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Abstract

Hydrochar is an urban soil amender that supports plant growth on slopes. It is a biomass-derived carbon-rich material
produced by the hydrothermal carbonation process; thus, it has a different pore structure from biochar produced by
pyrolysis. The effects of hydrochar on the hydraulic properties of unsaturated compacted soils and the underlying pore-
level soil-hydrochar interaction mechanisms are unclear. In this study, silty-clay sand was amended by grass-derived
hydrochars produced at two hydrothermal carbonisation temperatures (180 and 240 °C, denoted as H-180 and H-240,
respectively) with different mass proportions (fy;). The pore and throat size distributions, water retention curves (WRCs)
and hydraulic conductivity functions (HCFs) of the soils with and without amendment were measured. The results showed
that hydrochar improved the soil water retention capability as the smaller hydrochar particles filled the soil pores with
diameters larger than 290 pum. Compared with the increase in air-entry value made by H-180, the one made by H-240 was
more substantial as this type of hydrochar altered the soil pores to be smaller in size. Hydrochar also increased the
hydraulic conductivity of the soil by half to one order of magnitude due to the increase in the throat frequency and the
presence of hydrochar intra-pores. One exception was the amendment by H-180 at f}; of 2.5%, wherein the HCF was
reduced due to pore clogging at throat diameters less than 90 pm and more than 250 pm. Finally, amending the soil with
either H-180 or H-240 at f; of 5% always improved the WRC and HCF, thereby benefiting plant water uptake.

Keywords Compacted soil - Hydrochar - Hydraulic conductivity function - Microstructure - Pore structure -
Water retention curve

1 Introduction

Nature-based solutions using vegetation are an environ-
mentally and ecologically friendly means to improve the
stability of earthen infrastructure, such as slopes,
embankments and landfills [58]. Plants provide mechanical
root reinforcement [2, 34, 35, 67] and hydrological rein-
forcement through root water uptake upon which the
effects of soil drying would increase the soil matric suction
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and potentially enhance the strength of unsaturated soil
[12, 39]. The effectiveness of using this kind of nature-
based solution to stabilise soil slopes heavily counts on the
survival of vegetation, which could be a problem to certain
plant species when they are exposed to a harsh environ-
ment without frequent maintenance. Indeed, the reduction
of root biomass due to decomposition and plant death may
create macro-pore channels and accelerate preferential
water flow to depths, which could be detrimental to the soil
stability [24, 25, 54]. The soil used to construct roadside
slopes in urban areas is typically heavily compacted (e.g.
95% maximum dry density in Hong Kong; CEDD [15]) to
satisfy the engineering requirements of stability. However,
the resulting quality of urban soil from landscape per-
spective is often low and is unfavourable to plant growth.

To improve the soil quality and to support plant growth,
various types of soil amenders, including inorganic fer-
tilisers and organic materials, such as biochar, fibre,
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biopolymer and compost, have been used [52]. Amongst
these amenders, biochar—a carbon-rich, porous material
produced by the pyrolysis of biomass waste at controlled
high temperatures of up to 700 °C—has been increasingly
used, because it is a sustainable material [53] and has a
promising ability to improve the soil water retention and
drainage properties (through the measurements of water
retention curve, WRC) for plant water uptake [45, 46, 66].
Previous studies have shown that the porous nature of
biochar can effectively improve the soil water retention
capability of compacted soils [16, 23, 30, 46]. However,
the effects of biochar on the hydraulic conductivity func-
tion (HCF, i.e. relation between hydraulic conductivity and
matric suction) of unsaturated soils appear to be contra-
dictory. Thus far, only a few studies have focused on the
effect of biochar on the HCF of loose soils used in agri-
culture [i.e. 0.72-1.5 kg/m3; 33, 59, 63, 65] and compacted
soils used in engineering [30]. In particular, Kameyama
et al. [33] and Villagra-Mendoza and Horn [63] attributed
the observed increase in HCF of the respective test soils
(clay and sand) to the increase in soil porosity due to the
biochar addition. On the contrary, Uzoma et al. [59],
Wanniarachchi et al. [65] and Hussain and Ravi [30]
reported a reduction in HCF of sand, loamy sand and silty
sand soils, respectively. The results of Hussain and Ravi
[30] indicated that the addition of hard wood of mesquite-
derived biochar reduced the HCF of both sand and silty
sandy soils; furthermore, the amount of reduction was
greater at a higher f1;. They postulated that the reduction in
the HCFs was attributed to the increase in the smaller-sized
pores and the increase in tortuosity by biochar addition
(though PSD data were not available to support the finding,
and the compaction dry densities of unamended and bio-
char-amended soils varied). Although it is well-known that
the WRC and HCF of a soil are controlled by pore mor-
phology, the fundamental pore-level soil-biochar interac-
tion and how the biochar alters the soil pore structure and
pore-size distribution are rarely studied.

Hydrochar is another soil amender alternative to biochar
and is produced by a process called hydrothermal carbon-
isation (HTC). In this process, a feedstock is submerged in
water and heated in a closed system under a temperature of
180-260 °C with an autogenous pressure between 2 and
6 MPa for a residence time of 5-240 min [32, 40]. Com-
pared with the pyrolysis used to produce biochar, the HTC
does not require any pre-drying of the feedstock (which
could be initially wet like most of the yard and food
wastes) and produce minimal toxic gases (2-5%). Previous
studies have shown that hydrochar could improve the
WRCs and plant growth [1, 9, 21]. To the best of our
knowledge, only one study has measured the effects of
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woodchip-derived hydrochar on the HCF of a loamy sand
[21]. This study found that the HCF was almost unaffected
when amending the soil with 2% of hydrochar (by mass).
Evidently, more studies are needed to investigate the
effects of hydrochar on both the soil’s WRC and HCF and
the fundamental soil-hydrochar interaction at the pore
level. Owing to differences in production methods and
biochemical reactions between the processes of HTC and
pyrolysis, hydrochar would have different physiochemical
properties and pore structure from biochar [40, 73]. In this
case, the knowledge derived from existing studies of soil
amendment by biochar may not be directly transferred to
the case of hydrochar.

Therefore, the current study aims to investigate the
effects of grass-derived hydrochar at two different HTC
temperatures on the drying WRCs and HCFs of a com-
pacted silty-clay sand using the simplified evaporation
method. To interpret the data, comprehensive and sys-
tematic microstructural investigations, including scanning
electron microscopy (SEM), mercury intrusion porosimeter
(MIP) and X-ray computed tomography (CT) scanning,
were carried out to assist in the interpretation of the test
results.

2 Test materials
2.1 Soil

The soil tested in this study was completely decomposed
volcanic (CDV) sample obtained from a construction site
in Hong Kong. This soil type is commonly found in Hong
Kong and is typically used as backfill in engineering pro-
jects. The specific gravity (Gg;) of soil is 2.604. Based on
the particle size distribution, the soil has 83.6% sand
content, 16.2% silt content and 0.2% clay content. The
liquid limit and the plasticity index are 36.5% and 12.1%,
respectively. According to the Unified Soil Classification
System [4], the soil can be classified as SC-SM (silty, clay
sand). The soil has a maximum dry density (pgmax) Of
1705 kg/m3 with an optimum water content (W) of
21.1%, according to the results of the standard proctor tests
[6]. Some basic properties of the soil (after sieving to a
particle diameter less than 2 mm) are summarised in
Table 1.

2.2 Hydrochar
Clippings of a grass species, Axonopus compressus, a type

of yard waste commonly found in Hong Kong, were col-
lected as feedstock to produce hydrochar. The feedstock
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Table 1 Basic physiochemical properties of the test soil

Parameter Value

Specific gravity, Gg; 2.604 £ 0.025 (mean =+ standard
deviation)
Particle Size

Sand content (2 mm ~ 63 pm, 83.6

%)
Silt content (63 pm ~ 2 pm, 12.7
%)
Clay content (< 2 pum, %) 3.7
Atterberg limits
Liquid limit, wy (%) 36.5
Plastic limit, w,, (%) 24.4
Plasticity index, I, (%) 12.1

Unified soil classification
(ASTM D2487)

Standard compaction (ASTM D69S)
Maximum dry density, pgmax 1705

SC-SM (Silty, Clay sand)

(kg/m)

Optimum moisture content, wop,  21.1
(%)

pH 6.72

has hemicellulose, cellulose and lignin contents of
238.2 £ 19.7 mg/g (mean =+ standard deviation),
134.1 £ 16.9 mg/g and 10.0 £ 0.3%, respectively, which
were determined by the methods outlined by Wu et al. [67].
The grass feedstock (G-F) collected was processed as fol-
lows: (1) rinsed with deionised water to remove the soil
particles attached, impurities and other contaminants; (2)
oven-dried at 105 °C for 12 h; and finally (3) milled to pass
through the 2 mm sieve. The feedstock was then stored in a
freezer at — 22 °C before use [11].

To produce hydrochar, approximately 200 g of grass
and 1 L of deionised water were placed in a 2 L stirred
pressure reactor (Parr 4524 Model; Parr Instrument Com-
pany in Moline, Illinois, USA). The mixture was heated to
the desired temperature for 30 min and then cooled down.
Given that the reaction temperature governs the HTC
reaction mechanism and the physiochemical properties of
the derived hydrochar products [32], in the current study,
two temperatures (180 and 240 °C) were chosen to study
its effects on the soil properties. After production, the solid
yield (i.e. hydrochar) was filtered, oven-dried at 105 °C for
12 h and then milled to a particle size of less than 2 mm.
The two derived hydrochars were respectively denoted as
H-180 and H-240 herein. Grass and grass-derived hydro-
chars were light materials with much smaller values of Gy,
(1.551 £ 0.041 and 1.629 £ 0.036 for H-180 and H-240,
respectively, Table 2) than the test soil. The differences in
Gy, amongst G-F, H-180 and H-240 were thought to be
associated with the HTC reaction process and were

investigated via the surface morphology discussed later.
The surface morphologies of G-F, H-180 and H-240 were
observed by a scanning electron microscopy (SEM, JSM-
6390; JEOL Ltd. in Akishima, Tokyo, JAPAN). The pore-
size distributions (PSDs) of G-F, H-180 and H-240 were
measured by using a mercury intrusion pore size analyser
(MIP; Pore Master 33, Anton Paar QuantaTec Inc. in
Boynton Beach, Florida, USA) for a pore diameter
D ranging from 340 to 0.005 um (or 5 nm). To further
investigate the nanoscaled pore differences of these mate-
rials, nitrogen adsorption isotherms (NAI) tests were car-
ried out by using a surface area and pore size analyser
(BELSORP-miniX, MicrotracBEL Corp. in Osaka, Japan)
for a D ranging from 0.6 to 0.001 um. In these tests, the
oven-dried G-F and hydrochar samples (H-180 and H-240)
were degassed under vacuum at 150 °C for 6 h and
absorbed by nitrogen gas at a temperature of — 196.15 °C.
The specific surface area (SSA) and PSD of the hydrochar
samples were determined by the Brunauer—-Emmett—Teller
(BET) and Barrett-Joyner-Halenda (BJH) methods,
respectively [10, 13]. To quantify the difference of PSD of
hydrochar from that of biochar derived from the same grass
species (A. compressus), biochar was also produced using a
tube furnace at a pyrolysis temperature of 500 °C (denoted
as B-500). The PSD of B-500 was then measured by the
MIP and NALI tests.

To measure other physiochemical properties of the
hydrochar, including the volatile matter, ash and fixed
carbon contents, the oven-dried hydrochar samples were
grounded by an ultra-centrifugal mill fitted with a 250 pm
ring sieve (Model ZM200, Retch GmbH in Nordrhein-
Westfalen, Germany), which is the requirement for
physicochemical analysis. The volatile matter content was
determined by measuring the weight loss of the hydrochar
in a muffle furnace at 950 °C for 7 min [8]. Finally, the ash
content was determined by measuring the weight loss of
the hydrochar in a muffle furnace at 750 °C for 3 h [5]. The
elemental composition (i.e. nitrogen, carbon, hydrogen,
sulphur and oxygen contents) analysis was measured by a
NCHS elemental analyser (FlashSmart, Thermo Scientific
in Rodano, Milan, Italy). Thermogravimetric analysis was
performed to assess the thermal oxidation stability of the
hydrochar samples by a thermogravimetric analyser
(UNIX/TGA7, Perkin Elmer Corp. in Waltham, MA,
USA). In this test, the samples were placed in a crucible
and then heated up to 800 °C at a constant heating rate of
15 °C/min in an inert nitrogen atmosphere (i.e. with a
supply of nitrogen flow rate at 60 ml/min). Three replicates
were examined for each type of tests to capture any natural
variability of the feedstock.
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Table 2 Basic physiochemical properties of the feedstock and the derived hydrochar

Parameter G-F H-180 H-240
Reaction temp (°C) - 180 240

Reaction time (min) - 30 30

Specific gravity, Gys 1.689 £+ 0.019 1.551 £ 0.041 1.629 £ 0.036
Particle Size contents

(2 mm ~ 63 pum, %) 94.7 83.6 81.2

(63 um ~ 2 pm, %) 53 16.4 18.8

(< 2 pm, %) 0 0 0.2
Proximate analysis (wt%)

Volatile Matter (VM) 86.43 £ 0.98 82.67 £ 0.20 72.66 £ 0.31
Ash 8.80 + 0.03 9.73 £ 0.32 16.40 £+ 0.97
Fix carbon 1.77 7.60 7.94
Elemental composition (wt%)

Nitrogen (N) 1.31 1.12 1.15

Carbon (C) 40.45 46.60 50.58
Hydrogen (H) 5.51 6.05 5.20

Sulfur (S) 1.30 0.06 0.86

Oxygen (O) 5143 46.17 42.21

Atomic ratio

o/C 0.95 0.74 0.62

H/C 1.64 1.56 1.23

pH 5.04 4.59 4.80
Recalcitrance index Rsg

Rso * 0.42 £ 0.007 0.44 £ 0.002 0.49 £ 0.006
Rs ° 0.44 £ 0.007 0.46 £ 0.002 0.52 £ 0.006
Nitrogen gas adsorption (NAI)

Specific surface area (SSA, m?/g) 1.258 £+ 0.102 4.230 £+ 0.091 5.121 £ 0.073
Total pore volume (TPV, mL/g) 0.012 £ 0.008 0.026 £ 0.006 0.048 £ 0.009
Mercury intrusion porosimeter (MIP)

Total intrusion volume (V, mL/g) 4.36 4.57 1.69

Total pore area (A, m?/g) 10.90 443 8.01

Average pore diameter (4 V/A, pm) 1.60 4.12 0.84

(1) All analysis performed in three replicates (mean =+ standard deviation); (2) Fix carbon (%) = 100—(VM% + Ash%); (3) O (%) = 100—
(N% + C% + H% + S%); (4) Rso * is calculated considering a Ts50,graphite = 886 °C (Harvey et al. [28]) while Rso ® is calculated considering a

T'so,graphite = 844 °C (Yang et al. [69])

2.3 Sample preparation methods

Samples of amended soils that were used for testing their
hydraulic properties were prepared by mixing the hydro-
char with oven-dried soil at different proportions (fy) of 0,
2.5, 5 and 10% by mass (i.e. ratio of the mass of hydrochar
[my] to the mass of soil [my;]). De-aired water was then
added to the soil-hydrochar mixtures to reach 21.1% by
mass (i.e. the optimal moisture content of unamended soil;
Table 1). The wet mixtures were passed through a 2 mm
sieve to reduce the formation of clods and then stored in a
sealed plastic bag for 24 h for moisture equalisation. Each
mixture was statically compacted to the identical target dry
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density (p,) of 1.340 g/em® (i.e. 80% degree of compaction
of the unamended soil), which was suitable for facilitating
plant growth [43]. The samples were compacted in six
layers into an acrylic column (70 mm diameter and 90 mm
height) using different compaction efforts (Table 3). Dur-
ing compaction, the two holes drilled on the mould for
inserting sensors at the depths of 22.5 and 67.5 mm away
from the column surface were sealed by a pair of O rings
and screws. Each compacted specimen was sandwiched by
a pair of filter paper and a pair of porous stones using a
clamp, after which the assembly was placed inside a des-
iccator filled with de-aired water for saturation. Each
specimen was submerged in water for 8 h and then a
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Table 3 As-compacted properties of the specimens for simplified evaporation tests
Mass Specimen Specific Initial moisture ~ Dry density  Initial Initial Compaction Degree of
proportion fiy ID gravity, Gs content wq (%) pa (g/lem?) void ratio  porosity  energy (kJ/m®) saturation
(%) €o no
Control 0 C 2.604 20.8 1.369 0.902 0.474 101.1 0.980
H-180 25 H- 2.561 21.0 1.364 0.878 0.467 126.8 0.991
180-2.5%
5 H-180-5%  2.522 21.0 1.362 0.851 0.460 209.8 1.000
10 H- 2.452 21.1 1.364 0.797 0.444 704.7 1.006
180-10%
H-240 25 H- 2.566 21.2 1.369 0.875 0.467 117.0 1.004
240-2.5%
5 H-240-5%  2.531 20.9 1.367 0.852 0.460 197.2 0.986
10 H- 2.469 20.8 1.366 0.807 0.447 498.1 1.000
240-10%
—210
vy
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o
Computer R Computer
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Fig. 1 a A schematic diagram and b a picture of the test setup for the simplified evaporation tests

vacuum pressure of approximately — 80 kPa was applied
to the desiccator for at least 24 h. Each specimen was
weighted to check its degree of saturation, and the satu-
ration process was considered to be completed when the
specimen weight no longer changed. The final degree of
saturation of all the compacted specimens were higher than
98%. The as-compacted properties of all the specimens are
summarised in Table 3.

3 Test methods

3.1 Evaporation tests

By the simplified evaporation method [51], a series of
evaporation tests was conducted to determine the hydraulic

properties of the compacted samples. This is a transient-
state method in the laboratory to simultaneously measure
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changes in volumetric water content (VWC) and matric
suction of soil samples during evaporation. Figure 1 shows
the schematic diagram and a photo of the test setup. After
saturation, each specimen was placed on an electronic
balance (with a resolution of 0.1 g). The bottom of the
specimen was covered by an acrylic plate and sealed with
an O ring to achieve a zero-flux boundary condition. Two
miniature tensiometers (6.4 mm diameter and 11.4 mm
length, model: MEAS EPB-PW, manufactured by Mea-
surement Specialties) were inserted to the specimen at the
depths of 22.5 and 67.5 mm from the soil surface. Each
tensiometer was equipped with a 1 bar ceramic tip; hence
any negative pore water pressure (PWP) or matric suction
between 0 and 100 kPa can be measured directly with an
accuracy of 1 kPa. The surface of the specimen was left for
natural evaporation in the laboratory (temperature of
23 = 1 °C and relative humidity of 65 + 5%). Variations
of PWP with time were recorded by both the tensiometers,
while the mass change of the specimens (hence the gravi-
metric water content) was measured by the balance. The
evaporation test was considered completed when the upper
tensiometer recorded a negative PWP of around 80 kPa
before cavitation occurred.

Assuming that the PWP distribution between the two
tensiometers was linear at each measurement interval and
hence the hydraulic gradient was constant, the WRC can be
determined by relating the water content of the specimen
with the average suction (i.e. averaging the measurements
made by the two tensiometers) recorded at the same
elapsed time f. According to the Darcy’s law, the unsatu-
rated hydraulic conductivity of the soil at the middle of the
two tensiometers (i.e. mid-height of the specimen) at the
average elapsed time of evaporation,
fave(tave = (fi—1 + 1;)/2), can be calculated as follows:

9t
Kinfy, = —ae |
m,lyye VHm,tave ( )

where g, . and the VHy,  are the water flux and the
hydraulic gradient at the middle of the two tensiometers at
tave, Tespectively. The water flux at the mid-height of the
specimen is considered as half of the total water flux of the
specimen (q,,, ) and can be calculated as follows:

qo.. AV,
— stave — ave 2
At 2 2-A - Aty ?

where Aty is taken as (t; — #i_1); AV, is the volume of
water evaporated during At,., and A is the cross-sectional
area of the specimen (i.e. 3848.45 mmz). Meanwhile, the
hydraulic gradient can be approximated using the follow-
ing equation:
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\Y 1
Vi =3t =5 (

Viion = Wi | Vi — Vg
) ) ) L) |
Az + Az )

(3)

where ,; and ,; | are the values of matric suction
measured by the upper tensiometer at time # and f_i,
respectively;y,; and ;_, are the values of matric suction
measured by the lower tensiometer at time # and f_i,
respectively; and Az is the vertical distance between the
two tensiometers (i.e. 45 mm). Therefore, the HCF can be
obtained by relating the hydraulic conductivity determined
by Eq. (1) with the average suction measured at the same
time intervals. The results indicated that no significant
volume change was observed from the specimens within
the suction change of concerned during the process of
evaporation.

After each evaporation test, three to four subsamples
of different values of water content were sliced from the
top, middle and bottom parts of each specimen. To
extend the WRC to a higher suction range, a dew point
hygrometer (WP4C) was used to measure the total suc-
tion of these subsamples. Osmotic suction was consid-
ered negligible.

3.2 Microstructure tests

Microstructure investigation was conducted to visualise
the changes in pore morphology and quantify the PSDs of
the soil after being amended by different types and
amounts of hydrochar. This investigation aimed to assist
in the interpretation of the measurements of WRCs and
HCFs. Seven specimens (unamended soil and soil samples
amended with H-180 and H-240 at f; of 2.5, 5 and 10%)
were prepared, following the identical methods and pro-
cedures as those used in the evaporation tests. Small cubic
samples with a size of 20 mm were trimmed from each
specimen and then dehydrated by the freeze-drying
method [20]. Each freeze-dried cube was taken for non-
destructive X-ray computer tomography (CT) scanning
and then followed by MIP tests.

Each cubic sample was scanned by a nanovoxel-3000
Microfocus X-ray 3D scanner (Sanying Precision Instru-
ments). The voltage and current of the scanner were set at
140 kV and 200 pA, respectively. For each scan, a total of
1080 projections were obtained for three-dimensional (3D)
image reconstruction and a pixel resolution of 8.09 pm was
achieved, indicating that pores with D larger than 8.09 pm
in the CT images can be identified. A cylindrical region of
interest (ROI) with a diameter of 6 mm and a height of
6 mm was randomly extracted from different locations of
each sample for investigation. The pores in the selected
ROI were segmented using the Otsu thresholding algorithm
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Fig. 2 Steps to obtain the pore network model (PNM) from an X-ray CT image for an arbitrarily selected region of interest (ROI): a CT images
of unamended (C) soil and soil amended with H-240 at the mix proportion of 10% (H-240-10%); b segmented images of C and H-240-10%
(pore phase in dark blue and hydrochar in light blue); ¢ 3-D microstructure of CT images; d pore segmentation; e pore labelling; and f the product

of PNM

[47]. Figure 2a and b respectively present two examples of
the ROI (in plane) and the corresponding segmented pores
of the unamended soil (i.e. the control, C), as well as the
soil amended with H-240 at the mix proportion of 10% (i.e.
H-240-10%). Figure 2c—f illustrate the steps followed to
construct the pore network model (PNM [26];) from the
reconstructed 3D CT images. Following phase segmenta-
tion, all the pores were labelled and separated (Fig. 2d and
e). Hence, a PNM consisting of balls and sticks was gen-
erated (Fig. 2f). The maximum inscribed balls centred in
each pore voxel were identified as pores, whilst the nar-
rowest channels connecting the centres of these balls were
represented by sticks and were regarded as pore throats
[56]. Following this procedure, the number, size and vol-
ume of equivalent pores and throats can be used to calcu-
late PSDs, pore throat size distributions (PTSDs) and pore
connectivity.

After X-ray CT scanning, the same cubic samples were
trimmed into smaller cylindrical samples (6 mm diameter
and 6 mm height). These smaller samples were then sent
for MIP tests to measure the PSDs in a smaller pore range,
specifically for D ranging between 1000 and 0.007 pm,
using a mercury intrusive porosimeter (MIP; Pore Master
33, Quantachrome Corp.). The MIP test aimed to

complement the measurements made by the X-ray CT for
D > 8.09 pm.

4 Results and discussion
4.1 Physiochemical properties of hydrochar

The physiochemical properties of the feedstock (G-F) and
grass-derived hydrochar at two different HTC temperatures
(H-180 and H-240) are summarised in Table 2. As can be
seen, all of them were acidic. G-F had an average ash
content of 8.80% and volatile matter content of 86.43%. As
the HTC temperature increased from 180 to 240 °C, the ash
content increased from 9.73 to 16.40%, whilst the volatile
matter content decreased from 82.67 to 72.66%. The
degradation of some organic components and the loss of
some weak oxygen and hydrogen bonds were responsible
for the observed reduction in the unstable volatile matter
and the increase in fix carbon content [22]. Meanwhile, the
increase in ash content may be attributed to the increase in
the porosity of hydrochar, which absorbed more inorganic
contents on the particle surface [71]. Based on the ele-
mental composition analysis, HTC temperature increased
the carbon (C) content from 40.45 to 50.58% and reduced
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Fig. 3 a van Krevelen’s diagram; b TG curves; and ¢ DTG curves of G-F, H-180 and H-240

the oxygen (O) content from 51.43 to 42.21%. However,
the nitrogen (N), hydrogen (H) and sulfur (S) contents
remained largely unchanged. The changes in the elemental
composition were further investigated using van Kreve-
len’s diagram [62], which related the atomic H/C with O/C
ratios (Fig. 3a). The atomic H/C and O/C ratios both
decreased with an increase in HTC temperature mainly
accompanied by the dehydration and decarboxylation
reactions. Reductions in the H/C and O/C ratios indicated a
higher degree of aromaticity and a lower polarity of the
hydrochar, respectively. Spokas [57] suggested that the
half-life of biochar (produced by pyrolysis) with a O/C
ratio ranging from 0.2 to 0.6 would be between
100-1000 years, whereas that with a O/C > 0.6 would be
less than 100 years. Based on the test results, the hydro-
char, especially for H-240, may be suitable for intermediate
carbon sequestration. Schimmelpfennig and Glaser [50]
recommended that biochar with thresholds of O/C ratio less
than 0.4 and H/C ratio less than 0.6 is desirable for long-
term carbon sequestration. In this regard, hydrochar had
less condensed aromatic structure and lower stability than
biochar produced at high pyrolysis temperature (i.e. >
500 °C). Thus, the hydrochar could not be considered a
suitable candidate for long-term carbon sequestration
(> 2000 years).

Figure 3b and c respectively reveal the thermo-gravi-
metric (TG) (i.e. weight loss as a function of temperature)
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and the derivative thermo-gravimetric (DTG) (i.e. weight
loss per minute as a function of temperature) curves for
G-F, H-180 and H-240. In general, there were three stages
of thermal degradation. (1) When the temperature was
smaller than 200 °C, approximately 3-5% of the total
weight was lost due to water evaporation. Although the
samples were oven-dried at 105 °C before testing, there
was still a small amount of water absorbed on the particle
surface that required higher energy to evaporate. (2) Sig-
nificant weight loss was observed between 200 and 600 °C,
following the decomposition of lignocellulosic compo-
nents. (3) Beyond 600 °C, no significant weight loss was
observed. The weight loss rates of G-F, H-180 and H-240
were 93.26, 92.26 and 86.53%, respectively, as the tem-
perature increased to 800° C. H-240 had the smallest
amount of weight loss, indicating that it had the highest
thermal stability. From Fig. 3c, evident peaks of maximum
weight loss per minute can be seen at 363, 384 and 380 °C
for G-F, H-180 and H-240, respectively. Moreover, the
absolute value of the peak of the DTG curve appeared to
increase with increasing HTC temperature. During HTC,
the degradation of hemicellulose, cellulose and lignin
started from approximately 180, 220 and 250 °C, respec-
tively [73]. Specifically, hemicellulose and cellulose
decomposed rapidly between 200 and 300 °C and between
300 and 400 °C, respectively, whilst lignin devolatilised at
temperatures ranging between 150 and 1000 °C [70].
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Fig. 4 SEM images of G-F ((a) at x 200 and zoomed-in view at x 5000 in (b)), H-180 ((¢) at x 200 and zoomed-in view x 5000 in (d)); and
H-240 ((e) at x 200 and zoomed-in view x 5000 in (f)); (g) PSDs of G-F, H-180, H-240 and B-500 measured by MIP; and (h) their zoomed-in

view for smaller D range measured by NAI

Therefore, the peaks observed from the DTG curves were  of H-180, indicating that there was less cellulose left in the
likely due to the decomposition of cellulose in the feed-  former. The larger area bounded by the DTG curve of
stock and both types of hydrochar. In particular, the = H-240 at the temperature range of 500-800 °C in Fig. 3c
absolute value of the peak for H-240 was smaller than that  indicated the presence of lignin in H-240. A recalcitrance
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index Rso [28] is defined as the ratio of the temperature
value of char corresponding to the 50% weight loss in the
TG curve after correcting for the water and ash contents
(T'so,char) to that of graphite at 50% weight loss (Tso graphite)-
If Ts0 graphice = 886 °C was used as suggested by Harvey
et al. [28], then G-F, H-180 and H-240 (classified as Class
C, Rsy" < 0.5) would have comparable carbon sequestra-
tion capacities (Table 2). By contrast, when using T
eraphite = 844 °C as suggested by Yang et al. [69], H-240
(Class B, 0.5 < Rs,” < 0.7) would have an intermediate
carbon sequestration potential.

4.2 Microstructures and pore characteristics
of hydrochar

Figure 4a—f present the SEM images of G-F, H-180 and
H-240, respectively. The G-F had an elongated particle
shape (Fig. 4a) and a flat and smooth surface (Fig. 4b). For
H-180 (Fig. 4c and d), some of the original microstructure
of G-F appeared to have been destroyed during the HTC
process, and irregular microplate-like fragments (size of
1-3 pm) emerged on the surface. These fragments were
formed by the destruction of the grass cell wall due to the
degradation of the lignocellulosic components and the
recombination of the degraded products [68]. As the HTC
temperature increased from 180 to 240 °C (Fig. 4e and f),
the hydrochar surface became more ruptured and rougher
with the presence of some small sponge-like pores. Fur-
thermore, H-240 began to have more plate-like fragments
on the surface than H-180 due to the stronger polymeri-
sation reaction.

The PSDs of G-F, H-180, H-240 and B-500 are given in
Fig. 4g and h. G-F has a pore peaking at D of 119 um,
corresponding to the most probable pore size of the original
grass cells. According to the Soil Science Society of
America [55], pore sizes can be classified into macropores
(> 75 pm), mesopores (30-75 pm), micropores
(5-30 pm), ultra-micropores (0.1-5 pm) and cryptopores
(< 0.1 pm). According to the test results, H-180 had
abundant macropores, whilst H-240 had abundant meso-
pores. When turning G-F into H-180, the pore volume of
> 75 um macropores increased, and the dominant
D showed a corresponding increase from 119 to 177 pm.
However, the pore volume of < 10 pm micropores
reduced, which can be attributed to the emergence of the
microplate-like fragments (Fig. 4d) and the change in the
particle contacts caused by the change in the particle shape
(Fig. 4a and c). As the HTC temperature increased further
to 240 °C (H-240), the intensification of the HTC reactions
led to significant pore volume reduction of macro- and
meso-pores and the reduction in D from 177 to 36 pm
(Fig. 4g). The slight increase in pore volume for D ranging
from 5 to 36 um can be attributed to the appearance of
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sponge-like fragments (Fig. 4f) and to the change in the
particle contacts (Fig. 4e). When pyrolysing G-F to B-500,
the pore peak reduced from 119 to 40 um. The B-500 has a
pore volume more than H-240 but less than H-180, as a
result of the two completely different chemical reactions
involved in the two production processes.

Based on the MIP results presented by Lu and Zong
[42], biochars derived from ten herbaceous species often
had a bimodal PSD with two pore peaks at D of 4-14 and
1-4 pm. Compared with these biochars, the hydrochar
tested in the present study had a larger D, in which the pore
peaked (119 pm for H-180 and 36 pm for H-240) and had
a larger pore volume (Table 2), which may be favourable
to the storage and transport of free water. The smaller peak
at D of 1-4 pm that was identified by Lu and Zong [42]
was absence in the hydrochar of the present study (Fig. 4g).
Compared with the pyrolysis temperature (i.e. 550 °C)
used to produce the biochars, the HTC temperature used to
produce the hydrochar (i.e. 180 °C and 240 °C) was lower,
resulting in less intense decomposition and volatilisation
reactions of the lignocellulosic components.

Figure 4h shows a zoomed-in view of the PSDs for the
smaller range of D from 0.001-1 pm). The nano-scale
intrapores of G-F were considered negligible with a pore
peaking at D of 0.106 um and a relatively small pore
volume of 0.012 mL/g (Table 2). H-180, H-240 and B-500
had pores peaking at D of 0.163, 0.106 and 0.106 pm,
respectively. Compared with G-F, the total pore volume
increased by 1.2 and three times for H-180 and H-240,
respectively (Table 2). The increase in those nano-scale
intrapores was probably due to the loss of hydroxyl (~OH)
and aliphatic functional groups upon HTC [36]. The pore
volume of B-500 was less than that of H-180 and H-240,
probably because the pores of B-500 were filled by the
condensed volatiles (i.e. tars) following the decomposition
of G-F during the pyrolysis process [74]. To sum up, the
pore structures developed in H-180 and H-240 were ben-
eficial for adsorption, microbial activity, retaining of soil
nutrients and the improvement of water holding capacity
[29].

4.3 Pore characteristics of hydrochar-amended
soils

Figure 5a—d present the PSDs of the soils amended by H-
180 and H-240. The PSDs were obtained by the X-ray CT
scanning. The bottom x-axis is the equivalent pore diam-
eter (D.p). The corresponding range of equivalent matric
suction (calculated by the Young-Laplace equation

W = f)T‘, where T represents the water surface tension
ep

equal to 0.0723 N/m at 20 °C) is expressed in the top x-
axis. Furthermore, the left y-axis shows the number of
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Fig. 5 Pore size distributions calculated from the X-ray CT for soils amended with hydrochar produced at the HTC temperature: (a) 180 °C and

zoomed-in view in (b); (¢) 240 °C and zoomed-in view in (d)

Table 4 Summary of the resolved pore characteristics of the una-
mended and amended soils from X-ray CT

Specimen Resolved void  Connected void Isolated void

ID ratio ect ratio ect-con ratio ecr.iso

C 0.412 0.406 0.006

H- 0.429 0.425 0.004
180-2.5%

H-180-5%  0.346 0.341 0.006

H- 0.375 0.371 0.004
180-10%

H- 0.480 0.475 0.006
240-2.5%

H-240-5%  0.408 0.402 0.006

H- 0.374 0.371 0.003
240-10%

pores in the range of D, divided by the number of total
pores (pore frequency), whilst the right y-axis is the pore
volume in the range of D, divided by the solid volume
(void ratio). The resolved void ratio are summarised in
Table 4. Considering the pixel resolution (i.e. 8.09 pm) of
the X-ray CT images and the smallest D, (i.e. 10 pm) that
can be obtained from the PNM, the following discussion

focused only on the pore characteristics for De,.
> 8.09 pum. First, the PSDs were divided into three zones
with different ranges of De,,. The unamended soil (Fig. 5a)
had 91.8% pores at D, ranging from 10 to 50 um in Zone
I, and the frequency of the rest of the pores varied from 0.6
to 2% (Fig. 5b). Although the pore frequency with D
> 290 pm in Zone III was only 1.3%, it had the largest
void ratio of 0.236. When replacing 2.5% of the soil mass
with H-180 (H-180-2.5%; whilst maintaining the same dry
density, the void ratio at Dy, in Zone II slightly increased,
whilst that in other zones had negligible changes. The
increase in the void ratio could be due to the presence of
the hydrochar particles’ macropores (Fig. 4g). As fy of H-
180 increased from 2.5% to 5% (i.e. H-180-5%), both the
pore frequency and void ratio in Zones I and III reduced,
whilst the void ratio in Zone II increased further (Fig. 5a
and b, respectively). Given that hydrochar had a much
smaller Gy, than soil (Table 2), a higher compaction
energy was needed (Table 3) to produce the samples of
higher hydrochar contents with the same as-compacted
state. As a result, the void ratio in Zone III to decreased,
whilst that in Zone II increased. When the f}; increased
further to 10% (i.e. H-180-10%), the void ratio in Zone III
remained largely unchanged. The increase in the com-
paction energy and the resulting particle rearrangement
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Fig. 6 Pore throat size distributions calculated from the X-ray CT for soils amended with hydrochar produced at the HTC temperature: a 180 °C;

and b 240 °C

might be responsible for the increase in frequency in Zone
II but led to the reduction in Zone I. Similar phenomena
(i.e. the compression of large pores in Zone III, the
expansion of median pores in Zone II and the slight
decrease in the frequency of small pores in Zone I) were
also observed in the soils amended with H-240 at different
values of fy (Fig. 5¢ and d), except H-240-10%. In this
case, the relatively large pores in Zone III were further
compressed, and the pore frequency and void ratio in Zone
I and II both increased, unlike what was found from
H-180-10% in Fig. 5a and b. The observed differences in
the changes in the pore characteristic may be attributed to
the differences in the PSDs of the H-180 and the H-240
(Fig. 4g). Indeed, H-240 had abundant mesopores at D of
36 um, which was different from the case of H-180 that
was rich in macropores at D of 119 pum. In other words, the
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different pore characteristics may have contributed to the
increase in the small pores in Zone I and the decrease in the
large pores in Zone III.

Figure 6a and b show the PTSDs of the soils amended
with H-180 and H-240. As can be seen, the unamended soil
displayed a unimodal throat frequency distribution with the
most abundant pore throats at the equivalent pore throat
diameter (D) ranging from 10 to 50 um (Fig. 6a). The
addition of H-180 of 2.5% caused an increase in the throat
frequency at most of the D, in Zone II, consistent with the
increase in the pore frequency shown in Fig. 5a and b.
However, although the pore frequency in Zone I was
increased, the throat frequency in this zone reduced. Thus,
replacing soil by 2.5% of hydrochar content by mass (i.e.
H-180-2.5%) led to the formation of more median pores
and median throats in Zone II (called the ‘pore expansion
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Fig. 7 Pore size distributions measured by the MIP in terms of the cumulative and incremental pore volume for soils amended with hydrochar
produced at the HTC temperature of 180 °C ((a) and (b)) and 240 °C ((c) and (d))

Table 5 Summary of the resolved pore characteristics of the unamended and amended soils from MIP and comparison with X-ray CT

Specimen Void Intruded Non- Macro- Micro- Delimiting Macro-pore  Micro- D,/  Void ratio in the overlapping
ID ratio  void detected  void void line Dy peak Dy, pore D, range detected by MIP and
e ratio void ratio ratio ratio (pm) (pm) peak Dy X-ray CT
emip €non €ma €mi (Hm) (809 ~ 1000 }lm)
e’cr evip de=e’cr—
e’mrp
C 0.909 0.797 0.113 0.428 0368  6.02 80.22 0.37 0.005 0.412 0.408 0.004
H- 0.878 0.777 0.101 0437 0340 5.11 63.22 0.34 0.005 0.429 0.429 0.001
180-2.5%
H-180-5% 0.849 0.805 0.044 0.373 0432  5.58 125.10 0.41 0.003 0.346 0.338 0.008
H- 0.798 0.797 0.000 0.381 0.417 5.22 150.20 0.35 0.002 0.375 0.369 0.005
180-10%
H- 0.881 0.772 0.109 0412 0359 4.84 46.33 0.35 0.007 0.480 0.466 0.014
240-2.5%
H-240-5% 0.856 0.853 0.003 0434 0419 4098 443.80,61.75 0.40 0.002 0.408 0.405 0.002
H- 0.810 0.801 0.009 0417 0384 459 469.00,34.90 0.45 0.001 0.374 0.369 0.005
240-10%

effect’). However, this also led to the reduced connectivity
of the smaller pores in Zone I and the larger pores in Zone
IIT (called the ‘pore clogging effect’). Previous studies
[1, 27, 30] have also observed these effects in biochar- and
hydrochar-amended soils, although they did not quantify

their respective contributions to the changes in the corre-
sponding soil pore and throat structures. In the current
study, as the hydrochar content increased further (H-
180-5% and H-180-10%), the large pores formed were
compressed by the higher compaction energy (Table 3),
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leading to the reduction in the pore throats of Do > 90 pum
and the simultaneous increase in the throats of
D¢ < 90 pm.

For the case of H240 (Fig. 6b), the soil amended at f}; of
2.5% showed an increase in the throat frequency mainly in
the D, range from 50 to 170 pm in Zone II and a reduction
for D¢ > 170 pm. These phenomena suggest that the
addition of H-240 at this f; was not enough to form larger
throats of D, from 170 to 250 pm in Zone II similar to H-
180-2.5% (Fig. 6a). The observed differences between H-
180 and H-240 at this f; was probably due to the latter
having a smaller pore peak (Fig. 4g). For H-240-5%, the
addition of H-240 increased the throats of D > 170 pm in
Zones II and III. As the fy increased further to 10%, the
large throats of D > 170 pm were again compressed,
accompanied by an increase in the throats of D, ranging
from 50 to 90 pm.

The PSDs of hydrochar-amended soils for D ranging
from 1000 to 0.007 um were measured by MIP, with the
results shown in Fig. 7. As depicted in Fig. 7a and c, the
addition of hydrochar increased the cumulative pore vol-
ume and the intruded void ratio (epp, Table 5) when the
fu exceeded 2.5%. From Fig. 7b and d, it can be seen that
all the specimens displayed bimodal PSDs (except
H-240-5% and H-240-10% which were tri-modal) with a
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macro-pore peak (D,,) ranging from 50 to 150 pm and a
micro-pore peak (Dy,;) ranging from 0.2 to 0.5 pm. Both
H-240-5% and H-240-10% showed a first macro-pore
peak (Dp,,1) larger than 150 um and a second macro-pore
peak (Dpy,2) ranging from 10 to 100 pm. The value of D,
where the minimum value of incremental pore volume
(< 0.001 mL/g) was attained between the Dy, (D, for
H-240-5% and H-240-10%) and D,,,;, can be defined as the
delimiting pore diameter Dy separating the macro- and
micro-pores. The resolved Dy and the corresponding
macro-void ratio (e,,) and micro-void ratio (e,;) are
summarised in Table 5. The differences in the void ratio
resolved from the X-ray CT and that measured by MIP for
all the specimens are also compared in Table 5. As can be
seen, in the overlapping range of D between 8.09 and
1000 pm, the void ratio difference (4e) obtained by the
two methods was negligible, thus verifying the accuracy of
the X-ray CT scanning study, especially for the large pores
beyond the capability of MIP (i.e. > 1000 pm).

From Fig. 7b, it can be observed that the unamended
soil (C) had a D, of 80.2 um and a D,,; of 0.37 pm. The
addition of H-180-2.5% slightly decreased the e,,; from
0.368 to 0.340 (Table 5), which might be due to the micro-
pores being filled by the small hydrochar particles. As the
Sfu of H-180 increased from 2.5% to 5% (i.e. H-180-5%),
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Fig. 8 Observed variations in matric suction and volumetric water content with time for soils amended with hydrochar produced at the HTC

temperature of 180 °C ((a) and (b)) and 240 °C ((c¢) and (d))
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both the D,,; and e,,; increased (Fig. 7b, Table 5), which
could be attributed to the < 1 um pores of H-180 (Fig. 4h).
However, the e, decreased as the f}; increased further to
10% (H-180-10%), which can be attributed to particle
rearrangement and the resultant pore compression due to
the much higher compaction energy required to reach the
same dry density as H-180-5%.

In accordance with the observation in the current study,
a previous work [41] also found that the increase in the
compaction energy would not affect the pores with D
smaller than 0.1 um. Interestingly, for the soil amended
with H-240 in the current study, the bimodal PSD became
trimodal with two values of D,,, due to the addition of H-
240 at fy; of 5% and 10% to the soil (Fig. 7d, Table 5). The
second peak at the D, of 61.75 um (H-240-5%) and
3490 pm (H-240-10%) might be associated with the
dominant pore peak of H-240 at D of 36 pm (Fig. 4g).

4.4 Changes in matric suction and water content

Figure 8 shows the respective temporal variations of matric
suction ((a) and (c¢)) and VWC ((b) and (d)) of the una-
mended and hydrochar-amended soils. Note that the data
were taken every 10 min and were presented in lines for
clarity, whilst the data points were marked to ease the
referencing to the legend. As expected, following the
evaporation of pore water through the top soil surface,
suction in all the specimens increased exponentially, whilst
the VWC reduced linearly. In all cases, the suction recor-
ded from the upper tensiometer was always higher than that
from the lower one due to the relatively large hydraulic
gradient developed at the soil-atmosphere interface upon
evaporation. Consistently, during the initial stage of
evaporation, all the specimens did not show significant
suction increases until the magnitude of suction reached
certain levels. Thus, it is evident that irrespective to the
production temperature, the addition of hydrochar made the
suction responses quicker for a given duration of evapo-
ration. Moreover, it appears that the higher the fy;, the
faster the suction response would be.

Notably, the reduction in VWC accompanied the suction
increase during evaporation (Fig. 8b), which appeared to
be linear throughout the test period. Before soil drying, the
saturated VWC (0y,), or porosity, of C, H-180-2.5%, H-
180-5% and H-180-10% were 0.474, 0.467, 0.460 and
0.444, respectively. Evidently, the addition of hydrochar
reduced the porosity. Indeed, at the same as-compacted dry
density, replacing soil by hydrochar reduced the Gy,
thereby causing a reduction in the porosity (Table 3). Here,
evaporation rate is defined as the gradient of the relation-
ship between the mass of water evaporated from the
specimen and elapsed time. The evaporation rate was
almost constant during the tests for all the specimens
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Fig. 9 Water retention curves (WRCs) of the soils amended with
hydrochar produced at the HTC temperature: a 180 °C; and b 240 °C

(Table 7), suggesting that water phase remained continu-
ous, and the water transported from the depths to the soil
surface may be driven by capillary pressure differences
between pores [3, 31]. It has been reported that the capil-
lary difference required to maintain a constant evaporation
rate is not determined by one single pore size, but the
difference in the size of the small and large pores [38, 64].
Indeed, the pore analysis by the CT suggested that the
addition of hydrochar increased the median pore frequency
and void ratio in Zone II (Fig. 5a and b) and the cumulative
pore throat frequency (Fig. 6a) through the ‘pore expansion
effect’. Given that the D,; and D,,, from the biomodal
PSDs (Fig. 7a and b, Table 5) were the most abundant
micro- and macro-pore diameters in the specimens, the
ratio of Dy,; and D,,, may be taken as the size difference
between the small and large pores. For trimodal PSDs of H-
240-5% and H-240-10%, the average value of D,,,; and
D, may be approximated as the D,,,. The calculated
ratios of D,,;/Dy,, are summarised in Table 5. As can be
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Table 6 Fitted parameters of the WRCs after applying nonlinear regression using van Genuchten (1980)’s model. The AEVs determined from

the WRCs are also given

i - 0s—0, _ 1 2 .
Specimen ID 0=0,+ W(m =1-) R Air entry value (kPa)
o (kPa™") n m 0, 0,
C 3.186 1.125 0.111 0.471 0.085 0.994 0.3
H-180-2.5% 0.990 1.149 0.129 0.480 0.145 0.996 0.7
H-180-5% 0.687 1.109 0.098 0.457 0.116 0.994 0.8
H-180-10% 0.809 1.059 0.060 0.446 0.005 0.978 0.7
H-240-2.5% 0.538 1.190 0.159 0.467 0.155 0.984 1.5
H-240-5% 0.438 1.094 0.086 0.454 0.008 0.992 1.0
H-240-10% 0.262 1.198 0.165 0.445 0.165 0.977 3.0

seen, for the soils amended with H-180 and H-240, the D,,,;/
Dy, reduced with an increase in fy;, thereby explaining the
observed increase in the evaporation rate with fi. Zhang
et al. [72] also found an increase in the evaporation rate of
biochar-amended clay soils as fy increased beyond 4%,
suggesting that this may be due to the increase in the
connectivity of water migration channels.

The temporal variations of suction and VWC for the
case of H-240 amendment (Fig. 8c and d) were similar to
those found for the case of H-180. However, for a given fy,
the rate of increase in the suction and evaporation rates in
the soils amended by H-240 were both smaller (Fig. 8a and
¢, Table 7). Although the values of eppp of H-180-2.5%
and H-240-2.5% were similar, the smaller evaporation rate
found in the latter may be due to its larger D.,;/Dy,
(Table 5). When the fy; increased to 5% and 10%, the
values of D.;/D,,, for the H-240 amendment became
smaller than those for the H-180 amendment, which could
not explain the smaller evaporation rates found in the cases
of H-240. It is hypothesised that the water existing in the
intra-pores of H-240 could not easily evaporate compared
with that of H-180 due to its smaller pore peak diameter
(36 pm for H-240 and 177 um for H-180, Fig. 4g).

4.5 WRC

Figure 9a and b show the WRCs of unamended soil and
soils amended with the hydrochar produced at 180 and
240 °C. To assist in the interpretation, each WRC was
fitted by using van Genuchten model [61]. The fitting
parameters are summarised in Table 6. The air-entry value
(AEV), defined as the minimum suction beyond which air
starts to enter the largest soil pores to make the soil
unsaturated, was determined using the Casagrande method
[60]. The results indicated that adding a small amount of
H-180 (i.e. 2.5%) to the soil increased the AEV marginally
from 0.3 to 0.7 kPa, given the limited accuracy of the
tensiometers. Increasing fy; further did not appear to
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increase the AEV much. The noticeable increase in AEV
could be explained by the decrease in the magnitude of the
pore throat frequency at Do > 290 um (corresponding to
the suction of < 1.0 kPa; Fig. 6a) due to the addition of the
hydrochar particles. A similar phenomenon may be found
from other studies that also showed an increase in AEV
after amending soil with materials that have substantially
smaller Gy (e.g. biochar and fibres) than the soil samples
themselves [17, 19]. For the soils amended by H-240
(Fig. 9b), the observed increase in AEV due to the increase
in fiy was attributable to the reduction in the throat fre-
quency at Dy, > 130 um (Fig. 6b) and the pore volume for
D larger than 100 pm (Fig. 7c). The more significant
increase in the AEV made by the amendment of H-240
(compared with that by H-180) may be due to the soils
having smaller pores (pore peak at 36 um; Fig. 4g), when
compared with the case of H-180 (pore peak at 119 pm),
leading to the soil’s greater retention capability.

The desorption rate of the WRCs, defined as the amount
of VWC drop upon an increase in suction beyond the AEV,
may be represented by the shape parameter n of van
Genuchten model [61]. This parameter is known to
empirically relate to the PSDs of the specimens [44].
Adding 2.5% of H-180 to the soil caused an increase in n
from 1.125 (unamended soil) to 1.149; however, the value
of n subsequently dropped to 1.109 and 1.059 as the fy
increased to 5 and 10%, respectively (Fig. 9a, Table 6).
When the f; was relatively small (2.5%), the hydrochar
mainly filled the large pores and throats in the soil (Zone
IIT; Figs. 5b and 6a), and changed the size of the pores to a
median size (see the increase in frequencies for the pores in
Zone II; Figs. 5b and 6a), thus causing the increase in n. As
the fi; was increased to 5 and 10%, the large and median
pores and throats were compressed by the higher com-
paction energy applied, leading to the simultaneous
reduction in the pore throats at D, > 90 pm and the
increase in the throats at De < 90 um (Fig. 6a). This
explains the drops of n for the cases of H-180-5% and H-
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Table 7 Field capacity, permeant wilting point and plant available water content determined from the WRCs for all the specimens

Specimen Evaporation rate (g/ Field capacity Permeant wilding Plant available water content (PAWC = permeant wilding

ID d) (FC) point point -FC)

C 7.69 0.307 0.225 0.081

H- 8.07 0.345 0.258 0.087
180-2.5%

H-180-5% 9.25 0.358 0.276 0.081

H-180-10% 11.44 0.370 0.291 0.079

H- 7.20 0.340 0.250 0.090
240-2.5%

H-240-5% 7.36 0.352 0.250 0.101

H-240-10% 10.04 0.322 0.251 0.071

(1) The evaporation rate equals to the slope of water mass loss (g) divided by the time (d) (R* > 0.99); (2) FC is obtained from the measured
WRC at suction of 33 kPa; (3) Permeant wilding point is obtained from the fitted SWRC by van Genuchten model at a suction of 1500 kPa
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Fig. 10 Hydraulic conductivity functions (HCFs) of the soils
amended with the hydrochar produced at the HTC temperatures:
a 180 °C; and b 240 °C

180-10%. Hussain and Ravi [30] also observed the
reduction in n for biochar-amended soils and postulated
that this phenomenon was associated with the reduction in
pore size after biochar amendment (yet PSD was not pro-
vided). A similar trend can be found for the soils amended
with H-240 (Fig. 9b, Table 6), except that adding a f of
10% returned a larger value of n (i.e. a faster desorption
rate). This may be because H-240-10% had the largest
throat frequency at D, 50-90 pm, corresponding to the
suction of 3.2-5.8 kPa in Fig. 6b). The amendment of H-
180 and H-240 at the fi; of 5% was more significant than
that at 10%, especially in terms of both the increase in the
AEV and the reduction in the desorption rate.

The data obtained from the independent measurements
of relatively high suction (> 500 kPa) by the WP4C
exhibited consistent findings with those found in lower
suction by the evaporation tests; the addition of hydrochar
generally improved the water retention capacity of the soils
at the same dry density, especially for the case of H-180
(Fig. 9a). To evaluate the effects of hydrochar on the
efficiency of plant water use, field capacity (FC; i.e. the
amount of water content held in soil after draining excess
water, referring to the value of VWC at 33 kPa suction;
[18]) and permeant wilting point (i.e. the amount of water
content below which the plant starts to wilt, referring to the
value of VWC at suction of 1500 kPa; [49]) were used. As
a result, plant available water content (PAWC) was
determined by the difference between the FC and permeant
wilting point [14]. The values of FC, permeant wilting
point and PAWC are summarised in Table 7. Evidently,
both the FC and PWP increased with the increase in fy;.
Relatively speaking, the soils amended by H-180 increased
both the FC and PWP more substantially than that amended
by H-240. The addition of hydrochar of 5% fy increased
the PAWC, yet a further increase in fy to 10% had either
no influence (e.g. H-180-10%) or even reduced (e.g. H-
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240-10%) the PAWC. These observations suggest that
there exists a threshold f; (5% in this case), beyond which
a further addition of hydrochar to the soil would become
uneconomical in terms of water availability for plants.

4.6 HCF

Figure 10 relates the hydraulic conductivity with the suc-
tion of the unamended soil and the soils amended with the
hydrochar produced at different HTC temperatures. The
saturated hydraulic conductivity (k) of the unamended and
amended soils prepared at the same initial dry density and
water content as those used for the evaporation tests were
measured by the falling-head tests [7]. The results are
shown at 0.1 kPa suction for reference. Before interpreting
the test results, it is important to evaluate and filter any
errors associated with the estimation of the hydraulic gra-
dient (VHp, ) and, therefore, the hydraulic conductivity
(km.1,..)- According to the law of error propagation [37] and
Egq. (3), assuming the measurements of water flux g, , by
a high-accuracy, high-resolution balance to be error-free,
the error of ky,, . may be evaluated as follows:

ok g >
_ m,fave .
Ukm,tave - \/<6VHm_,ﬂw> (UVHmﬁla\ye)

UVHm Tav ?
=knue A\ N\ om— '
m,fave ( VHm e ) ’ ( )

where Uky, ;. is the uncertainty ofky ., and UVHp,,
is the uncertainty ofVHy,,,,. Notably, the calculation of
VHn,,. is not based on a single measurement, but from
two tensiometers in a test (Eq. (3)). Therefore, although the
accuracy of the tensiometers was known (1 kPa), the
effects of the errors from the tensiometer measurements on
km,. cannot be directly evaluated using Eq. (4) [30].
Given that kp,, is inversely proportional to VHp,, .
(Eq. (1)), a small hydraulic gradient could lead to a sub-
stantial error in the estimation ofk,,, .. Thus, Peters and
Durner  [48] proposed a  rejection  criterion
onVHy,,, <6%, where gy, is the measurement error of the
tensiometer (i.e. 1 kPa), and Az is the vertical distance
between the two tensiometers (i.e. 45 mm). Correspond-
ingly, the calculated data of hydraulic conductivity were
filtered, and any value of

AV’avc _ Avlﬂyc
2 A A (6%) 20 A Mae 1333

kmstavc =

were removed from Fig. 10. For clarity, the filtered data are
presented in lines, with several data points added on top to
ensure ease of reference to the legend.
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The addition of hydrochar produced at different HTC
temperatures increased the k; by more than an order of
magnitude. Adding 2.5% of H-180 (i.e. H-180-2.5%) and
5% of H-240 (i.e. H-240-5%) generated the most signifi-
cant increase in kg, beyond which the increase became less
effective. The hydrochar affected the k; mainly through the
change in the e, of the amended soils. From Table 5, it
can be seen that k,; had a positive correlation with e, when
fu was smaller than a respective threshold value. As
expected, as air entered the soil pores accompanying the
evaporation of the pore water, the hydraulic conductivity of
both unamended and amended soils reduced significantly
upon suction increase beyond the AEV. The air bubbles
trapped in the pores made the water flow path more tor-
tuous, thereby reducing the hydraulic conductivity.

Amending the soil with H-180 (Fig. 10a) to the fy; of
2.5% reduced the unsaturated hydraulic conductivity of the
soil. Based on the PNM obtained from the X-ray CT
scanning image, the connected and isolated porosities can
be calculated, and the results are summarised in Table 4.
Based on the analysis, the reduction in the HCF may be
related to the increase in the tortuosity due to the pore
clogging effects in Zones I and III (Fig. 6a). On the con-
trary, amending the soil with H-180 to higher f}; of 5% and
10% made the unsaturated hydraulic conductivity higher
than that of the unamended soil at any given suction. This
may be due to the particle rearrangement being accompa-
nied by higher compaction energy, causing an increase in
the cumulative throat frequency (Fig. 6a). In turn, the
increase in the cumulative throat frequency may contribute
to the creation of more water flow path and hence reduce
the tortuosity.

When amended with the H-240 (Fig. 10b), the HCF at
any suction consistently increased. Indeed, unlike the effect
of H-180-2.5%, which reduced the hydraulic conductivity,
H-240 at the same f; of 2.5% (H-240-2.5%) increased the
value of the hydraulic conductivity. Although the throat
frequency in Zone III (Fig. 6b) was reduced, the resolved
ect of H-240-2.5% was larger than that of H-180-2.5%,
implying an increase in water flow path. The greater
amount of intra-pores available in H-240-2.5% than that in
H180-2.5% (Fig. 4h) may also explain the increase in the
HCF. Careful inspection of the data suggests that at suc-
tions less than 10 kPa, the HCF of H-240-5% was less than
H-240-2.5% and H-240-10%, consistent with the varia-
tions of the cumulative throat frequency of the soils
amended by the H-240 (Fig. 6b). Beyond 10 kPa of suc-
tion, the hydraulic conductivity, irrespective of the fy
considered, appeared to converge to the same HCF. This
phenomenon could be attributed to their similar throat
frequencies at D < 10 pm (i.e. corresponding to the
suction of > 29.2 kPa; Fig. 6b).
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The increases in the WRCs and HCFs of the soil due to
the hydrochar amendment are favourable for root water
uptake and root growth. Indeed, the greater amount of
suction retrained in the hydrochar-amended soil, under a
given water content or degree of saturation, could be
beneficial to increasing soil shear strength and improving
the stability of bioengineered slopes, embankments and
landfills. However, the increase in the hydraulic conduc-
tivity due to the hydrochar amendment entails the promo-
tion of preferential water flow to certain depths, which
could be detrimental to soil stability. Related to this, a
more thorough seepage-stability analysis should be carried
out in the future to evaluate the overall effects of hydrochar
on the seepage characteristics and the implication of the
resulting pore-water pressure distribution to soil stability.
Further investigations are also needed to focus on any soil
shear strength changes due to the amendment of different
types of hydrochar. Also, a previous study [75] has shown
that only approximately 5% hydrochar would be decom-
posed after seven days of incubation; this observation
suggests that any effects of hydrochar decomposition on
the WRCs and HCFs during the 7 day evaporation exper-
iment conducted in the present study might be negligible.
Future work should focus on how the hydrochar decom-
position in longer term would affect the soil hydro-me-
chanical properties.

5 Conclusions

This study quantified and investigated the effects of grass-
derived hydrochar on the microstructural changes of a
compacted silty-clay sand and their influences on the
unsaturated hydraulic properties, including WRCs and
HCEFs of the soil. Compared to H-180, H-240 had a higher
carbon content and higher thermal stability but a lower
pore volume. Despite using the same feedstock, the derived
hydrochar and biochar had remarkably different PSDs due
to their different production conditions. Notably, the pore
peak of H-180, H-240 and B-500 was 177, 36 and 40 pm,
respectively. Hydrochar amendment made the water
evaporation rate higher because the addition of hydrochar
increased the amounts of the pores and throats (mainly in
the pore diameter range of 50-250 um) and the pore size
differences between the peak diameters of micro- (D,,;) and
macro-pores (Dp,,). The addition of hydrochar also
enhanced the soils’ water retention capability by increasing
the AEV and reducing the desorption rate. The enhance-
ment can be attributed to the pore filling effect of the larger
soil pores by the hydrochar, especially those with diameters
larger than 290 pm. In particular, at f}; of 2.5%, the filling
of hydrochar in these larger pores (> 290 um) changed
them into median-sized pores of pore throat diameter (D)

ranging from 90 to 290 pm, causing an upward shift of the
WRC. As the fy; exceeded 2.5% (i.e. 5% and 10%), the
pores of D¢ > 90 um were further compressed by the
higher compaction energy required to reach the same dry
density of the amended soils. This process was accompa-
nied by an overall reduction in the macro-void ratio, which
caused an increase in AEV and a further reduction in the
desorption rate. In general, the hydrochar produced at the
HTC temperatures of 180 and 240 °C (i.e. H-180 and H-
240) introduced a similar change in the WRC for any given
fu, following the same underlying mechanisms to affect
the WRC. The two cases only differed in terms of the range
of pore diameters being affected due to the difference in
the PSDs of the types of hydrochar. Nevertheless, the
addition of either H-180 or H-240 increased the plant
available water content as long as the fi; was less than 5%.

The HCFs of compacted soil was increased by half to
one order of magnitude by the hydrochar addition (except
H-180-2.5%), which was attributed to the increased throat
frequency and the contribution of hydrochar intrapores,
thus creating more water flow path and reducing the tor-
tuosity. Furthermore, the addition of H-180-2.5% reduced
the HCF by approximately half an order of magnitude,
which was probably because of the pore clogging effects
accompanied by the reduced pore throat frequencies at D
of <90 pm and > 250 pm, which weakened the pore
connections and the increase in the tortuosity. Although the
throat frequencies at D, of < 90 pm and > 250 um were
reduced in H-240-2.5%, the HCF was increased because
there were more intra-pores in the soil created by H-240
than that by H-180. Based on the test results, the fi; of 5%
may be an optimal mass fraction of hydrochar for soil
amendment, as the resulting increases in the WRC, HCF
and PAWC are favourable for root water uptake and plant
growth.
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