitrogen immobilization and
fixation from the atmosphere and precipitation, thus increasing total nitrogen [12, 6].

The total inorganic carbon content of the amended samples and the control decreased by 9% and 6%
respectively over the course of the ripening period. Inorganic carbon is found in carbonates, which can
be produced by microbial respiration when the CO- released precipitates with pore water [62]. The
carbonates can then be mobilized during rain events, resulting in a loss of TIC by leaching [33].

The increase and stabilization of the total organic carbon content observed only in the amended sam-
ples may reflect the stabilization of organic matter on biochar surfaces, which can protect organic
carbon from further microbial degradation [132, 7]. Furthermore, biochar’s porous structure and high
surface area can adsorb dissolved organic carbon from precipitation increasing the measured TC [83].
It is also possible that some bacteria, such as cyanobacteria, present in the sediments prosper in the
moist conditions maintained in the amended samples and contribute to carbon fixation [64]. These
dynamics indicate a transition from a microbial community dominated by rapid decomposition of easily
available substrates to one focused on slower turnover and organic matter stabilization. The respiration
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analysis of samples collected in week 9 and 15 shows that biochar addition results in a decrease of the
respiratory carbon released relative to the control of 23-68% and 14-32% respectively. These results
suggest that biochar addition may have accelerated the degradation of organic carbon in the first five
weeks of the experiment, resulting in a decrease of the respiration rate in the long term as this material
is still being processed in the control.

The cumulated respiratory C release values of the experiment after 105 days of ripening can be com-
pared to stockpile 5 (SP-5) of the S2S ripening project which used the same METHA material [84]. This
comparison revealed that significantly lower respiratory C release values were reached much sooner in
this experiment than in the S2S SP-5 samples. The cumulative C release of the amended and control
samples were respectively 61-69% and 55% lower than the SP-5 values around the same time (105
days of ripening). This difference could be explained by the significantly larger amounts of material
in the stockpile and the less frequent turning which may reduce the aeration of the material and slow
down the ripening process. The final values obtained from this experiment are closer to the S2S values
obtained after 636 days of ripening (or 1 year and 9 months), of 0.239 mg C/g DW. This implies that the
stabilization of the METHA sediments is taking place much faster in this experiment than in stockpiles,
even without biochar amendment.

Field respiration measurements taken in weeks 6, 9, 10, 12 and 15 enabled a more nuanced interpreta-
tion of the laboratory respiration measurements, as they reflect the effect of additional parameters such
as water content and temperature. As the ripening progressed, the difference between the amended
samples and the control sample grew. Progressively, the respiration rate in an increasing number of
samples was lower than the control, from three experimental variants in week 10, to all nine variants
in week 15. This could be the long term result of the priming effect of biochar observed in the first five
weeks of ripening, which may have stabilized the organic matter faster, resulting in a quicker reduction
of respiration rates. These findings were observed in several studies, proving the beneficial impact of
biochar amendment sediment ripening [116, 91].

External weather conditions may have affected the respiration measurements. The highest overall field
respiration rates measured occurred in week 12, which coincides with the highest sample moisture
contents. This observation was corroborated by several studies assessing the impact of soil moisture
on soil respiration, revealing an increase in microbial activity with soil moisture [22, 26, 148]. Thus, the
influence of biochar on sediment moisture content can be linked to an increased microbial activity and
possibly an acceleration of the biological ripening.

The measurement method constitutes a possible limitation for these observations. In weeks 6 and
15, only one analyzer was used on all the samples. However, in weeks 9, 10 and 12 two additional
analyzers were used to reduce the test time and measure the respiration of multiple samples at the
same time. In those weeks, the respiration of the control sample was measured with each measurement
tool in order to correct any offset from the different probes. The difference between the additional
analyzers and the reference analyzer was within the range of -10% to 13%.

Based on the field measurements of the daily cumulative C release of the samples, an estimation can
be made for the maximum possible TOC lost over the course of the ripening period. Using the average
respiration rate of the control across all field measurements, which amounts to 0.223 mg C/g DW/day,
the TOC lost over 15 weeks of ripening would be approximately 2.34% DW. This exceeds the TOC
loss calculated from the elemental analysis, of only 6% in the first 6 weeks. This significant difference
could indicate some limitations of theses analyses. It is possible that the representativeness of the
small sample size used in the elemental analysis was insufficient. Additionally, the field respiration
measurements were taken after turning as the samples had to be transferred to a smaller closed bucket,
which may have overestimated respiration rates.



Conclusions and Outlook

In the Netherlands and in the world, the need for more sustainable construction materials is growing.
At the same time, a large amount of sediments is dredged each year mainly for waterway maintenance,
but without any secondary use for the newly extracted material. This sparked the idea to transform
dredged sediments into a usable construction material using biochar, a material already used in many
soil remediation projects for its highly advantageous properties. This projects aimed to evaluate the
impact of biochar amendment on the biophysicochemical sediment ripening processes with a focus
on the biochar application rate and particle size. To answer this question, sediments amended at
different biochar application rates (2, 4 and 6%) and particle size (<2 mm, 2-5 mm, >5 mm) were
ripened outside over 15 weeks. Samples were regularly collected to conduct a physical, chemical and
biological analysis of the ripening sediments.

The amendment of biochar enhanced the physical ripening of the METHA sediments by increasing
moisture retention, reducing shrinkage potential, and accelerating structure formation. The porous
structure and high specific surface area of the material contributed to maintaining pore space even af-
ter the material had consolidated. Furthermore, the non-expandable property of biochar combined with
the effect of large biochar particles on tensile stress distribution in sediment COLE rods significantly
reduced the shrinkage capacity of the material. In applications such as dikes, the amended material
would therefore be more suitable than unamended sediments as shrinkage is a major threat to the
structural integrity of dikes. The improvement in sediment moisture content of the amended samples
also contributed to an accelerated structure stabilization of the initially dense and platy material into
smaller aerated aggregates. A faster physical stabilization would contribute to making dredged sedi-
ments more competitive with primary raw material by reducing processing duration. The results of the
physical analyses indicate that a higher biochar application rate and particle size is most beneficial to
the structural properties of the ripened sediments.

The high buffering capacity of biochar appears to have benefited microbial degradation of organic matter
by maintaining a high pH that is optimal for their activity, thus balancing out the release of acidifying
compounds from this process. This chemical stability, supported by the high functional group and
mineral content of biochar, is important in dike construction. It ensures that the dredged material will
maintain a stable behavior in the face of events such as flooding and salt intrusion. Additionally, the
occurrence of sulfur oxidation was confirmed with the measurement of loss of sulfur content and a
fluctuation in electrical conductivity, however no conclusion could be drawn about level of completion
of this reaction.

The biological analyses indicate that biochar addition promoted a positive priming effect in sediment
biological ripening. During the first six weeks, a significant proportion of organic carbon was released
via microbial respiration, accelerating the degradation of labile carbon early in the ripening period. In
the long term, this led to faster stabilization of organic matter—an important benefit for dike construc-
tion, where biologically unstable sediments can compromise structural integrity through microbial CO4
release and associated physical and chemical changes. A 6% biochar application rate significantly
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reduced long-term respiration, while particle size showed no notable effect. Notably, the respiration
of the control sample reached levels comparable to those from the large-scale S2S METHA ripening
project in just 105 days, compared to 636 days in the stockpiles, underscoring the value of an opti-
mized ripening strategy. Smaller stockpiles and more frequent turning could play a decisive role in
further shortening ripening duration.

These findings highlight the potential of biochar in the transformation of the undervalued material that is
dredged sediments into a circular construction material. The benefits of this application go beyond the
enhancement of sediment ripening by also creating material properties desirable for dike construction.
Thus, the adoption of this amendment could contribute to reaching national sustainability goals and
meeting the demand for dike construction materials in a changing climate.

6.1. Outlook

Further work in the optimization of biochar application rate and particle size could help tailor the final
material to specific mechanical or physical requirements. Additionally, higher application rates and
different particle sizes could be investigated to identify the thresholds beyond which biochar no longer
yields significant improvement.

The experiment was limited both in duration and scale and additional studies over a longer ripening
period and a bigger sediment volume could help to identify whether the observed benefits can be
replicated under full-scale application conditions.

A logical continuation of this work would be to assess the effect of the biochar amendment of the
mechanical and hydraulic properties of the ripened material to confirm its suitability for dike construction.
This could include analyses relevant to the permeability of the material, its resistance to erosion and its
leaching behavior such as the Proctor compaction test, tensile strength measurement, crack formation
and propagation analysis, and hydraulic conductivity. The influence of biochar on the leaching behavior
could be particularly relevant for dredged sediments that do not currently meet the required contaminant
thresholds and positive results could potentially open opportunities for the beneficial reuse of dredged
material from more diverse origins in flood protection infrastructure
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Methodology

A.l. Gas Chromatograph Operation

Outlined below is the GC operation procedure:

1. Check the pressure of the helium gas tank, which should be around 30 bar, and the pressure of
the gas running through the GC, slightly above 5 bar;

2. Turn on the GC and the compulter;

3. Select the "BIOMUD_LOW_20240124(THE BEST).met” method, which is appropriate for sam-
ples within a 0-14% range of CO5 or C Hy;

4. Let the GC equilibrate by running it with lab air and the calibration gases if necessary and verify
that the values are within the expected range;

5. Proceed with respiration measurements by injecting approximately 1.5 mL of each sample.

A.2. Respiration Calculation
VC02 = Vhs X [COQ]corrected (A1)
Where:

* Voo, — volume of gaseous COs in the bottle,
» Vs — headspace volume in the bottle (L),
* [CO3]corrected — adjusted CO, content (%).
Psample X VCOQ

noo, = e TC0 (A2)

Where:
* nco,: amount of CO, in sample (mol),
* Psumple: Pressure measured (Pa),
* R: gas constant 8.3144 (J/mol . K),
» T': temperature (K).
nco, X MMc x 1000

Cgas = DM (A3)

Where:

* Cgqs: @amount of gaseous carbon (mg C / g DW)
* M M¢: molar mass of carbon 12 (g/mol)
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A.3. Total Inorganic Carbon 54
* DM: dry mass of sample (g)
PPC02 = Lsample X [002]corrected (A4)
Where:
* PPco,: Partial pressure of CO, (Pa).
Henryepr = 1.82533¢ — 10 x exp PH/ 7043293 1 3 94988¢ — 4 (A.5)
Where:
* Henrysy: Effective Henry’s coefficient.
Ca = PPgo, x Henrycysy (A.6)
Where:
« Ca: (mol/m?),
* Henry.ss: Effective Henry’s coefficient.
Cax MM x V,,
bI1c = 1000 x DM (A7)
Where:
» DIC": Dissolved inorganic carbon (mg C/ g DW),
* V: Volume of water (L).
Crotal = Cgas +DIC (AB)
Where:
* Crotar: Total carbon (mg C/ g DW).
A.3. Total Inorganic Carbon
%ottle X [002]607‘7‘60t€d/100
Vv = A9
co 1-— [COQ]corrected/]-OO ( )
Where:
* Veo,: volume of gaseous COs in the bottle (mL),
* Viottie: bottle volume (mL),
* [CO3]corrected: adjusted CO4 content (%).
MM,
Cas = Voo, X —— (A.10)
Vin
Where:
* Cups: absolute amount of released carbon (mg),
* M M¢: molar mass of carbon 12 (g/mol),
* V,,: molar volume of gas (22.41 m3 /mol).
100
Cant - Cabs X W (A11)

Where:

* C,ne: concentration of released carbon (% DM).



A.3. Total Inorganic Carbon 55
molco, = Vaoste X —22m2l_ . 100,] (A12)
COso bottle 10 x R < T 2|corrected .
Where:
* molco,: carbon dioxide (mol),
» T: temperature (K),
* R: gas constant 8.3144 (J/mol . K),
* Psample: Pressure measured (hPa).
MMe
= mol —_— A.13
¢ = molco, X ag5 (A-13)
Where:
» C: mass of carbon (mg).
100
TIC = —_— A.14
C=Cx DM ( )

Where:
» TIC: Total inorganic carbon (% DM).
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B.1. Respiration curve fitting

Week ‘ Base_Sample ‘ Label ‘ A1 ‘ t1 ‘ y0 R2 ‘ y_ 32
0 |om | om -0.801 38.243 | 0.806 1.000 | 0.459
1 A1 2% Fine -0.556 21.454 0.559 0.998 | 0.434
1 A2 2% Medium | -0.562 24.275 0.567 0.998 | 0.417
1 A3 2% Coarse | -0.582 26.299 0.589 0.997 | 0.417
1 B1 4% Fine -0.602 30.261 0.628 0.977 | 0.418
1 B2 4% Medium | -0.825 33.574 0.840 0.995 | 0.522
1 B3 4% Coarse | -0.782 38.368 0.787 0.998 | 0.447
1 C1 6% Fine -0.887 44.868 0.920 0.975 | 0.485
1 c2 6% Medium | -1.028 42.951 1.042 0.996 | 0.554
1 c3 6% Coarse | -0.817 36.498 0.835 0.993 | 0.495
1 Control Control -0.819 42.017 0.831 0.996 | 0.449
2 A1 2% Fine -1.109 56.518 1.133 0.994 | 0.504
2 A2 2% Medium | -1.088 54.961 1.112 0.993 | 0.504
2 A3 2% Coarse | -1.076 61.443 1.104 0.990 | 0.464
2 B1 4% Fine -1.047 67.594 1.071 0.991 | 0.419
2 B2 4% Medium | -1.175 64.371 1.202 0.992 | 0.487
2 B3 4% Coarse | -1.068 65.335 1.086 0.995 | 0.432
2 C1 6% Fine -1.268 72.249 1.293 0.994 | 0.479
2 Cc2 6% Medium | -1.196 73.927 1.223 0.993 | 0.447
2 c3 6% Coarse | -1.246 82.720 1.266 0.995 | 0.419
2 Control Control -0.995 45.364 1.015 0.995 | 0.523
5 A1 2% Fine -0.584 88.116 0.591 0.995 | 0.184
5 A2 2% Medium | -0.756 122.074 0.763 0.995 | 0.181
5 A3 2% Coarse | -0.445 65.825 0.451 0.994 | 0.178
5 B1 4% Fine -0.853 143.374 0.860 0.996 | 0.177
5 B2 4% Medium | -0.887 123.677 0.896 0.994 | 0.211
5 B3 4% Coarse | -2.055 323.225 2.062 0.996 | 0.201
5 C1 6% Fine -1503.034 | 233339.140 | 1503.041 | 0.995 | 0.213
5 c2 6% Medium | -1.304 199.381 1.314 0.994 | 0.203
5 c3 6% Coarse | -0.930 168.589 0.936 0.996 | 0.166
5 Control Control -7.020 1058.593 | 7.028 0.996 | 0.218

Table B.1: Respiration Curve Fitting Parameters
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B.2. Field Respiration
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Figure B.1: Respiration rate in field relative to control for Weeks 6, 9, 10, 12 and 15 (A1: 2%-fine, A2: 2%-medium, A3:
2%-coarse, B1: 4%-fine, B2: 4%-medium, B3: 4%-coarse, C1: 6%-fine, C2: 6%-medium, C3: 6%-coarse, Control)
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Figure B.2: Stabilization Factor and Decomposition Rate Values of Week 1, 4, 6, 9, and 15 Samples

B.4. Elemental Analysis



(H]

Sample | N[%] C[%] H[%] S[%] | C/Nratio C/Hratio | N Factor C Factor H Factor S Factor | TIC [%] TOC [%]
A1 029 565 0.644 0.444 | 19.3381 8.7727 1.0193 0.9715 1.0034 1.1709 0.885014 | 4.459986
A1 0.29 504 0648 0.439 | 17.3347 7.7869 1.0193 0.9715 1.0034 1.1709
A2 0.31 572 0.643 0.455 | 18.5989 8.9043 1.0169 0.9372 1.0532 1.0873 091735 | 515765
A2 0.3 566 0.643 0.382 | 18.683 8.8081 1.0169 0.9372 1.0532 1.0873
A3 029 6.92 0599 0.306 | 24.2808 11.5525 | 1.0169 0.9372 1.0532 1.0873 0.72687 | 6.73813
A3 029 7.07 0.614 0.379 | 24.1402 11.5077 | 1.0169 0.9372 1.0532 1.0873
B1 0.28 755 0586 0.323 | 27.0941 12.8756 | 1.0169 0.9372 1.0532 1.0873 0.825503 | 7.304497
B1 028 7.68 0597 0.288 | 27.4781 12.8589 | 1.0169 0.9372 1.0532 1.0873
B2 032 759 0672 0437 | 23.8837 11.2968 | 1.0169 0.9372 1.0532 1.0873 0.948532 | 7.076468
B2 0.31 745 0662 0.362 | 24.1456 11.2634 | 1.0169 0.9372 1.0532 1.0873
B3 0.32 7.46 0.703 0.361 | 23.6024 10.6146 | 1.0145 0.9332 1.0637 1.048 0.894437 | 4.155563
B3 0.3 6.86 0.657 0.323 | 23.109 10.4472 | 1.0145 0.9332 1.0637 1.048
C1 0.31 13.61 0.751 0.426 | 43.6146 18.1295 | 1.0193 0.9715 1.0034 1.1709 0.926251 | 12.74875
C1 0.31 13.74 0.766 0.412 | 44.3907 17.9475 | 1.0193 0.9715 1.0034 1.1709
C2 0.29 10.31 0.683 0.386 | 35.556 15.1081 | 1.0193 0.9715 1.0034 1.1709 0.860508 | 9384492
C2 029 10.18 0.683 0.382 | 35.35 14.9179 | 1.0193 0.9715 1.0034 1.1709
C3 029 9.88 066 0.388 | 34.4508 14.9807 | 1.0193 0.9715 1.0034 1.1709

0.84902 | 8.86098
C3 028 9.54 0.641 0.386 | 34.2729 14.8733 | 1.0193 0.9715 1.0034 1.1709
Control | 0.29 3.38 0.602 0.428 | 11.7493 5.6122 1.0193 0.9715 1.0034 1.1709 0.84916 | 2.50584
Control | 0.28 3.37 0.606 0.423 | 11.9108 5.5693 1.0193 0.9715 1.0034 1.1709

Table B.2: Week 1 CHNS Results



Sample | N[%] C[%] HI[%] S[%] | C/Nratio C/Hratio | NFactor C Factor HFactor S Factor | TIC [%] TOC [%]
A1 026 4.14 0.555 0.353 | 15.8377 7.4557 1.0193 0.9715 1.0034 1.1709 0.865929 | 3.424071
A1 0.28 4.44 0603 0.393 | 16.0743 7.3706 1.0193 0.9715 1.0034 1.1709
A2 0.27 487 0.606 0.371 | 17.7728 8.0427 1.0193 0.9715 1.0034 1.1709 0.891929 | 4.018071
A2 028 495 0.605 0.398 | 17.8145 8.1887 1.0193 0.9715 1.0034 1.1709
A3 0.27 577 0.624 0.375 | 21.0576 9.2441 1.0193 0.9715 1.0034 1.1709 0.827338 | 4.972662
A3 0.29 5.83 0.629 0.404 | 20.2517 9.2719 1.0193 0.9715 1.0034 1.1709
B1 0.27 6.02 0596 0.363 | 22.6607 10.1043 | 1.0193 0.9715 1.0034 1.1709 0.810978 | 4.934022
B1 025 547 056 0.347 | 21.4645 9.7743 1.0193 0.9715 1.0034 1.1709
B2 029 6.85 0.657 0.398 | 23.6911 10.4218 | 1.0193 0.9715 1.0034 1.1709 0.883317 | 5.851683
B2 029 6.62 0.632 0.399 | 23.1 10.4712 | 1.0193 0.9715 1.0034 1.1709
B3 0.3 8.69 0.707 0.414 | 28.8704 12.292 1.0193 0.9715 1.0034 1.1709 0.794996 | 7.760004
B3 0.3 8.42 0.697 0.397 | 28.4931 12.0845 | 1.0193 0.9715 1.0034 1.1709
C1 0.31 9.51 0.734 043 | 30.2201 12.9632 | 1.0193 0.9715 1.0034 1.1709 0.949206 | 8.420794
C1 0.3 9.23 0.727 0.436 | 30.3302 12.6822 | 1.0193 0.9715 1.0034 1.1709
Cc2 029 945 0.697 0.386 | 32.4687 13.5546 | 1.0193 0.9715 1.0034 1.1709 0.850872 | 8.749128
C2 0.3 9.75 0.718 0.413 | 32.7382 13.5792 | 1.0193 0.9715 1.0034 1.1709
C3 029 9.73 0.698 0.401 | 33.1661 13.9455 | 1.0193 0.9715 1.0034 1.1709 0.832789 | 8.847211
C3 0.3 963 0.716 0.403 | 31.8552 13.4504 | 1.0193 0.9715 1.0034 1.1709
Control | 0.29 343 0.621 0.396 | 11.9712 5.5232 1.0193 0.9715 1.0034 1.1709 0.851485 | 2.663515
Control | 0.3 3.6 0.659 0.428 | 12.061 5.4639 1.0193 0.9715 1.0034 1.1709

Table B.3: Week 2 CHNS Results



Sample | N[%] C[%] HI[%] S[%] | C/Nratio C/Hratio | NFactor C Factor HFactor S Factor | TIC [%] TOC [%]
A1 025 4.02 0.556 0.32 15.8201 7.2331 1.0293 0.95 1.0292 1.1801 0.649184 | 3.580816
A1 026 4.44 0574 0.355 | 17.2921 7.7383 1.0293 0.95 1.0292 1.1801
A2 0.25 3.89 0.545 0.227 | 15.8566 7.1327 1.0293 0.95 1.0292 1.1801 0.701724 | 3.463276
A2 0.25 4.44 0571 0.288 | 17.6489 7.7827 1.0293 0.95 1.0292 1.1801
A3 0.28 546 0.626 0.391 | 19.7952 8.7265 1.0293 0.95 1.0292 1.1801

0.753668 | 4.711332
A3 0.26 547 0.601 0.294 | 21.163 9.103 1.0293 0.95 1.0292 1.1801
B1 026 5.02 0.566 0.336 | 19.6328 8.8735 1.0195 0.9625 0.9703 1.1397 0.737677 | 4.337323
B1 025 513 055 0.35 | 209173 9.327 1.0195 0.9625 0.9703 1.1397
B2 0.28 6.82 0641 0.313 | 245766 10.6474 | 1.0195 0.9625 0.9703 1.1397 0.782923 | 5792077
B2 0.28 6.19 0.633 0.36 | 22.3906 9.7785 1.0195 0.9625 0.9703 1.1397
B3 024 6.34 0542 0.354 | 26.6846 11.6896 | 1.0195 0.9625 0.9703 1.1397 0.778049 | 5.886951
B3 026 6.99 0598 0.367 | 27.2163 11.6797 | 1.0195 0.9625 0.9703 1.1397
C1 0.32 8.72 0.748 0.39 | 27.5772 11.6603 | 1.0195 0.9625 0.9703 1.1397 0.883912 | 7.561088
C1 0.31 8.17 0.728 0.405 | 26.517 11.2245 | 1.0195 0.9625 0.9703 1.1397
Cc2 0.28 8.13 0.663 0.369 | 29.188 12.2633 | 1.0195 0.9625 0.9703 1.1397 0.803561 | 7.286439
c2 029 8.05 0.675 0.382 | 28.2137 11.9258 | 1.0195 0.9625 0.9703 1.1397
C3 025 7.93 0.584 0.333 | 32.0101 13.5873 | 1.0195 0.9625 0.9703 1.1397 0.785456 | 6.744544
C3 023 713 0.534 0.313 | 31.1988 13.3356 | 1.0195 0.9625 0.9703 1.1397
Control | 0.29 3.37 0604 0.344 | 11.5764 5.577 1.0195 0.9625 0.9703 1.1397 0.643299 | 2721701
Control | 0.28 3.36 0.593 0.318 | 11.942 5.6674 1.0195 0.9625 0.9703 1.1397

Table B.4: Week 5 CHNS Results



Sample | N[%] C[%] H[%] S[%] | C/Nratio C/Hratio | N Factor C Factor H Factor S Factor | TIC [%] TOC [%]
A1 027 493 0614 0.31 18.2764 8.0304 1.0195 0.9625 0.9703 1.1397 0.82917 | 4.39583
A1 028 513 0.637 0.302 | 18.065 8.0535 1.0195 0.9625 0.9703 1.1397

A2 0.28 4.81 0.633 0.355 | 16.9245 7.5985 1.0195 0.9625 0.9703 1.1397 0.81183 410817
A2 0.28 4.66 0.619 0.372 | 16.738 7.5216 1.0195 0.9625 0.9703 1.1397

A3 0.27 6.13 0.634 0.383 | 22.4797 9.6667 1.0195 0.9625 0.9703 1.1397 0.797595 | 5.687405
A3 028 6.35 0.654 0.384 | 22.8984 9.7213 1.0195 0.9625 0.9703 1.1397

B1 273 8.8 0.051 1.429 | 3.2166 174.072 | 1.0195 0.9625 0.9703 1.1397 0.820954 | 6.429046
B1 0.28 6.74 0.635 0.385 | 24.069 10.6132 | 1.0193 0.9715 1.0034 1.1709

B2 029 7.06 0.758 0.356 | 23.9606 9.3126 1.0293 0.95 1.0292 1.1801 0.90439 | 6.21561
B2 029 7.18 0.727 0.407 | 24.4959 9.8679 1.0293 0.95 1.0292 1.1801

B3 0.29 10.67 0.783 0.39 | 36.2878 13.6258 | 1.0293 0.95 1.0292 1.1801 0.800139 | 9.789861
B3 0.3 10.51 0.766 0.408 | 354827 13.7234 | 1.0293 0.95 1.0292 1.1801

C1 0.33 15.65 0.923 0.428 | 46.9399 16.9563 | 1.0293 0.95 1.0292 1.1801 0.875081 | 14.81492
C1 0.33 15.73 0.932 0.418 | 47.5468 16.8704 | 1.0293 0.95 1.0292 1.1801

Cc2 0.26 7.81 0.669 0.309 | 29.5494 11.6739 | 1.0293 0.95 1.0292 1.1801 0.819139 | 7.140861
Cc2 0.26 8.11 0.668 0.377 | 30.5905 12.1346 | 1.0293 0.95 1.0292 1.1801

C3 0.28 9.47 0715 0.302 | 34.3456 13.2573 | 1.0293 0.95 1.0292 1.1801 0.769852 | 8.595148
C3 0.28 9.26 0.703 0.385 | 33.5388 13.174 1.0293 0.95 1.0292 1.1801

Control | 0.27 3.19 0.566 0.384 | 11.832 5.6319 1.0193 0.9715 1.0034 1.1709 0.796635 | 2380865
Control | 0.26 3.13 0.567 0.37 12.0219 5.5216 1.0193 0.9715 1.0034 1.1709

Table B.5: Week 6 CHNS Results



Sample | N[%] C[%] H[%] S[%] | C/Nratio C/Hratio | N Factor C Factor H Factor S Factor | TIC [%] TOC [%]
A1 028 5.1 0.605 0.328 | 18.4065 8.4205 1.0145 0.9332 1.0637 1.048 0.800896 | 4.334104
A1 0.28 5.17 0.614 0.322 | 18.2622 8.4197 1.0145 0.9332 1.0637 1.048

A2 0.3 6.57 0.67 0.311 | 22.0384 9.795 1.0145 0.9332 1.0637 1.048 0.495253 | 6.119747
A2 0.3 6.66 0.657 0.351 | 22.3036 10.1461 | 1.0145 0.9332 1.0637 1.048

A3 0.28 5.81 0.63 0.349 | 20.4088 9.2362 1.0145 0.9332 1.0637 1.048 0.813857 | 5.076143
A3 0.3 597 0.656 0.372 | 20.1305 9.1068 1.0145 0.9332 1.0637 1.048

B1 0.29 822 0.633 0.336 | 28.5814 12.9827 | 1.0145 0.9332 1.0637 1.048 0.863675 | 7.496325
B1 029 8.5 0.652 0.331 | 29.4321 13.0484 | 1.0145 0.9332 1.0637 1.048

B2 029 7.83 065 0.325]| 26.7583 12.0523 | 1.0145 0.9332 1.0637 1.048 0.877868 | 7.362132
B2 0.3 8.04 0671 0.352 | 27.0991 11.9773 | 1.0145 0.9332 1.0637 1.048

B3 0.27 8.72 0.632 0.393 | 32.0999 13.78 1.0193 0.9715 1.0034 1.1709 0.905334 | 10.06967
B3 0.27 837 0.628 0.402 | 31.3631 13.3326 | 1.0193 0.9715 1.0034 1.1709

C1 0.31 12.48 0.812 0.419 | 39.7115 15.3641 | 1.0293 0.95 1.0292 1.1801 0.931492 | 11.49851
C1 0.31 12.38 0.829 0.341 | 40.3393 14.9328 | 1.0293 0.95 1.0292 1.1801

Cc2 028 74 0.689 042 | 26.0641 10.7367 | 1.0293 0.95 1.0292 1.1801 0.90115 5.46885

Cc2 028 7.34 0682 0.318 | 26.3334 10.7586 | 1.0293 0.95 1.0292 1.1801

C3 027 7.33 0.661 0.424 | 26.9887 11.1013 | 1.0293 0.95 1.0292 1.1801 0.830586 | 6.194414
C3 025 6.72 0622 0.352 | 26.38 10.8117 | 1.0293 0.95 1.0292 1.1801

Control | 0.27 3.17 0.594 0.339 | 11.6456 5.3376 1.0145 0.9332 1.0637 1.048 0.908494 | 2281506
Control | 0.29  3.21 0.621 0.341 | 11.1676 5.1654 1.0145 0.9332 1.0637 1.048

Table B.6: Week 9 CHNS Results



Sample | N[%] C[%] H[%] S[%] | C/Nratio C/Hratio | N Factor C Factor H Factor S Factor | TIC [%] TOC [%]
A1 029 518 0.716 0.349 | 17.6135 7.2266 1.0193 0.9715 1.0034 1.1709 0.851567 | 4.678433
A1 029 588 0.71 0.366 | 19.9993 8.2825 1.0193 0.9715 1.0034 1.1709

A2 028 552 066 0.361 | 19.8927 8.3557 1.0193 0.9715 1.0034 1.1709 0.800323 | 4.539677
A2 0.28 5.16 0.646 0.386 | 18.3294 7.9832 1.0193 0.9715 1.0034 1.1709

A3 0.27 5.51 0.632 0.36 | 20.2838 8.7104 1.0193 0.9715 1.0034 1.1709 0.489787 | 5.220213
A3 0.28 5.91 0.654 0.355 | 21.4545 9.0325 1.0193 0.9715 1.0034 1.1709

B1 028 7.97 0.712 0.338 | 28.5462 11.1937 | 1.0193 0.9715 1.0034 1.1709 0.829953 | 6.840047
B1 027 737 0645 0.324 | 27.6436 11.4247 | 1.0193 0.9715 1.0034 1.1709

B2 0.31 10.01 0.784 0.37 | 32.0349 12.778 1.0193 0.9715 1.0034 1.1709 0.906135 | 8.033865
B2 032 7.87 0764 0.412 | 246987 10.3031 | 1.0193 0.9715 1.0034 1.1709

B3 0.29 10.53 0.708 0.379 | 36.5088 14.8727 | 1.0193 0.9715 1.0034 1.1709 0.82628 | 8.73372

B3 027 859 0.668 0.357 | 32.1589 12.8645 | 1.0193 0.9715 1.0034 1.1709

C1 0.3 9.84 0.737 0.358 | 33.2107 13.3479 | 1.0193 0.9715 1.0034 1.1709 0.890927 | 9.974073
C1 0.3 10.49 0.758 0.385 | 34.5706 13.8418 | 1.0193 0.9715 1.0034 1.1709

Cc2 027 7.68 0655 0.375| 27.9416 11.7154 | 1.0193 0.9715 1.0034 1.1709 0.748882 | 6.941118
Cc2 028 7.7 0.659 0.353 | 27.6687 11.689 1.0193 0.9715 1.0034 1.1709

C3 027 9.77 067 0.353 | 35,5842 14.5794 | 1.0193 0.9715 1.0034 1.1709 0.782498 | 8.857502
C3 0.27 9.51 0.649 0.36 | 35.0325 14.6419 | 1.0193 0.9715 1.0034 1.1709

Control | 0.27 3.3 0.607 0.33 12.0122 5.4367 1.0193 0.9715 1.0034 1.1709 0.800181 | 2.539819
Control | 0.28 3.38 0.615 0.37 11.924 5.4998 1.0193 0.9715 1.0034 1.1709

Table B.7: Week 15 CHNS Results



Statistical Analysis

The statistical analysis of the parameters which presented significant correlations (p <0.05) to appli-
cation rate or particle size is presented in this document. The equations of the fits are shown in C.3,
which have the form y = A x Rate + B x Size 4+ p . In this equation, Rate takes a value of 2-4% and
Size ranges from -1 to 0 (where -1: fine, 0: medium, 1: coarse).

Parameter Moisture content | COLE (mould) | pH EC TOC k

Std. Dev. 0.0248 0.6297 0.051 0.1294 | 1.14 0.0017
Mean 0.1536 3.9 7.73 1.15 7.01 0.0217
C.V. 16.13 16.16 0.66 11.22 16.26 | 7.68
R? 0.5316 0.7532 0.8451 0.7849 | 0.7144 | 0.7618
Adjusted R? 0.3754 0.6709 0.7935 | 0.7133 | 0.6192 | 0.6824
Predicted R? -0.0631 0.3593 0.5816 | 0.6049 | 0.4323 | 0.3865
Adeq Precision | 4.5803 8.3252 10.0728 | 8.4199 | 6.4045 | 7.0023

Table C.1: Fit statistics of the statistically significant week 15 system responses calculated with Stat.Ease

Parameter Moisture content | COLE (mould) | pH EC TOC k
Application rate p-value | 0.0463 0.0661 0.0015 | 0.0045 | 0.0089 | 0.0049
Particle size p-value 0.4901 0.0108 0.152 | 0.1764 | 0.4971 | 0.5614

Table C.2: P-values of the application rate and particle size of the week 15 responses calculated with Stat.Ease (p <0.05 in

bold)

Parameter Moisture content | COLE (mould) | pH EC TOC k

Intercept (p) 0.102942 5.04889 7.50111 0.685667 | 3.46839 | 0.027568
Rate coefficient (4) | 0.012666 -0.288333 0.057083 | 0.116792 | 0.886198 | -0.001474
Size coefficient (B) | -0.007435 -0.936667 0.034167 | 0.080917 | 0.33648 | -0.000418

Table C.3: Equations of the statistically significant week 15 system responses calculated with Stat.Ease
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Field Photos

Presented in this document are the photos taken of each experimental variant over the course of the
15 week field ripening period. The images were all scaled to the length of a ruler.
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(a) A1: 2% Fine (b) A2: 2% Medium (c) A3: 2% Coarse

(g) C1: 6% Fine (h) C2: 6% Medium (i) C3: 6% Coarse

(j) Control

Figure D.1: Week 1
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(a) A1: 2% Fine (b) A2: 2% Medium (c) A3: 2% Coarse

(d) B1: 4% Fine (e) B2: 4% Medium

(g) C1: 6% Fine (h) C2: 6% Medium (i) C3: 6% Coarse

(j) Control

Figure D.2: Week 5
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(a) A1: 2% Fine

(d) B1: 4% Fine

(g) C1: 6% Fine

(h) C2: 6% Medium

(j) Control

Figure D.3: Week 9

(f) B3: 4% Coarse

(i) C3: 6% Coarse
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(a) A1: 2% Fine (b) A2: 2% Medium (c) A3: 2% Coarse

(f) B3: 4% Coarse

(g) C1: 6% Fine (i) C3: 6% Coarse

(j) Control

Figure D.4: Week 15
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Figure E.2: Linear regression fit of room and outside relative humidity
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COLE (%)
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Figure E.3: Air dried syringe COLE and room relative humidity

Parameter

Correlation of full dataset

Correlation until 15/06

Pearson’s Correlation Coefficient
Linear Fit Slope

Linear Fit Intercept

Linear Fit R?

0.093
0.113
61.510
0.009

0.633
0.892
29.882
0.401

Table E.1: Room and outside relative humidity linear regression parameters
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