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ABSTRACT

Water quality is significantly affected by the forest logging activities that are carried out in
drained peatlands, which causes a notable enhancement in sediment loading and nutrient
export to water bodies. Furthermore, the seasonal fluctuations in nutrient concentrations in
the runoff further underscore the need for efficient water protection tools in peatland forestry.
To address these issues, biochar-based adsorption methods can potentially offer an effective
alternative for water protection in peatland forestry.

The current thesis investigates the potential for adsorption-based nutrient recovery from
clear-cut peatland runoff water using Norway spruce and Silver birch biochars. In particular,
the aim is to i) study the adsorption characteristics in relation to biochar properties and
nutrient compounds in runoff waters in a small-scale laboratory experiment (Paper 1); ii)
investigate the adsorption characteristics of nitrogen (N) compounds from runoff water in a
meso-scale laboratory experiment that utilises biochar reactors (Paper 11); and iii) investigate
the dynamics of biochar adsorption and desorption under fluctuating total nitrogen (TN)
concentrations in runoff water (Paper I11).

Biochar made from birch and spruce were shown to efficiently adsorb N compounds from
the water. Across all experiments, the TN content declined significantly, irrespective of the
scale, or whether the runoff volume ranged from litres (I and I111) to hundreds of litres (11).
Furthermore, the TN content at the beginning of the experiment declined at the fastest rate.
The results indicate that cases of relatively low adsorption capacity were attributed to the low
initial TN concentrations in the water. In addition, TN adsorption occurs above a threshold
concentration in natural runoff water. The spruce did not adsorb TN when the concentrations
in the runoff water fell below 0.4 mg L. In this thesis, biochar emerges as a compelling
water protection solution, particularly in regions where clear-cut peatlands release substantial
quantities of nutrients.

Keywords: adsorption rate, adsorption capacity, clear-cut, desorption, nitrogen compounds,
total nitrogen
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1 INTRODUCTION

1.1  Background

The demand for forest biomass is expanding in tandem with the move towards a sustainable
bio-based economy. Finland has around 20 different tree species, but the most important for
forestry are Scots pine (Pinus sylvestris L.), Norway spruce (Picea abies (L.) H. Karst), and
silver birch (Betula pendula Roth). In mineral soils, pure Scots pine stands develop in very
dry environments, while Norway spruce grows in more fertile areas and silver birch grows
mostly in mixed forests. Mixed species forests compose more than half of all forests in the
country (Marttila et al. 2005).

In Finland, a considerable proportion of the harvested forest biomass is produced in
drained peatland forests. Drainage is required as the naturally high-water table poses
limitations on the growth of trees in these soils (Sikstrém and Hokka 2016). Since the early
twentieth century, the drainage of peatlands has been a common feature of forestry practice
in the Baltic countries, Fennoscandia, the British Isles, and some parts of Russia (Nieminen
2004). Peatlands encompass approximately 30% of the land area in Finland (Ahtikoski and
Hokka, 2019) and a significant proportion, accounting for over half of the peatlands in the
country, has been subjected to drainage through ditching for forestry purposes (Péivénen and
Hanell, 2012). The main tree species in peatland forests are Norway spruce, Scots pine, and
downy birch (B. pubescens Ehrh.). Norway spruce is dominant on fertile spruce fens, whereas
Scots pine is the dominant species in less fertile bogs (Paivanen and Hanell, 2012). In
Finland, natural peatlands are no longer exposed to ditch draining, and peatland forestry
practices are now focused on previously drained sites and on maintaining tree growth in those
sites (Ministry of the Environment, 2006).
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Figure 1. Area of ditch network maintenance in Finland between 2004—2020 (blue line, ha yr-
1), and the number of clear-cuts on both mineral and peatland sites (green line, ha yr!). Note:
While the statistics do not separate the clear-cuts on the mineral and peatland sites,
approximately 20% of forests are on drained peatlands (Luke statistics database, 2022).
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The predominant forest regeneration strategy employed in drained peatlands entails a
sequential process that encompasses clear-cutting, maintenance of the ditch network, site
preparation and tree planting (Paavilainen and Paivanen, 1995). In Finland, the area of ditch
network maintenance has decreased from 78,000 ha to 17,000 ha between 2004 and 2020
(Figure 1) (Luke statistics database, 2022). The practice of clear-cutting and the subsequent
maintenance of ditch networks have been identified as significant contributors to the export
of sediment and nutrients into various water bodies, such as brooks, rivers and lakes (Joensuu,
2002; Nieminen, 2003, 2004; Nieminen et al., 2010).

Clear-cutting on drained peatlands represents a recognised environmental hotspot with
regard to water quality. It is associated with a substantial amplification in nutrient export and
sediment transport, surpassing equivalent clear-cutting operations in mineral soil forests by
a considerable magnitude (Finér et al., 2010). With the maintenance of the drainage network,
erosion within the ditches becomes more pronounced, leading to a notable increase in
sediment loads (Stenberg, 2016). Furthermore, since nitrogen (N) and phosphorus (P) adhere
to the eroded material, the maintenance of the ditch network increases N and P loading. The
water table rises when the stand is clear-cut, leading to increased runoff and the magnitude
of nutrient loading (Sikstrom and Hokk&, 2016). Multiple negative impacts on the receiving
aquatic ecosystems are caused by increased sediment and nutrient loading (Bilotta and
Brazier 2008).

The threat to water quality is a growing concern because the large peatland forest areas
that were drained for the first time during the 1960s-1980s are now reaching regeneration
age, thereby increasing the area subject to clear-cutting in the near future. This is anticipated
to result in increasing sediment and nutrient loading in water bodies, which underscores the
need for the development of novel water protection approaches in peatland forestry.

1.2 Peatland forest clear-cutting and water quality

The contribution of Finland to nutrient loading in the Baltic Sea is noteworthy, as it represents
over 10% of the total input (Rankinen et al., 2019). A recent ecological assessment of surface
waters in the country underscores the urgent need to reduce nutrient export from rivers to
improve the ecological status of the Baltic Sea (Rankinen et al., 2019). On a national scale,
the annual exports of N and P from forested areas to the sea are estimated to reach
approximately 18,000 Mg and 1,100 Mg, respectively. (Nieminen et al., 2020).

Undisturbed stands of boreal forests are N restricted, and the N cycle is largely closed
(Palviainen et al., 2004). Most of the mineralised N is taken up by the roots of trees and
ground vegetation, with minimal losses due to leaching (Tamm, 1991; Palviainen et al.,
2004). However, clear-cutting has a number of effects on the distribution and fluxes of
nutrients in forest ecosystems (Likens and Bormann, 1999): The soil gets warmer and more
moist, and canopy shade, interception and water adsorption are reduced, resulting in
enhanced logging residues and organic matter decomposition, and mineralisation of nutrients
and nitrification (Palviainen et al., 2004). Harvesting decreases stand water and nutrient
uptake and enhances runoff (Kreutzweiser et al., 2008). Excessive nutrient addition in the
soil occurs at the same time as the soil's capability to adsorb and retain nutrients decreases.
Consequently, there is an increase in nutrient export to the receiving water bodies and this
contributes to the deterioration of aquatic ecosystems, including water quality degradation,
eutrophication and the growth of harmful algal blooms (Conley et al., 2009). The impact can
continue for an extended period, with notable effects observed within the initial three years
following the clear-cutting operation (Rosén et al., 1996; Palviainen et al., 2014).
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Logging residues represent a substantial proportion of the entire nutrient pool that was
initially bound in the developing stand: In mature Norway spruce stands, logging residues
contribute to almost 80% of the total N and up to 90% of the total P bound in the harvested
stand (Palviainen et al., 2004). The carbon (C) content of logging residues is also high, as
plant material contains around 50% C by dry mass (Killham, 1994). Considerable quantities
of C are emitted into the atmosphere as carbon dioxide (CO>) during the decomposition of
the logging residues (Mattson et al., 1987). Studies have shown that a high nutrient
concentration, low C/N and C/P ratios, an adequate N/P ratio, and a low lignin content all
enhance decomposition (Palviainen et al., 2004).

In contrast to fine residues (foliage, fine roots and twigs), coarse residues (stumps, coarse
roots and branches) decompose gradually and contain a large proportion of resistant organic
substrates and low concentrations of nutrients (Hyvonen et al., 2000). Therefore, fine residues
constitute the most significant source of nutrients following clear-cutting, while the nutrients
in coarse residues do not become available for many years or even decades after the clear-
cut (Hyvonen et al., 2000).

Clear-cutting of drained peatlands may also lead to a rise in the formation and leaching
of easily soluble organic compounds. Lundin (1999) demonstrated that the possibility of
accelerated leaching of dissolved organic carbon (DOC) due to clear-cutting is significant.
Many nutrients are released into the soil after clear-cutting and, consequently, the nutrient
outflow increases. Furthermore, climate change will almost certainly exacerbate the situation
by speeding up the decomposition of the peat soil and the release of nutrients into the
environment (Nieminen et al., 2017).

1.3  Peatland forestry and water protection

In addition to imposing restrictions on environmentally harmful activities, there are several
preventative strategies in forestry for diffuse load minimisation. Overland flow fields,
constructed wetlands, sedimentation ponds, sedimentation pits and peak-flow control are the
main methods to control the diffuse loads. Sedimentation ponds and overland flow areas may
be employed with drainage and ditch network maintenance (Matero, 2004). The goal of the
sedimentation ponds is to improve water quality by allowing suspended sediments and
sediment-bound contaminants to settle within the pond. Overflow fields and constructed
wetlands are typically employed before the runoff can reach the water bodies (e.g., Joensuu,
2002; Vadnénen et al., 2008). Sedimentation-based and flow-control water protection
methods can retain coarse-textured mineral soil particles from the runoff waters or prevent
ditch erosion in the first place (Liljaniemi et al., 2003; Nieminen et al., 2005a; Eskelinen et
al., 2015). However, these water protection methods are not particularly effective in retaining
the soluble nutrients. In addition, the efficiency has been observed to be insufficient during
peak/high flow periods (Liljaniemi et al., 2003), when the majority of the annual contaminant
export takes place (Marttila and Klgve, 2009). Constructed wetlands and overland flow fields
can also capture dissolved nutrients (Hynninen, 2011) through uptake by the vegetation and
microbes, although the efficiency decreases outside the growing season when the nutrient
uptake is suppressed due to low temperatures (Joensuu et al., 2002 Nieminen et al., 2005b).
Pond construction is expensive, and the ponds must be cleaned frequently as, over the course
of time, they may become filled with sediments. Furthermore, pond efficiency may be
reduced when the walls of the pond collapse.

Despite being maintenance-free and inexpensive, there are some detrimental impacts
regarding buffer zones, particularly as their construction by rewetting and restoring drained
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peatland habitats potentially enhances nutrient outflow. In addition, buffer areas may increase
nitrous oxide (N20) and methane emissions (CHs) (Hynninen, 2011). It has been
demonstrated that the riparian buffer zones that surround water bodies effectively retain
soluble nutrients within the soil and plant systems (Vikman et al., 2010). The fundamental
problem with biologically-based water protection measures is that they are temperature-
dependent, which means they are ineffective outside of the growing season and increased
nitrate (NO3™-N concentrations are an excellent illustration of this (Mattsson, 2010).

In boreal catchments where the cold environment causes significant changes in seasonal
runoff and evapotranspiration, strong seasonal and inter-annual fluctuations in loading and
concentrations is a common feature (Liljaniemi et al., 2003). Almost 50% of total leaching
in a year occurs following high discharge conditions and snowmelt in the spring.
Furthermore, runoff peaks increase after harvesting and drainage of peatlands (Liljaniemi et
al., 2003). The high flow and a rather low concentration of nutrients in the water are two
characteristics of nutrient export from forested areas. As a result, an effective water
protection system needs to retrieve nutrients from a low concentration and a substantial
volume of water (Mattsson et al., 2015). In addition, a water protection system must be cost-
effective and be able to properly retrieve nutrients when nutrient concentrations and
discharge volume vary seasonally.

1.4  Adsorption-based water protection method

There are several approaches for water purification (Nieminen et al., 2005a; Jafari et al.,
2017; Asfaram et al., 2017), which are generally based on adsorption processes and attempt
to adsorb both organic and inorganic impurities (Moussout et al., 2018; Battas et al., 2019).
In chemical and water engineering, adsorption has been considered a viable, practical and
cost-effective strategy for the removal of contaminants from polluted media (Konneh et al.,
2021; Singh et al., 2018). Adsorption mainly refers to the entrapment of substances from
liquids or gases to the interface of two phases, primarily onto solids (Pillai, 2020). The
adsorption method requires adsorbents with high adsorption capacity (Cai et al., 2019), such
as activated C, clay minerals, zeolites, metal oxides, agricultural wastes, biomass and
polymeric materials. Activated C is a commonly used adsorbent in water purification. The
adsorption effectiveness of activated C is primarily attributed to its substantial specific
surface area and developed porous structure. Similar to activated C, biochar is derived as a
by-product of pyrolysis, a process that involves the thermal treatment of organic substances,
such as wood, straw or industrial residues (e.g., paper sludge and biosolids) under controlled
oxygen-deficient conditions (Lehmann and Joseph, 2015).

Biochar has emerged as a promising alternative to activated C in the field of
environmental remediation and water treatment. This is primarily due to its cost-
effectiveness, the widespread availability of raw materials and its remarkable sorption
capacity (Kearns et al., 2014). Biochar production involves the utilisation of thermochemical
processes, such as gasification, slow pyrolysis and rapid pyrolysis. The physicochemical
properties of biochar derived from each of these processes can vary, and they are
predominantly influenced by factors, such as the reaction duration and temperature, the
composition of the initial feedstock material, as well as the activation techniques employed
(Inyang and Dickenson, 2015). Biogas and bio-oil are produced during the pyrolysis process,
and the C-rich solid residue is referred to as biochar.

Biochar exhibits numerous similarities to activated C in various aspects. Biochar is a
stable material and is characterised by a high C content. Biochar is created through the



13

process of pyrolysis, which involves the thermal decomposition of biomass (e.g., wood,
agricultural waste or organic matter) in a low-oxygen or oxygen-free environment, typically
at temperatures below 700°C (Beesley et al., 2011). Biochar exhibits effectiveness in the
adsorption of various compounds from water, attributed to its porous structure, substantial
specific surface area and notable cation exchange capacity (Mohan et al. 2014). The
elimination of organic and inorganic contaminants by biochar involves various key
mechanisms that include electrostatic interaction, ion exchange, pore filling and precipitation
(Ambaye et al., 2021). The remarkable adsorption capacity of biochar can be attributed to its
expanded microporous and aromatic structure, as supported by various studies (Srinivasan
and Sarmah, 2015; Yu et al., 2018; Liu et al., 2020). Moreover, biochar has shown greater
adsorption capabilities than activated C in multiple investigations (e.g., Inyang and
Dickenson, 2015; Dalahmeh, 2016). Yao et al. (2012) confirmed that increasing the pyrolysis
temperature of biomass, for example to 600°C, enhances its adsorption capacity. Largitte and
Pasquier (2016) categorised the adsorption process into three stages: i) external mass transfer,
where the adsorbate moves from the bulk solution to the external surface of the adsorbent, ii)
internal diffusion, involving the movement of the adsorbate to the sorption sites, and iii)
actual sorption. The first two processes are particularly affected by the biochar particle size.
As a result, biochar may be a less expensive alternative to activated C (Gwenzi et al., 2016).
Moreover, biochar offers a wide range of environmental management applications, in
particular, soil conditioning, remediation and C sequestration (Oliveira et al., 2018;
Palviainen et al., 2018).

1.5 Research gaps

Previous studies have indicated the adsorption capabilities of biochar for water contaminants
(Dai et al., 2020; Chand et al., 2022). However, it is important to consider that the chemical
composition of runoff water differs significantly between peatland forests and agricultural or
urban areas (Mattsson et al., 2015). The performance of biochar in the recovery of pollutants
from runoff water may be influenced by the presence of various dissolved chemicals. This is
attributed to simultaneous competition among multiple compounds for adsorption sites
during the adsorption process (Palviainen et al., 2018). Furthermore, as the nutrient
concentration in water increases, the adsorption capacity of biochar also increases
(Ahmadvand et al., 2018). This suggests that the adsorption capacity of biochar can be
influenced by seasonal fluctuations in nutrient concentrations in the runoff water. To date,
there has been a lack of research on the effects of decreasing concentrations on the potential
desorption of N, where the release of nutrients previously adsorbed onto the surface of
biochar takes place. A full understanding of the desorption process of recovered N is crucial
when biochar is utilised for water protection purposes. Consequently, the findings of earlier
studies conducted in agricultural and urban contexts are not directly transferable to peatland
forest environments.

1.6  Objectives of the thesis

The primary objective of this research thesis was to investigate the efficacy of biochar as a
means of adsorption-based nutrient recovery from runoff water that specifically originated
from forested areas. The study was carried out in two small-scale and one meso-scale
laboratory experiments with biochar produced from Norway spruce and Silver birch chips.



14

The water samples utilised in the experiments were obtained from a specific drainage ditch
that collected runoff water from a clear-cut peatland forest located in eastern Finland. More
specifically, the objectives were:

Obijective 1:

To examine the adsorption characteristics of biochar for various N compounds in forest

runoff waters, alongside their correlation with birch and spruce biochar properties in a

small-scale experimental setup with a small volume of runoff water (Paper I).

Obijective 2:

To investigate the adsorption characteristics of organic N compounds and inorganic N

components from natural runoff water in a meso-scale experimental set-up that utilised

1000 litres of forest runoff water that circulated inside a biochar reactor filled with spruce

biochar (Paper I1).

Objective 3:

To explore the adsorption-desorption behaviour of spruce and birch biochar under

fluctuating TN concentrations in forest runoff water (Paper I11).

In Paper I, we constructed a biochar reactor for water purification, and studied the
adsorption rate of the biochar and its capacity to adsorb the dominant chemicals in the runoff
water. In Paper 11, a biochar reactor was used to evaluate the recovery of different N
compounds in the runoff water that passed through biochar filled-columns. In Paper 111, the
effect of N concentration on the adsorption and desorption dynamics of biochar in runoff
water was examined.
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2 MATERIALS AND METHODS

2.1  Study area and water sampling

Runoff waters for all three experiments was collected from a drainage ditch located in
Heindvesi, Finland. This ditch originates from a fertile spruce fen that underwent clear-
cutting in August 2018 (Figure 2). The study area experiences an average annual temperature
of 3.6°C and annual precipitation of 638 mm. The area of the entire catchment was 31.72 ha,
with a clear-cut area of 2.57 ha.

Harvest included 319 m? of Norway spruce (124 m? ha') and 239 m? of silver birch (93
m3 ha'l). The depth of the peat layer was 0.5-0.7 m, and the subsoil was clay. The runoff
water from the clear-cut site drains into the oligo-mesotrophic, clear-water Lake Kermajérvi,
which is located within the Vuoksi primary catchment area. The export of nutrients from
managed peatland forests may negatively impact the good ecological status of oligo-
mesotrophic clear-water lakes.
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Figure 2. Location of the clear-cut area in Heinadvesi, eastern Finland (PalTuli-spatial data for
research and teaching; available at https://avaa.tdata.fi/len_US/web/paituli/latauspalvelu)
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For the first experiment (Paper 1), the water samples were collected in October and
November 2018, from the main drainage ditch that collects runoff water from the harvested
area. The initial N concentrations in the November runoff samples (1.4 + 0.05 mg L™ TN,
0.6 £0.09 mg L2 NO3-N, and 0.1 + 0.02 mg L* NH4*-N) were found to be higher than the
N compounds concentrations observed in the October water samples (0.9 £0.03 mg L TN,
0.2+ 0.01 mg L™ NO3-N, and 0.05 = 0.03 mg L™ NH4*-N).

In total, 2000 litres and 850 litres of runoff water were collected for the biochar reactor
experiment (Paper 11) on 21% January 2019 and 14™ February 2019, respectively. On 22"
January 2019, the first phase of the experiment commenced with the injection of 1000 litres
of collected runoff water (January water samples) into the water tank of the biochar reactor
(capacity 3 m®). After 3 weeks, the next phase of the experiment was initiated by adding 850
litres of water (February water samples) into the reactor system. The experiment continued
for a duration of two months until March 22" 2019.

For the adsorption-desorption experiment (Paper I11), water sampling took place outside
the growing season (November 2019) from the same ditch. The concentration of TN in the
runoff water sample was 4.6 mg L and prior to the experiments, the water was kept at a
temperature of 4°C until the commencement of the experiment described in Paper I11.

2.2 Experimental design

In this thesis, we used two commercial biochars manufactured by Carbofex Ltd., Tampere,
Finland. These biochars were created from Silver birch and Norway spruce chips, employing
a slow pyrolysis technique at a temperature of 600°C. Electric conductivity (EC) and the pH
of the biochars were determined by preparing a 1:12.5 v:v solution of biochar and water. In
addition, the N, adsorption technique was employed with a Micromeritics Flowsorb 11 2300
instrument to determine the specific surface area of the biochar (Micromeritics Flowsrb II
2300, 1986). Detailed information on the properties of the two biochars are shown in Table
1.

In Experiment I, we selected two biochar doses (3 g and 12 g) and two grain sizes (fine
and coarse). The size of the fine and coarse particles were approximately 4 mm and 4-6 mm,
respectively. The primary objective was to assess the impact of grain size and dose on the
adsorption characteristics of the biochars. A total of four replicates were considered for all
treatments. The October and November water samples were utilised for replicates 1&2 and
replicates 3&4, respectively.

To control the potential impact of temperature on the adsorption process, the runoff water
temperature in all replicates was kept at a stable 21°C before initiation of the experiment.
This step was taken as temperature had been identified to have the potential to influence the
adsorption process (Mizuta et al., 2004). This corresponds to the upper range of air
temperature expected under field conditions, where the air temperature ranges from -25°C to
25°C. For all treatments, biochar was placed into three 3000 mL glass jars, and the fourth jar
was left as a blank sample. Then, 2500 mL of runoff water was poured into the jars, and 60
mL of water was removed to measure the initial nutrient concentrations in each jar. All jars
were covered with aluminium foil.
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Table 1. Characteristics of the Norway spruce (Picea abies) and Silver birch (Betula pendula)
biochars. Mean and standard deviation (in parentheses) are shown.

Biochar properties ’S\l:rrlﬁzy Silver birch

. . . 4-6 4-6
Particle size (mm) (Experiment I)

<4 <4

Particle size (mm) (Experiment II) <8 -
Particle size (mm) (Experiment III) 4-6 4-6
Pyrolysis temperature (°C) 600 °C 600°C
SE(I)TSttir(;%)conduct|V|w (uS cml) (1:2.5 v: v biochar/water 221 (15) 163 (3)
pH (1:2.5 v: v biochar/water solution) 9.25 (0.01) 9.75 (0.02)
Specific surface area (m2 g1) 320 260
N% 1.19 (0.09) 1.39 (0.15)
C% 79.07 (0.83) 80.00 (0.05)
C:N ratio 66.9 (5.51) 58.2 (6.38)
Dry matter (%) (105 °C, 48 h) 72.6 % (2.74) ?f'ég"

The jars were placed on a shaker (New BrunswickTM Innova® 2300, Eppendorf Nordic
A/S, Denmark) at a speed of 105 rpm for 10 days. Water samples (60 mL) were taken at 1,
2.33,5.5, 25, 28, 46, 49, 70, 145, 169, 196, and 215 hours after the start of experiment (Paper
1). All water samples were filtered by Filtration Assembly with Whatman GF/F Glass
Microfiber Filters (pore size 0.7 um, GE Healthcare Bio-Sciences, Marlborough, MA, USA).

In Experiment 11, a biochar reactor (Figure 3) was used to retain organic N and inorganic
N from the runoff water. The reactor consisted of three horizontal PVC plastic columns
(inside diameter: 150 mm; length: 150 cm) with both sides of the columns were covered by
PVC caps. All columns were filled to capacity without being compressed with spruce biochar
having particle size < 8 mm. The column volume and dry bulk density of the biochar were
0.0265 m® and 200 kg m3, respectively. Therefore, the amount of biochar mass within each
column equalled 5.3 kg. In this reactor, the tank of water was positioned at the height of 3 m
above the columns and runoff was circulated through the three parallel columns. The
cumulative effect of the purification can be monitored by recirculation of the water through
the reactors. The fundamental properties of the collected water sample are illustrated in Table
2.

In the first stage of Experiment Il, a total of 1000 L of runoff water were circulated
through the biochar reactor for 21 days (total of 23 cycles). Then, in the second stage, an
additional 850 L of runoff water was added into the system due to the complete adsorption
of all mineral N, thereby prolonging the experiment for an additional 37 days. During the
first week of the experiment, 50 mL water samples were collected three times daily. In the
second week, the frequency of sampling was reduced to twice daily. Subsequently, for the
remainder of the experiment, water samples were collected once daily. The filtration
assembly employing Whatman GF/F Glass Microfiber Filters, which had a pore size of 0.45
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um, was utilised to filter all water samples (GE Healthcare Bio-Sciences, Marlborough, MA,
USA). Following filtration, all water samples were stored at a temperature of 4°C until they
were ready for subsequent analysis. The measurement of TN was conducted within one
month after sampling, while the analysis of the mineral N fractions took place within one
week.

Table 2. Initial characteristics of the collected water sample.

Parameter Value Parameter Value
pH 7.24 Mg (mg L) 1.208
[H*] 5.75x108 Na (mg L) 1.984
EC 168 P (mgL™1) 0.026
TOC (mg L1) 0.0319 Pb (mg L) 0.225
TN (mg L-Y) 0.828 S (mg LY) 3.271
NH4*-N (mg L™1) 0.066 Si(mg L™1) 7.210
NOz™-N (mg L™1) 0.251 Zn (mg L) 0.247
Al (mg L) 0.313 K(mgL™1) 3.668
Ca(mgL™) 7.215 Fe (mg L) 0.406
Mn (mg L™%) 0.087 - -

Figure 3. Experimental set-up of the biochar reactor.
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The control of water inflow and outflow within the columns was facilitated through the
utilisation of adjustable valves located on the caps. These valves allowed for precise
regulation of the water flow in both directions. Water samples were extracted from the hoses
that were connected to both the reactor outlets and inlets. In order to mimic the low water
flow velocity in the ditches of forested peatlands (Haahti 2018), the rate of water flow (L
min?) passing through the columns was measured using a graduated cylinder and a
stopwatch. This approach provided a reliable means to track and record the rate at which the
water passed through the system on a day-to-day basis. The valves were utilised to regulate
the flow and to ensure that it stayed within the desired range when the recorded flow rate
exceeded the specified 0.5-1 L min range. As such, the velocity of water inside the columns
and the residence time were kept within 0.001-0.002 m s and 12-23 min, respectively.

Experiment 111 contained separate set-ups for the determination of TN adsorption under
different TN concentrations in the water (Adsorption set-up, Figure 4); and to determine the
TN desorption that potentially occurs when the TN concentration declines after preceding
adsorption (Desorption set-up, Figure 5). In order to analyse the effect of N concentration on
adsorption, the dilution of runoff water by milli-Q water was carried out to achieve targeted
TN concentrations of 1, 2, 3, and 4 mg L. Prior to the experiment, the collected runoff water
was given sufficient time to stabilise at a temperature of 21°C. Then, 1 L of runoff water was
treated with 5 g of spruce or birch biochar. Each individual concentration had three biochar
replicates and one non-biochar control. At a consistent speed of 110 rpm, glass jars were
shaken for a duration of 10 days. During this period, 30 ml water samples were extracted
from each treatment at eight different time steps: 0, 2, 5, 25, 48, 72, 125, and 173 hours.

The experimental setup of Experiment 111 consisted of two distinct phases, namely an
adsorption phase and a desorption phase (Figure 5). In the adsorption phase, birch and spruce
biochar were exposed to four different TN concentrations and TN was allowed to sorb onto
the biochar surfaces and structures. Thereafter, the biochar was extracted, and in the
desorption phase, it was exposed to considerably lower concentrations to study the possible
release of TN from the adsorbed storage.

The adsorption phase was initiated by blending 5 g of each type of biochar with 1 L of
runoff water. To ensure accuracy, this process was replicated three times for each of the four
distinct TN concentrations. The runoff water was carefully diluted with milli-Q water to
achieve TN concentrations of 1, 2, 3, and 4 mg L™*. The adsorption phase was monitored for
a duration of 72 hours, thereby facilitating comprehensive analysis and assessment of the
adsorption capability of both biochars. In the desorption phase, the biochars was filtered and
separated into two 2.5 g (dry mass) samples. The biochar samples were then placed inside
the glass containers, where they underwent stirring using the milli-Q water. The water was
carefully diluted to achieve the lower concentrations of 0.2 mg L™ and 0.35 mg L™, thereby
providing the necessary concentration of TN for the desorption process. After 9 days of
shaking at 110 rpm, water samples were extracted. Similar to the Experiment 11, the filtration
assembly was utilised to filter all water samples.
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Figure 4. Experimental design of the adsorption setup.
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2.3 Chemical analyses

Electrical conductivity (EC) and the pH of the runoff water and biochar (in a 1:2.5 viv
biochar/water solution) were measured using a WTW pH/cond 340i and WTW pH 340i
(WTW GmbH, Weilheim, Germany), respectively. In addition, the N, adsorption technique
was employed to determine the specific surface area of the biochar with a Micromeritics
Flowsorb 11 2300 instrument. This approach involves the physical adsorption of a gas onto
the surface of the biochar, which permits the quantification of the amount of adsorbate gas
required to form a monomolecular layer on the surface. Moreover, the dry mass of the biochar
sample was determined by placing it in an oven at 105°C for 48 hours.

The C and N contents in the biochars were determined using a Vario Max CN elemental
analyser (Elementar Analysensysteme GmbH, Germany). The Multi N/C® 2100 instrument
(Analytik Jena AG, Jena, Germany) was used to measure the concentrations of TN and total
organic carbon (TOC). Quantification of NOs-N and ammonium (NH4*-N) was carried out
using the colorimetric evaluation methods developed by Fawcett and Scott (1960) and
Miranda et al., (2001).

To ensure accurate measurements, a detection limit of 0.02 mg L was established for
NO3-N and NH4*-N. This threshold signifies the minimum concentration that could be
reliably detected by the analytical method employed. In cases where the measured values fell
below this limit, a data adjustment was applied, which reduced the values to 50% of the
established threshold (Sigh and Nocerino, 2002). Concentrations of P were analysed with an
ARL 3580 OES ICP atomic emission spectrophotometer (Fison Instruments, Valencia,
USA).

2.4  Statistical analyses

The adsorption of N compounds and TOC (A: ) to the birch and spruce biochars was
calculated using the concentration changes of the substance in the water samples (Equation
1):

_ (Cini p¥ind) ~Ei=ini(Ct-1p = Cep)Ve-1¢
Arp = M

Mpiochar

Variable A (mg g* biochar) represents the cumulative adsorption amount of substance
p, where p can refer to TN, NOs™-N or NH4*-N. The initial concentration of component p and
the initial volume of water are shown as cini p (Mg L) and vini (L), respectively. The
component concentration of p at time t is indicated as ¢t (mg L), while the component
concentration at time t™* is denoted as ct.1, (Mg L™). The volume of water from time t* to t is
denoted as v:-1: (L). In addition, the dry mass of biochar is represented by m biochar.

Linear mixed-effect models were employed in Experiment | and in the adsorption set-up
of Experiment Ill to explore the relationship between the initial concentration and the
cumulative adsorption of TN at the end of each experiment. Within the model framework,
biochar type and concentration were treated as fixed effects. In addition, the replicates were
considered as random effects.

A endpi = Ap,; T Bp,icini.p.i + &pij @
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The cumulative desorption amount of TN and NO3s-N compounds (p) from biochar i at
the end of the experiment is denoted as A: enap (Mg gt biochar). In this equation, the
adsorption process is influenced by fixed parameters, opiand Bpi, which are specific to
biochar i and the p component. The initial concentration of the p component is denoted as
Cinipand is measured in mg L. The term &g represents the residual term for the p component
and biochar i, along with the replicant j. The mean expected value for ggj is equal to 0.

To evaluate the performance of the model, several criteria were employed, including
Akaike Information Criterion (AIC), Bayesian Information Criterion (BIC), log likelihood,
Root Mean Square Error (RMSE), and coefficient of determination (R?). These criteria
provide a quantitative assessment of how well the model fits the data and captures the
underlying patterns. Quantification of the desorption amount during the desorption phase of
Experiment 111 was carried out using the following calculation:

Dci — (cend—Cini)v (3)

Mpiochar

Where D¢ represents the desorption amount of TN for biochar i (Bb, Sb) at a
concentration of c, which can take the values of 0.20 or 0.35 (mg L™%). Cens (Mg L) and Cini
(mg LY refer to the TN concentration in the solution at the end and beginning of the
desorption phase, respectively. v (L) denotes the volume of the solution and m biochar
represents the mass of the biochar.

To investigate the impact of the initial TN concentration on the desorption of TN during
the desorption phase described in Experiment 111, the cumulative desorption amount of TN
at the end of the experiment (D216n) Was examined. Linear mixed-effect models (Equation 4)
were employed for this analysis. In the model, biochar type and initial concentration were
treated as fixed effects, while replicates were considered random effects:

Dy16i = a+ as+ (B + Bs) Xini,i + €4 (4)

In equation (4), D2is;i (Mg g* biochar) represents the TN desorption of biochar i at a
specific time (216 h). Parameters a and P are fixed constants specific to birch biochar, while
as and Bs represent fixed parameters of spruce biochar and represent the differences from the
fixed parameters of the birch biochar. The initial concentration of TN is denoted as Xini, and
its value can be either 0.2 or 0.35 mg L™ depending on the particular conditions of the
experiment. Furthermore, equation (4) incorporates the term &jj, which represents the residual
term for TN in biochar i and replicate j. The expected value of & is 0. The adsorption kinetics
were determined using integral forms of pseudo-first order (Equation 5) and pseudo-second
order (Equation 6) adsorption models, as proposed by Largitte and Pasquier (2016).

Ap = Qmax,p 1- e_kadlp't) (5)
kad2 p2Qmax1 pt
= (feistoman s )
p (1+kad2_meax1 p t (6)

In the given equation, A, (mg g biochar) represents the cumulative adsorption of NO3-
N and TN onto the biochar material at a specific time t (h). Kaa1, p (") and Kag2, p (Mg g2 hY)
refers to the adsorption rate of p components in the pseudo-first order and pseudo-second
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order models, respectively. Both Qmaxp and Qmaxt.p (Mg g biochar) refer to the maximum
adsorption capacity of component p at equilibrium.

In the Paper I, noticeable differences in both Qmax and kag were observed between the
October 2018 and November 2018 water samples. These findings strongly suggest that the
concentration of the components directly influences the magnitude of adsorption.



3 RESULTS

3.1 Variations in pH and EC values
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In Experiment I, both biochars increased water pH by between 0.4 to 0.6 units when the dose
was 3 g, and by between 0.6 to 0.9 pH units when the dose was 12 g (Figure 6). Electrical
conductivity (EC) increased by 20% at both biochar doses (Figure 7) and with both biochars.
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Figure 6. Impact of different biochar doses on pH levels (Experiment I). The reported values
are presented as mean + standard deviation. Coarse particle size is represented by blue
dots, fine particle size by red dots, and blank samples by black dots.
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Figure 7. Impact of different biochar doses on electrical conductivity (uS cmt, Experiment ).
The reported values are presented as mean * standard deviation. Coarse particle size is
represented by blue dots, fine particle size by red dots, and blank samples by black dots.

3.2 Adsorption of TN

The results showed that the TN concentrations were decreased in all three experiments (1, 11
and I11) using different biochar treatments (Table 3). In Experiment I, the greatest reduction
in TN concentration was observed in the first 70 hours of the experiment. In the biochar
reactor (Paper 1), the TN concentration declined from 0.8 mg L to 0.56 mg L™ within the
first three days, and gradually decreased subsequently. After 21 days, the TN concentration
increased when 850 L of fresh runoff was fed into the reactor tank.

A 56% purification effectiveness was achieved in the first phase of experiment described
in Paper 11, when the TN concentration was reduced from an initial level of 0.8 mg L™ to
0.35 mg L% In Experiment 111, the TN concentration rapidly decreased after 50 hours from
the start of the experiment. The reduction in TN concentration in Experiments I, Il and 111
revealed TN adsorption by the birch and spruce biochars. The TN adsorption rate and TN
maximum adsorption capacity were determined using repeated water sampling and the
measured gradual decrease of TN in the water (Table 4). For all three experiments, adsorption
was rapid over the first few days but thereafter slowed down (Figure 8).



Table 3. Changes in TN concentration in the experiments.
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. . Water Initial TN Final TN
. . weight  size . .
Experiment  Biochar @ (mm) volume concentration concentration
(L) (mg L) (mg L)
0.9 0.77
Bt 12 <4 2 14 11
e o a6 , 0.9 08
1.4 1.04
0.9 0.88
Soruce 12 <4 2 1.4 1.14
P B 4.6 , 0.9 0.88
Experiment 1.4 1.27
| 0.9 0.84
Birch 3 <4 2 1.4 1.26
3 4-6 5 0.9 0.875
1.4 1.365
0.9 0.91
Soruce 3 <4 2 1.4 1.33
P s ae , 0.9 0.885
1.4 1.52
Experiment . 1000 0.8 0.35
I Spruce  5300° <8 850 0.81 0.41
1.0 0.45
. 2.0 0.99
Birch 5 4-6 1 30 1.60
Experiment 4.0 2.14
Il 1.0 0.52
2.0 1.13
Spruce 5 4-6 1 3.0 177
4.0 2.45

*Mass of biochar inside each column
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Figure 8. Biochar TN adsorption under a range of initial TN concentrations. Dashed lines
represent a pseudo-first order kinetic model for Experiments Il and Ill, while the grey lines
represent a pseudo-second order kinetic model for Experiment I. The grey area demonstrates
the range of adsorption variability observed between the coarse and fine biochar sizes and

the initial TN concentrations of 1.4 mg L't and 0.9 mg L.

In Experiment 111, TN adsorption was monitored in all biochar treatments, and the amount
of adsorption varied depending on the initial TN concentration (Equation 2, Figure 9). For
the spruce biochar, adsorption increased linearly from 0.05 to 0.2 mg TN g biochar, and for
the birch biochar, from 0.07 to 0.3 mg TN g* biochar. It is noteworthy that the birch biochar
demonstrated a greater TN adsorption capacity than the spruce biochar (Figure 9). The results
in Experiment Il revealed that TN adsorption was not observed when the water TN

concentration inside the reactor columns fell below 0.4 mg L (Figure 9). These findings
demonstrate that the adsorption capacity of biochar is highly influenced by the N
concentrations in the water (Figure 9). In particular, the adsorption capacity of the biochar
showed a corresponding increase when the TN concentration in the water increased.



Table 4. TN adsorption parameters of the kinetic models.
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- Model
weight size Initial TN i
Experiment  Biochar g concentration Pseudo-first order Pseudo-second order
(g) (mm) (mg Ll) Kad1 Qmaxl Kadz QmaxZ
() (mgg?!) (mgh') (mgg?)
0.9 - - 1.721 0.031
<4
1.4 - - 0.417 0.068
Birch 12
0.9 - - 1.721 0.026
4-6
1.4 - - 0.417 0.068
0.9 - - 1.721 0.025
<4
1.4 - - 0.417 0.054
Spruce 12
0.9 - - 1.721 0.02
4-6
Experiment 1.4 - - 0.417 0.054
' 0.9 - - 0.222 0.084
<4
1.4 - - 0.154 0.144
Birch 3
0.9 - - 0.222 0.065
4-6
1.4 - - 0.154 0.07
0.9 - - 0.222 0.085
<4
1.4 - - 0.154 0.089
Spruce 3
46 0.9 - - 0.222 0.055
1.4 - - 0.154 0.015
Experiment Il Spruce 5300* <8 0.8 0.150 0.020 19.830 0.020
1 0.017 0.059 0.190 0.079
2 0.015 0.120 0.130 0.140
Birch 5 4-6
3 0.022 0.140 1.050 0.120
4 0.024 0.190 0.820 0.170
Experiment |11
1 0.038 0.051 1.490 0.054
2 0.033 0.084 0.750 0.089
Spruce 5 4-6
3 0.027 0.110 0.350 0.120
4 0.170 0.120 1.400 0.130

*Mass of biochar inside each column
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Figure 9. TN adsorption in the range of initial TN concentration changes in Experiments I, Il
and Il Blue and red correspond to spruce and birch biochars, respectively.

The pseudo-first order and pseudo-second order kinetic models were fitted to the
adsorption results of Experiments 11 and 111, while only the pseudo-second order model was
provided for the results in Experiment | (Figure 8). For the adsorption capacity parameter,
Qmax, the variations between the treatments were most noticeable in Experiment | (Table 4).
Neither the initial concentration nor biochar type influenced the adsorption rate Kag
(Experiment 111, Table 4). The experimental results indicated that with an increase in the
initial concentration of TN, there was a corresponding and consistent increase in Qmax
(Experiments I, 11 and 111; Table 4). At initial concentrations of 4 mg L%, Qmax Was found to
be approximately three to four times higher than Qmax values observed at an initial
concentration of 1 mg L™ (Experiment 111, Table 4). The Qmax value of the birch biochar was
greater than that of the spruce biochar (Table 4). Also, in most cases in Paper I, Qmax Was
almost two times greater at the initial concentration of 1.4 mg L than at 0.9 mg L*. At higher
concentrations, the adsorption process was more consistent (Experiment I, Figure 6).
Furthermore, it was observed that birch biochar exhibited a higher Qmax value compared to
the spruce biochar (Experiment | and 111, Table 4). Higher biochar doses and TN
concentrations (Experiment 1, Table 4) resulted in a more consistent adsorption process
(Figure 8). Particle size had no influence on kaq, but smaller particle size resulted in increased
Qmax (Experiment I, Table 4).

In the biochar reactor (Experiment I1), the N adsorption kinetics were calculated based
on the concentration change between the column inlet and outlet in the first phase of the
experiment (Figure 8). The results of the pseudo-first and second-order models showed that
Qmax for TN was 0.02 mg g* biochar. In addition, kaq: in the pseudo-first order model and
Kagz in the second-order model were 0.15 h* and 19.83 mg g h*?, respectively (Experiment
11). In the Experiment | (Figure 10a (weeks 2—-3), the adsorption model failed to capture the
slow reduction in the N concentration. In the initial phase, the TN concentration decreased
from 0.8 mg L to 0.35 mg L™, and in the second phase, decreased from 0.81 mg L™ to 0.41
mg L, indicating adsorption of 1190 mg TN. The biochar reactor contained 15.9 kg of
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biochar, resulting in TN adsorption of 0.07 mg g* biochar. As such, this amount of TN
adsorption on biochar is about 3.5 times the value indicated by the estimated Qmax value.

3.3 Adsorption of inorganic nitrogen

In Experiments I, 11 and 111, a decline in NO3-N concentrations was observed in all samples
treated with biochar, which indicates NO3-N adsorption (Table 5). In Experiment 111, the
most substantial decrease in NO3-N concentration was observed for the birch biochar
samples at the higher TN concentration of 4 mg L-* (Table 5).

Table 5. NOz-N concentration changes

weight  size Water Initial NO3z-N Final NO3-N
Experiment  Biochar (9) (mm) volume concentration concentration
L (mg L) (mg L)
<4 5 0.185 0.045
irch 12 0.745 0.195
Birc 4-6 , 0.205 -
0.595 0.225
<4 5 0.19 0.07
Spruce 12 0-57 0.325
4-6 5 0.185 0.035
Experiment 0.695 0.35
I <4 5 0.21 0.065
. 0.475 0.37
Birch 3 4-6 5 0.21 0.08
0.55 0.48
<4 5 0.195 0.115
Spruce 3 0.61 0.445
4-6 5 0.195 0.115
0.61 0.515
BPeIMENt  spruce 5300+ <8 1805000 8:(1)3 :
0.3 0.041
) 0.67 0.59
Birch 5 4-6 1 0.98 054
Experiment 1.31 0.64
" 0.3 0.02
0.67 0.22
Spruce 5 4-6 1 0.98 0.92
1.31 1.06

*Mass of biochar inside each column
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Also, in Experiment I, the samples that contained 12 g of birch biochar showed a greater
reduction in NO3-N (Table 5) than treatments with the lower biochar dose. In addition, the
initial concentrations of NO3-N and NH4*-N in the biochar reactor (Experiment 11) were 0.18
mg L and 0.066 mg L, respectively.

At the start of the experiment, a significant reduction in NO3-N and NHs*-N
concentrations were detected, and these declined below the detection limit within 5 days
(Figure 10 c, d). In Experiment I, the reduction in NH4* was more pronounced in samples
with the 12 g biochar dose (Table 5). Throughout Experiment 111, NH4*-N concentrations
consistently remained below the detectable threshold of 0.02 mg L, thereby preventing the
examination of concentration variations and adsorption characteristics (Table 5). When the
adsorbing chemical in the water was reduced, the fitting of the adsorption model was
incorrect, since Qmax no longer reflected the true adsorption capacity of the biochar. In
Experiment 111, when the initial concentration of NO5-N increased from 0.2 to 1.4 mg L,
the adsorption of NO5-N increased consistently, and as a result, the adsorption amount
reached 0.15 mg NO3-N g biochar (Figure 9 and Table 5).

Nonetheless, the initial concentration of spruce biochar did not influence the adsorption
of NO3-N (Figure 9, Table 5). In Experiment I, the birch biochar treated samples exhibited
the highest Qmax value for NO3-N. Furthermore, Qmax typically showed an increasing trend
at higher initial concentrations (Table 5). The size of the biochar particles had no noticeable
influence on NO3-N adsorption (Table 5). The NH4*-N concentrations in all biochar treated
samples were consistently low and rapidly decreased to levels below the threshold of 0.02
mg L.
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Figure 9. NOs-N concentration and adsorption changes in all treatments in Experiments | and
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3.4  Changes in TOC and P concentrations

In Experiment I, TOC concentrations in the water samples that had high initial values (28 mg
L) declined during the first two days of the experiment. After 145 hours, there were no
significant differences in TOC concentrations between the biochar and control treatments.
Furthermore, all treatments demonstrated an increase in TOC levels, which would indicate
that TOC concentrations increased, irrespective of the specific treatment applied. During the
entire experiment, P concentrations remained consistently below the detectable limit of 0.025
mg L. Hence the adsorption parameters for P could not be determined.

3.5 Residence time and N compound changes inside the biochar reactor

In the biochar reactor (Experiment 1), DON concentrations (obtained as the difference
between TN and inorganic N) reduced from an initial concentration of 0.5-0.6 mg L™ t0 0.3
0.4 mg Lt immediately following the addition of water (Figure 10b).
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Figure 10. Variations in nitrogen (N) compounds in the column. Purple line and green line
indicate N variation in the inlet and outlet of the column, respectively. The green area
represents the mean outlet concentration * standard deviation. The blue line and area
represent the mean water flow through the columns + standard deviation. The vertical dashed
black line and the horizontal dashed green line indicate the time of water injection into the
reactor tank and the detection limit, respectively.
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The average water flow rate within the reactor columns varied between 0.45 and 0.8 L
min~t. The manipulation of the flow rate prior to and immediately after the introduction of
water into the reactor had a direct influence on the concentrations of TN, DON and NH4*-N,
which would indicate that the duration of residence could potentially modify the adsorption
process. The largest difference in concentrations between the inlet and outlet (indicating net
adsorption) was observed when the TN concentration in the inflow exceeded 0.8 mg L™
(Figure 10). This finding suggests that the adsorption process was clearly influenced by the
N concentration. Despite the absence of significant adsorption, evident from the distinction
between the inlet and outlet, the temporal analysis of the inlet water concentration exhibited
a gradual rate of water purification. Furthermore, the absorption of N subsequent to the
injection of runoff water during the second phase of the experiment indicated that the biochar
had not yet reached its saturation point.

3.6  Desorption experiment

During the adsorption phase of Experiment 111, the birch and spruce biochars were both
exposed to varying initial TN concentrations (1, 2, 3 and 4 mg L™). Subsequently, in the
desorption phase, the extracted biochars were exposed to lower TN concentrations of 0.2 mg
L and 0.35 mg L™ to investigate the occurrence of potential desorption (Table 6). The initial
TN concentration had a noticeable impact on the desorption behaviour, especially for the
birch biochar (Table 6).
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Figure 11. Desorption of TN from the biochar. Panels A and B show the desorption in
correlation with TN concentration in the adsorption phase of the experiment, and panels C
and D show the desorption in correlation with TN adsorbed onto the biochar. Negative
desorption values imply that the biochar continues to adsorb TN at lower TN concentrations.
The dashed lines show the linear mixed-effect models for the desorption (see parameters in
Table 5).
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Table 5. Linear mixed-effect models utilised to analyse TN desorption during the desorption
phase of Experiment Ill. Panels A and B display the desorption trends in relation to the TN
concentration during the adsorption phase, while panels C and D demonstrate the desorption
patterns in relation to the TN adsorbed onto the biochar. Parameters a and S represent birch
biochar, while the parameters for the spruce biochar are denoted as (a + aS) and (8 + BS),
respectively.

A Value StdError DF p-value B Value StdError DF p-value
a -0.003 <0.001 18 <0.001 a -0.003 <0.001 18 0.003
as 0.004 <0.001 18 <0.001 as 0.001 <0.001 18 0.370
B 0.001 <0.001 18 <0.001 B 0.002 <0.001 18 <0.001
BS -0.001 <0.001 18 <0.001 BS -0.001 <0.001 18 0.007
RMSE 0.001 - - - RMSE 0.001 - - -
AIC -209.967 - - - AIC -187.107 - - -
log- 110.983 - - - log- 99.553 - - -
Likelihood Likelihood
F-value  39.88 - - - F-value 22.739 - - -
Residual  0.001 - - - Residual  0.001 - - -
C Value StdError DF p-value D Value StdError DF p-value
a -0.001 0.001 18 0.150 a -0.002 0.001 18 0.290
as 0.002 0.001 18 0.040 as 0.001 0.001 18 0.740
B 0.40 0.014 18 0.020 B 0.039 0.019 18 0.060
BS -0.037 0.021 18 0.110 BS -0.04 0.028 18 0.170
RMSE 0.001 - - - RMSE 0.001 - - -
AIC -198.781 - - - AIC -187.278 - - -
log- 105.390 - - - log- 99.643 - - -
Likelihood Likelihood
F-value 0.004 - - - F-value 0.002 - - -
Residual  0.001 - - - Residual  0.001 - - -

Bold values are statistically significant.

Notably, the desorption patterns showed considerable variations between the spruce and
birch biochars. At a TN concentration of 0.35 mg L™, spruce biochar displayed ongoing TN
adsorption, as indicated by the negative desorption values (Figure 11B). When the initial TN
concentration exceeded 1.8 mg L™ during the adsorption phase, the desorption of TN from
the birch biochar was noticeably greater than that from the spruce biochar (Figure 11A, B).
The TN desorption of the birch biochar exhibited a relationship with the observed TN
adsorption (Figure 11C, D). Birch biochar demonstrated TN release when the adsorption
amount was > 0.04 mg g biochar (Figure 11C, 11D). The TN was not markedly released
from the spruce biochar in the water at 0.2 or 0.35 mg L™ concentrations (Table 6C, 6D,
Figure. 11). The amount of TN desorption by the spruce biochar in 0.2 mg L was very low
(Figure. 11A, 11C). Birch biochar desorption was more consistent at both concentrations (0.2
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and 0.35 mg L) (Figure 11). The desorption phase results indicate that the desorption process
was concentration-dependent, and the magnitude of the desorption was very low being at
maximum of only 2—4% of total adsorption.
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4 DISCUSSION

4.1  Adsorption of organic and inorganic nitrogen by biochar

This thesis demonstrated that birch and spruce biochar efficiently adsorbed both organic and
inorganic N from the water draining from a clear-cut area. In all the conducted experiments
(Experiments I, 11 and I11), there was a significant decline in the water TN content and the
decline was consistent at different scales, where the water volumes ranged from litres
(Experiment | and I11) to hundreds of litres (Experiment I1). In all experiments, the TN
content exhibited its steepest decline during the initial stages of the experiment when the
biochar decreased the TN content in the water by 10 to 56% (from the initial content).

Previous studies have also demonstrated the potential of biochar to facilitate the retrieval
of TN from different water sources (Dai et al., 2020). Adding biochar to constructed wetlands
has been shown to improve the efficiency of inorganic N removal in domestic wastewater
purification, increasing it from 46% to 68% when the initial N concentration in the incoming
water was more than 50 mg L (Chand et al., 2022). Furthermore, Feng et al. (2022)
demonstrated that the combination of biochar and constructed wetlands significantly
improved the purification of synthetic wastewater; the addition of biochar resulted in removal
rates of 92% for NH.*-N, 90% for TN, and over 95% for heavy metals. Zheng et al. (2022)
investigated the potential to utilise the biochar produced from sludge and cattail (Typha
latifolia)-derived biochar as constructed wetland filling materials to enhance TN recovery
from synthetic wastewater; TN removal using a constructed wetland without biochar was
67%, whereas the removal was enhanced to 91% when the sludge biochar was used, and to
81% when the cattail biochar was used. Zhou et al. (2019) also studied purification of
domestic wastewater using constructed wetlands and reported that TN removal was improved
from 10-39% to 21-50% by biochar addition.

In our study, the greatest adsorption capacity for TN was 0.19 mg g* biochar (Table 4).
Yin et al. (2017) reported a much higher adsorption capacity, where biochar adsorbed 0.7 to
140 mg inorganic N g* biochar from the water. Experiments I, 11 and 111 revealed that the
rather low adsorption capacity here was closely connected to the low initial N concentrations
(Fig. 9). As the TN concentration in water increased, the adsorption of TN by both the spruce
and birch biochar increased. The probable reason behind this phenomenon is the heightened
concentration gradient of TN along the flow path, starting from the solution and extending
towards the external surfaces, eventually reaching the inner biochar surfaces (Figure 8)
(Largitte and Pasquier, 2016; Phuong Tran et al., 2022). Our results suggest that there is a
threshold concentration below which adsorption of TN does not occur when natural runoff
water is used. In our experiments, TN adsorption did not take place on the spruce biochar
when the TN concentration in the runoff water was < 0.4 mg L-X(Experiment 1), (Figure 9).
The results here indicate that the performance of the biochar reactor was influenced by the
initial TN concentration. Our findings align with the study conducted by Ahmadvand et al.
(2018), who showed that an increase in the initial N concentration in the water corresponded
to a higher level of N adsorption on the biochar.

Due to the low initial concentrations of NH4s*-N and P in the experiment described in
Paper I, we were unable to determine the adsorption characteristics for NH4*-N and P. During
the initial five days of Experiment Il, the concentrations of NO3™-N and NH4*-N decreased
to levels below the detection limit, which was reflected in the high rate of TN removal at the
beginning of the experiment. This occurrence can be attributed to the removal of mineral N
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fractions from the runoff water. In addition, Experiment Il clearly showed removal of
dissolved organic N (Figure 10).

Multiple studies, including Wang et al. (2015), Takaya et al. (2016), Yinetal. (2017) and
Wang et al. (2021) have provided evidence that support the efficacy of biochar as a viable
adsorbent for NH4*-N. Nevertheless, in Experiment I, NH4*-N was initially adsorbed by the
biochar until its concentrations declined below the detection limit. It is important to note that
a small fraction of NH4*-N might have undergone reduction through volatilisation processes
(Wu et al., 2021; Sha et al. 2019). Given the low concentrations of NH4*-N in the runoff
water, it is likely that the significance of the volatilisation process is minimal. The NH4*-N
concentration in the biochar columns (Experiment 11) dropped rapidly at the beginning of the
experiment. In comparison, the concentration of NH4*-N began to increase after 15 days
(Figure 10d). This could be due to a mechanism in which NO3™-N substitutes NH4*-N at the
adsorption sites, or organic N degrades and releases NH4*-N. The increase in the flow
velocity inside the column might also explain this process. In a study by Coleman et al.
(2019), the addition of biochar (10-30% volume) to a woodchip reactor significantly
improved the removal of NOs-N within 5 days. This enhancement was observed for
representative NOs-N concentrations that are typically found in agricultural soil and ditch
drains.

Usually, the biochar adsorption mechanism includes electrostatic attraction, ion
exchange, ligand exchange, Lewis acid-base interaction and hydrogen bonds (Almanassra et
al., 2021). In general, the NH4*-N adsorption capacity of unmodified biochars derived from
different biomass sources under different pyrolysis conditions is relatively low (<20 mg g
biochar) (Fan et al., 2019; Aghoghovwia et al., 2020). This adsorption is mainly driven by
ion exchange and/or interactions with oxygen-containing functional groups on the biochar
surfaces. The adsorption capacity of unmodified biochar is lower for NOs-N, because a
biochar surface that is mainly negatively charged reduces the adsorption of NOs-N by
electrostatic repulsion (Zhang et al., 2020). The negatively charged surfaces of C-based
particles (Yao et al., 2011) are expected to make biochar a poor adsorbent for anions. On the
other hand, cations bound to the surface sites of biochar may boost anion adsorption on the
layer of cations (Premarathna et al., 2019), thereby composing a diffuse double layer, as has
been reported for clay minerals (Jeffrey et al. 2009). As shown in Experiments I, Il and 111,
adsorption of NO3-N was observed, which would indicate that biochar is also capable of
adsorbing anions. Biochar was able to decrease the NOs™-N content in the water by between
5-55% from the initial content. These results are supported by the findings of Chintala et al.
(2013), as well as Cai et al. (2016).

Previous research on the ability of biochar to absorb anions has shown inconsistent
findings. lon adsorption on the biochar surfaces is classified into four main categories:
precipitation, chemical adsorption, physical adsorption and electrostatic adsorption (Fidel et
al. 2018; Wang et al. 2022). The large surface area and porosity of biochar, as well as the
presence of positively charged functional groups, are typically identified as the factors that
determine the adsorption capability of NO3-N (Zhang et al. 2020; Fidel et al. 2018). The
adsorption of NOs-N has been observed to increase with a rise in the biochar pyrolysis
temperature and a lowering of pH, which is most likely related to an anion exchange
adsorption process (Fidel et al. 2018). The presence of various functional groups, such as
carboxylic, hydroxyl, lactone and ketone groups has been found to increase the adsorption of
NOs3-N (Chintala et al., 2013; Cai et al., 2016; Ahmadvand et al., 2018). Biochar may adsorb
more NOz-N at a lower liquid pH, according to Chintala et al. (2013), since the biochar
surfaces become more positively charged owing to the protonation process. Competitive
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adsorption, on the other hand, reduces the adsorption of NO3s-N when the solution includes
significant quantities of other anions (Chintala et al., 2013). Nonetheless, incapability or the
limited ability of biochar to adsorb N compounds has also been observed (Zhang et al., 2020;
Hollister et al. 2013). Only two out of thirteen varieties of biochar were found to be capable
of adsorbing NO3™-N, according to Yao et al. (2012), while Gai et al. (2014) revealed that
some NOs-N was released from biochar. Different preparation procedures, the distinct
properties of the biochar generated from different biomass, and different initial
concentrations of N compounds in the solution might explain the inconsistencies between
these observations.

4.2  Adsorption Kinetics

Kinetic models offer valuable insights into the equilibrium state of adsorbent materials and
adsorbates, thereby providing a comprehensive understanding of their interaction. The
pseudo-first and pseudo-second-order kinetic models effectively captured the chemical
adsorption processes between the adsorbate and adsorbent, and so provide crucial
information with regard to the maximum adsorption capacity and adsorption rate (Zhao et
al., 2018). Cheng et al. (2021) demonstrated that the pseudo-second-order kinetics model
effectively describes the adsorption kinetics of compounds by biochar, which would suggest
chemical adsorption behaviour associated with the biochar.

The design of a biochar reactor relies mainly on adsorption parameters because the
mechanisms of adsorption are strongly influenced by kinetics and thermodynamics,
regardless of the type of adsorbent or the nature of the contaminant. In both column
experiments here and various operational systems associated with fluid dynamics and transfer
phenomena (Asfaram et al., 2017), nonlinear models have shown greater efficacy in
capturing experimental kinetics and isotherm data compared to linear models (Tran et al.,
2016; Tran et al., 2017; Sheikholeslami et al., 2018). In the current research, both models
performed similarly against the experimental data. In Experiment Ill, the maximum
adsorption capacity at equilibrium (Qmax) increased with increasing TN content in the
solution. Other studies have found that when the initial concentration of N increases, the
maximum adsorption capacity also increases (Milmile et al., 2011; Olgun et al., 2013). The
results of the kinetic models in Experiment 111 revealed that Qmax (pseudo-first order model)
was approximately three to four times, and Qmaxz (pseudo-second order model) was nearly
two times greater at TN concentrations of 4 mg L™ than at 1 mg L. The results obtained
from Experiment 11 imply that birch biochar demonstrates a considerably greater Qmax value
when compared to spruce biochar (Figure 8), which would support the observations made in
Experiment I. In addition, the Qmax Value exhibited an upward trend as TN concentrations
increased, which can be attributed to the enhanced accessibility of N in the solution at higher
initial N concentrations (Largitte & Pasquier, 2016).

In Experiment I, the adsorption rates were identical between the various biochar
treatments. The most significant variation between the treatments was in the adsorption
capacity. Qmax decreased as the biochar particle size increased, which might be because the
surface area available for adsorption reduces as the particle size rises (Jin et al. 2022;
Eberhardt and Min 2008). Despite the fact that spruce biochar had a greater specific surface
area (320 m? g%) than birch biochar (260 m? g ), the latter exhibited a greater Qmax value.
While increasing the surface area of biochar may enhance the adsorption of N (Zhang et al.,
2012), adsorption capacity is not entirely reliant on the surface area of the biochar (Zhang et
al., 2012; Zhang et al., 2014; Takaya et al., 2016).
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When the pH of the water was elevated, the influence of biochar on water quality was
obvious. The pH of water is a significant factor in determining the capacity of ion exchange
and, consequently, the adsorption of N onto the surface of the biochar (Jin et al., 2022; Yin
etal., 2017). The Qmax value of biochar exhibits a noticeable increase with an increase in the
pH value in the solution (Yin et al., 2017). In our study, the initial pH of the water samples
was found to be moderately acidic (~ 6), which aligns with the typical acidity observed in
runoff waters that originate from boreal peatlands (Astrém et al., 2001). Under low pH
conditions, there is a potential for competition between H* and NH4* ions for active sites on
the surface of the biochar. This competition can limit the adsorption of N, as observed by
Novak et al., (2010). Nevertheless, under basic conditions, NOs-N is minimally adsorbed
due to increased competition for adsorption sites on the surfaces of the biochar between the
hydroxide ions (OH") and the NOs™-N ions (Chintala et al., 2013; lida et al. 2013).

4.3  Desorption dynamics

In Experiment I, we found no evidence of N desorption from the biochar (215 hours). This
was most likely due to the restricted amount of N in the water samples. In Experiment 11,
the release of TN from the birch biochar was significantly greater compared to the spruce
biochar, which aligns with the greater adsorption capacity of birch biochar. Conversely,
spruce biochar exhibited negative values for TN release, which would suggest adsorption
rather than desorption of TN. This implies that spruce biochar was not fully saturated. The
findings also indicate that as the TN concentration in the water increased, there was a
corresponding increase in the amount of TN released from the birch biochar, which is in line
with the findings of Chintala et al., (2013).

The desorption process involves several mechanisms, such as the presence of
exchangeable ions in the water with limited bond energy, organic molecule entrapment
within micropores and pore deformation mechanisms (Zhang et al., 2010; Chintala et al.,
2013; Dechene et al., 2014). Zhu and Selim (2000) also discussed the distinctions between
adsorption and desorption isotherms. Due to the temporal fluctuation in TN concentrations,
the end use of biochar to eliminate N compounds from peatland runoff water might be
difficult to anticipate. Despite the substantial TN adsorption capacity of birch biochar (0.309
mg TN g biochar?), only a small portion (1.29% or 0.004 mg TN g biochar?) was released
during the experiment reported in Experiment Ill. In contrast, spruce biochar exhibited a
modest release (~ 0.9% or 0.002 mg TN g biochar?) from the total amount of TN adsorbed
(0.208 mg TN g biochar). These results emphasise the minimal TN desorption rate of both
spruce and birch biochar, underscoring the potential of biochar as an effective solution to
protect water quality. This becomes particularly relevant in regions where peatlands
contribute significantly to nutrient discharge.

4.4  Biochar as a Water Protection Tool

Water protection is an important aspect of forest management that aims to reduce the negative
human-induced impact of peatland forestry on water quality. Currently, a number of methods
are used to reduce nutrient loading, to slow down discharge rates, and to facilitate
sedimentation of suspended solids (Haggblom et al., 2020). Such methods include
constructed wetlands, overland flow fields, sedimentation ponds, sedimentation pits and
peak-flow management approaches (Nieminen et al., 2018; Nieminen et al., 2005b; Eskelinen
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et al., 2015; Joensuu et al., 1999). Despite the effectiveness of sedimentation ponds in
removing coarse-textured mineral soil particles from discharge waters, they are relatively
inefficient in removing fine-textured materials and peat particles (Sallantaus et al., 1998).
The effectiveness of ponds for sediment control can be adversely affected by several factors,
in particular the degradation of the pond walls. Moreover, the high cost of pond construction,
coupled with the need for frequent maintenance, can make them impractical in some
situations. Furthermore, clear-cut areas and sites with elevated levels of suspended solids in
upstream drainage water may require regular cleaning and maintenance of the ponds.

The water quality of drained peatlands can also be improved by buffer zones, which are
comparatively inexpensive and require no maintenance (Laurén et al., 2007). Peatland buffer
zones, in particular, have been found to retain inorganic N with varying effectiveness, ranging
from 58-93% (Vikman et al. 2010). However, the implementation of such buffer zones
requires vast areas and may not be practical for peatlands that are intensively drained
(Eskelinen et al., 2015). The effectiveness of N retention depends on a large buffer area and
low runoff volume, while a small buffer area combined with a high runoff volume will
considerably reduce the N removal efficiency (Vikman et al., 2010). A substrate composed
of biochar has the potential to improve the N recovery efficiency since it can adsorb inorganic
and organic pollutants (El Barkaoui et al., 2023). As such, the addition of biochar could be
an effective method to control nutrient leaching (Cheng et al., 2022; Zheng et al., 2022).

Since biological activities are temperature-dependent, biological water protection
methods outside of the growing season become ineffective. Concentrations of NOs™-N, for
example, increase outside of the growing season (Palviainen et al., 2015). A high adsorption
capacity and a low desorption rate are required for successful use of biochar in water
protection (Wang et al., 2020), and so an understanding of the adsorption-desorption
behaviour of birch and spruce biochar is essential. The results in this thesis indicate that
biochar can be a useful and effective water protection method to clean runoff water from
clear-cut forests. Our studies demonstrated that biochar has the potential to adsorb anions, as
evidenced by the adsorption of NO3-N. However, we also observed lower levels of NOs;-N
adsorption, which were attributed to the low N concentration in the runoff water. Notably,
our research concentrated on the potential application of biochar in clear-cut drained peatland
areas. In these areas, the pattern of nutrient export differs from that of agricultural and urban
runoff water systems. It is worth noting that existing water protection methods employed in
forested peatlands to date have been inadequate in removing NO3™-N from the runoff water
(Joensuu et al., 2002; Liljaniemi et al., 2003). This is a particular concern given that the
current physico-chemical and biological techniques developed for NOs-N removal are
associated with high costs and can generate considerable amounts of byproducts that are
concentrated in waste streams, thereby exacerbating the environmental impact of these
methods (Bhatnagar and Sillanp4d, 2011). In the context of peatland forestry, cost-
effectiveness of NO3-N removal has a specific significance due to the low profit margins
that are typically associated with forest production. Our research findings provide compelling
evidence of the potential of biochar-based adsorption to reduce NOs-N leaching from
nutrient-rich peatlands. This approach gains further relevance in the post-clear-cutting
period, when N exports tend to increase significantly.
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5 CONCLUSION

Peatland management practices in Finland cause substantial nutrient export to water bodies
and this export is expected to increase in the near future due to increasing areas of peatland
forest regeneration. This thesis highlights the capacity of biochar to recover both organic and
inorganic N from the peatland runoff waters, which are characterised by elevated levels of
dissolved organic material. Furthermore, the findings in this thesis indicate that the
adsorption process is conditional upon the N concentration in the water. The investigation
indicated a positive association between the adsorption capacity and the initial N
concentration, which would suggest that elevated rates of nutrient export could enhance
adsorption efficacy. This finding holds practical significance in the context of biochar reactor
operations in the field, where the N concentration fluctuates seasonally.

The results from this thesis would indicate that a brief water residence time inside a
biochar reactor would be adequate for nutrient adsorption onto the biochar surfaces under
field conditions. Conversely, the implementation of a biochar reactor may not provide
advantages in field sites that are characterised by extremely low levels of inorganic N
concentrations.

Although the biochars in this thesis exhibited remarkable efficacy in the adsorption of
TN, desorption upon exposure to low TN concentrations only resulted in the release of a
minor fraction of the adsorbed TN from the biochar, thereby signifying its potential as an
effective water protection measure in regions where elevated nutrient loading from peatlands
pose a risk to aquatic ecosystems. The observed negligible desorption rate of TN underscores
the promise of biochar as a viable and environmentally sustainable approach to preserve
water quality.

The use of appropriate water protection methods contributes to the preservation and
increase of biodiversity in the receiving water bodies, by improving the quality of the runoff
waters. Seasonal changes in nutrient concentrations highlight the need for an effective water
protection tool in peatland forestry, which is why the use of biochar for adsorption-based
nutrient removal seems to be efficient. The results presented in this thesis have led to a better
understanding of how biochar functions as a water protection tool for forestry. As a result of
this understanding, it is possible to plan new schemes for water protection in forestry.
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