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Abstract:

Due to its distinctive properties, biochar (BC) achieves the most significant improvements
among agricultural soil amendments. A pot experiment was performed at the Faculty of
Agriculture and Natural Resources at Aswan University, Aswan province, Egypt (latitudes 24°
05" 18" N and longitudes 32° 54’ 00" E) during 2022 to evaluate the effectiveness of two BCs
derived from sugarcane manufacturing waste—namely, bagasse (BCBG) and filter-cake (BCFC),
which were obtained at two different of pyrolysis temperatures (300 and 600 °C) at 0, 1 and 2% ~
0.0, 50.0 and 100.0 g.pot™* on the hydro-chemical properties of sandy soil. This study employed a
split-split plot structure in a Randomized Complete Block Design (RCBD) with three replicates.
The results indicate that applying BCFCapo had the greatest effect on organic matter content
(OM) and available water content (AWC), while applying BCFCs00 gave the best results in terms
of CaCOs (decreasing), as well as water holding capacity (WHC) and permanent wilting point
(PWP). Likewise, BCBG3o0 had superior effects on soil pH (decreasing it) and cation exchange
capacity (CEC) and field capacity (FC). Furthermore, all the improvements seen in all the studied
hydro-chemical properties, except PWP, were associated with BC-Ro and BC-R». In conclusion,
BCBG, PYT300 and BC-R: and their interactions were the most influential on soil chemical
properties. Furthermore, the best hydrological properties (FC and AWC) in the sandy soil were
obtained in the treatment without amendment. Additionally, BCFC x PYTeoo X BC-R2 and BCFC
X PYTe00 X BC-R2 treatments were the most impactful on WHC and PWP, respectively.

Keywords: Sugarcane bagasse and filter-cake; pyrolysis temperature; chemical and hydrological
properties of sandy soil; soil fertility status.

1. Introduction
The sugar manufacturing industry is one of the most successful industries in Egypt, given
its contribution to the nation’s economy. Sugar production factories are concentrated in Upper
Egypt, an area that extends for 800 km, where sugar is the main crop. According to a statement
issued by the Egyptian Economic Affairs Sector in 2021, the total cultivated area of sugarcane is
estimated to be about 137,572 hectares, producing more than 16.8 million tons of residues.
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These wastes should be recycled instead of being disposed of via burning, as this causes
environmental pollution (Brewer et al. 2014). In the past two decades, converting these wastes
into biochar (BC) has been one of the most promising solutions, given its low cost and unique
properties, and it is one of the more environmentally friendly amendment processes (Hossain et
al. 2020). Generally speaking, BC is a solid and stable carbon-rich by-product obtained from the
pyrolysis (300-1000) of a wide spectral range of feedstock biomasses at high temperatures under
conditions devoid of oxygen or in an oxygen-limited atmosphere (Diatta et al. 2020). Numerous
previous studies have shown that BC is the best mode of agricultural soil amendment given its
unique properties (Meier et al. 2019). However, it is not an easily decomposed compound, due to
its highly aromatic structure, with a large surface area and large cation exchange capacity
(Seleiman et al. 2020). Moreover, it contains a relatively high content of macro- and
micronutrients (EI-Naggar et al. 2019a). Despite this, several scientists have systematically
investigated the significant influence that BC can have when used in agriculture (Wu et al. 2019
and Garcia-Perez et al. 2022), but very few works have focused on its potential when used on
Egyptian soils. Several studies have indicated that the physical-chemical characteristics and
structural properties of BC are closely associated with the pyrolytic conditions (temperature,
heating rate and residence time) and the biomasses of the feedstock (Kalina et al. 2022). As
such, BCs could be generated from a wide range of biomasses—either from animal-based wastes
such as manure, sewage sludge and urban yard residues, or plant-based residues such as pine
wood (Peng et al. 2019), switchgrass (Diatta et al. 2020), sugarcane and rice waste (Weber and
Quicker, 2018), corn stalk, and rice and wheat straw (Xu et al. 2016). Other scientists have
shown that the pyrolysis temperature can greatly affect the BCs’ features (Seleiman et al. 2020).
BCs obtained under high-pyrolysis-temperature conditions (>550 °C) are characterized by a large
surface area and large aromatic content compared with BCs produced under low-temperature
pyrolytic conditions (200-400 °C), which are characterized by the presence of more oxygen-
containing functional groups such as hydroxyl (-OH), carboxyl (-COOH), ketone (C=0) and
aldehyde (-CHO) (Mandal et al. 2020). Furthermore, numerous studies have reported that under
slow pyrolytic conditions, the available water capacity is markedly improved in both fine and
coarse-textured BCs (Ayaz et al. 2021 and Kalu et al. 2021). On the other hand, most of the
work undertaken so far has indicated that the pyrolysis temperature directly affects other
chemical properties of BC. According to (Bista et al. 2019), acidified BC is produced at low
temperatures (<400 °C), while alkaline BC is obtained at high temperatures (>400 °C). In
addition, a high C content is related with a high pyrolysis temperature (300-800 °C) (Campos et
al. 2020).

The results in the literature reveal that the application of BC has a profound impact on
soil’s chemical properties. Cation exchange capacity (CEC) and organic carbon (OC) are
positively affected in fine- or coarse-textured soils by BC application (Meier et al. 2019; Singh
et al. 2022). In addition, incorporating BC in soil clearly decreases its salinity levels by reducing
anion concentrations, such as COz~, HCOs, SO4~ and CI~ (Tavakkoli et al. 2011). The
documented information has shown the positive effects of BC addition in terms of reducing
nutrient loss and enhancing nutrient use efficiency (NUE) and nutrient availability (Liu et al.
2018 and Borchard et al. 2019). It is worth pointing out that BC addition effectively contributes
by improving the soil’s physical parameters and soil-water interactions. Previous studies have
seen significant enhancements in water holding capacity (WHC) and soil aggregates stability
(Brantley et al. 2016). In addition, BC improves soil structure (Molnar et al. 2016) and soil bulk
density (Yusif et al. 2020; Li et al. 2020 and Karim et al. 2020).
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Therefore, the objectives of our study are twofold: a) to recycle sugarcane manufacturing
waste to produce BCs instead of disposing of them, and b) to evaluate the potential effectiveness
of FSB, PYT and BC-RBC alone and in combination on some of the hydro-chemical properties
and the macronutrient status of sandy soil.

2. Materials and Methods.
2.1. Study location.

This study focuses on the potential influence of two types of BCs derived from sugarcane
manufacturing waste, including bagasse (BCBG) and filter-cake (BCFC) applied at 300 and 600
°C, on the chemical and hydrological properties of sandy soil. This research was conducted at the
agricultural experimental unit at the Faculty of Agriculture and Natural Resources, Aswan
University, Aswan, Egypt, between latitude 24° 05’ 18” N and longitude 32° 54’ 00" E.

2.2. Waste resources and BC production.

In January 2022, two types of standard BCs derived from sugarcane manufacturing waste,
namely, BCBG and BCFC, were produced at two different pyrolysis temperatures (300 and 600
°C). The wastes of both were obtained from the sugar factory in the Kom-Ombo district, Aswan.
Prior to pyrolysis, both waste samples were dried at 105 °C for 24 h. The BCs were produced by
pyrolysis at 300 and 600 °C for 90 min under isothermal conditions using a custom-made electric
oven (internal dimensions 250 x 250 x 250). The temperature of pyrolysis was selected according
to previous studies assessing BC for use in soil amendment (Mor et al. 2019).

2.3. BC characterization, experimental procedure, treatments and Experimental design.

After the pyrolysis process, the BCs were ground to small particle sizes that could pass
through a 2 mm sieve before analysis. Some chemical and physical properties of BCs were
measured, and the results are shown in Table 3. The reactivity (BC-pH) and electrical
conductivity (BC-EC) of the BCs were assessed by calibrating them in a suspension of 1:10
(BC:Water), using a pH-meter (Jenway, UK) according to Rajkovich et al. (2012). An EC-meter
(LF-191) from Conduktometer, Germany, was used as described in the International Biochar
Initiative Guideline (IBI, 2015). Scanning electron microscopy (Hitachi-TM3030, Japan) was
used to elucidate the impact of PYT on the microstructures of the BCs. The elemental
composition was determined using an Inductively Coupled Plasma-Optical Emission
Spectrometry (ICP-OES).

In March 2022, plastic pots with a diameter of 23 cm and height of 20 cm were filled with
5 kg of soil. In this study, the soil texture was determined to be sandy. The experiment was
undertaken using a split-split plot structure with a Randomized Complete Block Design (RCBD).
Two types of FSBs such as BCBG and BCFC were tested. While, the PYTs such as PYT3zo0 and
PYTeoo used to obtain the BCs. Three rates of BCs (0.0, 50.0% and 100.0 g.plot?) as a soil
application. Accordingly, the study involved 36 pots, (2 FSB) x (2 PYT) x (3 BC-R) x (3
replicates).

2. 4. Soil Sampling Collection and Chemical Determination of Soil Properties

The sandy soil samples were collected at a depth of 0-25 cm from the border areas of
Sahari city. The soil samples were transported to the Soil, Water and Plant analysis Laboratory at
Aswan University; they were then air-dried and crushed until they could pass through a 2 mm
sieve to determine some of their chemical and physical properties, as presented in Tables 1. The
particle size distribution was determined using the hydrometer method, as described by Gee and
Bauder, 1986. The soil pH was directly measured in a saturated soil paste using a pH-meter
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(Jenway, UK) according to the method of McLean, 1981. In the soil paste extract, the electrical
conductivity (EC) was measured using an EC-meter (LF-191) from Conduktometer, Germany, as
described in Page et al. 1982.

Table 1. Some physical and chemical properties of the soil in the current study

Soil property Value
Particle size distribution (%)
Sand 91.45
Silt 3.75
Clay 4.80
Soil texture Sandy Soil
pH (in soil paste) 8.61
ECe (dS.m!) 0.163
SOM (%) 0.63
CaCOs (%) 3.66
CEC (cmol.kg™) 1.02
Soluble ions (mmol L?)
COs”
HCOs 2.12
Cr 0.25
SO4~ 1.44
Ca*™ 1.00
Mg* 0.30
Na* 1.39
K* 112
Macronutrients (mg.kg™)
Total N 7.01
Available P (extractable with NaHCO3; pH=8.5) 3.57
Available K (extractable with NHsOAC pH=7.0) 67.1
SBD (g.cm™®) 1.23
FC (%) 7.30
AVW (%) 6.50
WHC (%) 20.30

pH — soil acidity; ECe — electrical conductivity; SOM — soil organic matter; CaCOs; — calcium carbonate; CEC —
cation exchange capacity. SBD-Soil bulk density, FC- field capacity, AvW- Available water and WHC- Water
holding capacity.

The calcium carbonate (CaCOs) content was determined using Collin’s calcimeter
according to Piper, 1947. Using the wet digestion method, the soil organic matter (SOM) content
was determined as described by Walkey and Sommers, 1978. Soluble cations, i.e., calcium
(Ca*), magnesium (Mg*™"), sodium (Na*) and potassium (K*), were extracted with 1 N NH4AC,
kept for 24 h, topped up to to 100 mL with distilled water, and filtered with Whatman filter paper
NO. 42. Both Ca** and Mg** were determined via the titration method set out by Jackson, 1973
using EDTA. Na* and K" were measured using flame photometry as described by Jackson, 1973.
According to McLean, 1982, the soluble anions, i.e., carbonate (CO3>"), bicarbonate (HCO3")
and chloride (CI7), were determined using the titration method. The sulfates (SOs~) were
calculated by the difference between total soluble cations and total soluble anions. The CEC was
determined using the ammonium acetate technique according to Munera-Echeverri et al. 2018.

About 500 g of soil was taken from each pot and air-dried to determine some of its
chemical and physical properties. In a saturated soil paste, the soil’s pH was measured using a
pH-meter (Jenway, UK) according to the method of McLean, 1981. The EC was measured in the
soil paste extract using an EC-meter (LF-191) from Conduktometer, Germany, as described in
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Page et al. 1982. The CaCO3 content was determined using Collin’s method according to Piper,
1947. The SOM content was determined using the wet digestion method according to Walkey
and Sommers, 1978. According to the method of Lindsay and Norvell 1978, the available
macro- and micronutrients were extracted using DTPA. TNC was determined using the modified
micro Kjeldahl method, as described in by Keeney and Nelson, 1983. The APC was extracted
and determined as described in by Olsen, 1982. Using 1 N of neutral normal ammonium acetate
at pH = 7.0, the AKC was extracted and determined using a flame photometer (Jenway Model
PFP-7) according to the method of Helmke and Sparks, 1996.

Field capacity (FC) and permanent wilting point (PWP) were measured using a pressure
membrane apparatus according to Black, (1965). The available water content (AWC) was
calculated by the difference between FC and PWP.

2. 5. Statistical analysis.

The impacts of FSB, PYT and BC-R alone and their interactions on the soil’s hydro-
chemical properties and nutrient status were analyzed using analysis of variance (ANOVA) and
Duncan’s test, the results of which were calculated using the InfoStat statistical package, version
2011 Infostat Microsoft (Di Rienzo et al. 2011). Here, FSB, PYT and BC-R were considered the
main, sub- and sub-sub-main factors, respectively. The standard error (+SE) was calculated for
each treatment using Microsoft Excel 2016. The heat maps were calculated using IBM SPSS
statistics 21 wizard.

3. Results
3.1. Characteristics of BC.

The results in Table 3 show the elemental compositions and molecular ratios of the BCs
derived from the two types of FSB—namely BCBG and BCFC—at two different PYTs (300 and
600 °C) via energy-dispersive X-ray (EDX). The results indicated that carbon (C) is the element
most markedly increased by increasing the PYT. Higher C content values (81.45% and 44.91%)
were obtained in sugarcane bagasse (BCBGeoo) and filter-cake (BCFCeoo) produced at 600 °C
compared with the sugarcane bagasse (BCBGsoo) and filter-cake (BCFCaoo) heated at 300 °C,
with 69.27 and 33.58%, respectively.

Table 3. Elemental composition and molecular ratios of BCs obtained from BCBG and BCFC at
two different pyrolysis temperatures (300 and 600 °C).

Properties BCBGswo BCBGsoo BCFCaoo BCFCeoo
BC-pH 5.46 9.10 7.43 9.95
BC-EC 0.098 0.122 1.680 1.380
CONH analysis (mg.kg?, dry basis)

Cc 69.27 81.45 33.58 4491
o) 24.33 10.20 27.20 22.14
N 2.60 2.22 3.25 3.16
H 1.45 1.02 4.87 2.03
Mineral composition (mg.kg?, dry basis)

P 0.04 0.17 1.05 2.99
K 0.09 0.03 0.57 0.38
Ca 0.18 0.52 4.76 12.17
Mg 0.04 0.19 0.27 0.38
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Properties BCBGaswo BCBGsoo BCFCaoo BCFCeoo
Si 0.62 2.42 0.63 1.25
Cl 0.18 0.94 0.14 0.18
Others 0.58 0.84 23.77 10.32

Molecular ratios

o/C 0.263 0.094 0.608 0.370
H/C 0.251 0.150 1.740 0.542
(O+N)/C 0.296 0.117 0.688 0.432
(O+N+H)/C 0.547 0.268 2.428 0.974

BC = biochar. BGBGsp and BCBGego represent BCs derived from sugarcane bagasse at 300 and 600 °C,
respectively. BGFCzq and BCFCeoo represent BCs derived from sugarcane filter-cake at 300 and 600 °C,
respectively.

In contrast, the oxygen (O), nitrogen (N) and hydrogen (H) contents decreased with the
increase in the PYT. However, BCBG3oo and BCFCsgo gave values of 24.33 and 27.20 for O, 2.60
and 3.16 for N, and 1.45 and 4.87 for H, respectively.

As can be observed from Table 3, the mineral compositions of BCs, including
phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), silicon (Si) and chloride (CI)
contents, were affected by the PYT either increasing or decreasing. However, the contents of all
aforementioned elements increased with the increase in PYT, except for K, which decreased. The
results regarding the molecular ratios were presented in Table 3. It could be observed that both
the O/C and H/C ratios decreased with the increase in PYT. The highest values were produced in
BCs at 300 °C compared with those at 600 °C. The FSB values, in descending order, rank BCFC
> BCBG. While a H/C molecular ratio indicates aromatic BCs, a high H/C ratio indicates that the
BCs have a large aromatic structure, and greater stability. Similarly, the values of (O+N)/C and
(O+N+H)/C molecular ratios were reduced with the increase in PYT. The treatments employed
can be ranked as BCFCzpo > BCFCesoo > BCBG3z00 > BCBGeoo for both molecular ratios.

The scanning electron microscopy (SEM) results of BCs produced with different FSB
values at PTzo0 and PTeoo are presented in Figure 1. The SEM results elucidate the effects of
different biomasses of FSB at two different PTs on the morphological characteristics of the BCs
created. A visual inspection of the images shows differences in terms of irregular and distinct
pore surfaces. However, the BCs obtained at a high PT (600 °C), such as BCBGegoo, BCFCeso0 and
BCPFe00, have large pores compared with those produced at a low PT (300 °C).

3.2. Soil Chemical Properties

The results regarding the impact of FSB on some of the soil chemical properties are
graphically illustrated in Figure 2 A-D. The best (reduced) values for soil pH (8.35) and CaCOs3
content (4.34%) were obtained as a result of the application of BCs produced from BCBG and
BCFC, respectively. The highest values of soil pH (8.42) and CaCO3s (4.54%) were recorded
following the application of BCFC and BCBG, respectively. Meanwhile, the highest values of
OMC and CEC (0.65% and 1.92 cmol.kg™) were yielded following the application of BCBG.
Considering the highest and lowest values, the rates of decrease were very slight, and did not
exceeded 0.83 and 4.41% for soil pH and CaCOs, respectively. Moreover, the percentages of
increase in OMC and CEC amounted to 18.18 and 36.12%, respectively. Statistically, there are
no significant differences between treatments in terms of any of the chemical properties studied,
except for CaCOs, which showed significant differences (at p < 0.05).
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BCBGaoo BCBGesoo

Figure 1. Scanning Electron Microscopy (SEM) of BCs derived from sugarcane bagasse at 300 and 600 °C
(BCBGsw vs. BCBGeoo) and sugarcane filter- cake at 300 and 600 °C (BCFCasoo vs. BCFCeo0) at 300 and
600 °C, respectively.

The individual effects of the different PYTs applied to produce BC are graphically
demonstrated in Figure 3 A-D. The overall trend in our results indicates that a pyrolysis
temperature of 300 °C (PYTae) had the greatest impact on soil pH (decreasing it), with an
average value 8.30; moreover, OMC and CEC increased, recording 0.65% and 2.02 cmol.kg™,
respectively. On the contrary, PYTeoo had the least impact on soil pH, OMC and CEC, with
averages of 8.47, 0.56% and 1.31 cmol.kg™, respectively. PYTeo0 Was the superior treatment,
yielding a lower value (4.40%) than that (4.48%) obtained using PY T3g0. Depending on whether
the highest or lowest values were employed, the rates of improvement reached 2.00 and 1.79%
(decreased) for soil pH and CaCOs, and 16.07 and 54.20% (increased) for OMC and CEC,
respectively. The results obtained from the statistical analysis indicate highly significant
differences in soil pH and CEC, but no significant impacts on CaCO3z or OM contents.

The results of the ANOVA reveal that the BC addition rates had significant effects (at p <
0.01) on soil pH, CaCO3 and CEC, and significant effects (at p < 0.05) on OMC. There were
differences in the results derived: the application of BC at 2% (BC-R) had the greatest effect on
the soil pH (decreasing it), as well as on OMC and CEC (increasing them). As presented in
Figure 4 A-D, the BC addition rates were as follows (ranked in ascending order): Rz (8.22) > R1
(8.32) > Ro (8.61) for soil pH and Ro (3.68) > R> (4.63) > Ry (5.00) for CaCOs. Further, these
rates were ranked R2 (0.74) > Ro (0.57) > Rz (0.50) for OMC and Rz (2.54) > Ry (1.43) > Ro
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(1.02) for CEC. The rates of improvement were 4.53, 26.40, 29.83 and 149.02% for soil pH,
CaCOg3, OMC and CEC, respectively.

;’:; 8.44 = 1A 2 4.60 _{a_ 1B
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Figure 2. Impact of different biochars (BCs) on soil pH (2A), CaCO3; content (2B), organic matter content (2C)
and cation exchange capacity (2D) of sandy soil. BCBG and BCFC represent BCs derived from sugarcane
bagasse and filter-cake, respectively. The small letters on the bars indicate significant differences between
treatments at 5% probably levels, significant was tested using the Duncan’s test.

Concerning the impact of the FSB x PYT interaction on the soil’s chemical properties, the
results in Table 4 indicate that the BCs produced from sugarcane bagasse at 300 °C (BCBGs3oo)
and sugarcane filter-cake at 600 °C (BCFCeoo0) had the greatest influences on soil pH and CaCQOs,
yielding the lowest values (8.24 and 4.23%). In addition, the highest values (0.68% and 2.49
cmol.kg?) were obtained following the application of BC derived from sugarcane filter-cake
heated at 600 °C (BCBG300) and BCBG3oo, respectively. Between the highest and lowest values,
we can see reductions of 2.95% and 6.00% for soil pH and CaCOs3, respectively, while these
percentages were 41.67% and 96.06% for OMC and CEC, respectively. The results of the
ANOVA show that the FSB x PYT treatment had significant effects on soil pH and CEC, and no
significant effects on CaCO3z and OM. The results in Table 4 elucidate the interactive effect of
the PYT x BC-R treatment on the soil’s chemical characteristics. However, the best results for
soil pH were achieved when using BC generated from sugarcane bagasse with a 2% (PY T300-Rz2)
application rate, recording 8.06, and OM and CEC reached 1.02 and 3.34%, respectively. It is
notable that the non-amended soil, in general, achieved the best values, reaching 3.61% and
3.75%. The results obtained from the statistical analysis showed that all treatments had a
significant influence (at p < 0.01) on soil pH, OMC and CEC, and a significant impact (at p <
0.01) on CaCOs content. As depicted in Table 4, the application of sugarcane filter-cake at a rate
of 2% (BCFC x R2) gave the best results in terms of OM and CEC, which reached their highest
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values (0.79% and 2.04 cmol.kg™?, respectively). Furthermore, the application of sugarcane
bagasse at a high rate (BCBG x R2) was superior for its effects on soil pH, which reached an
average of 8.14. As regards this metric, the untreated soil gave the lowest value (3.61%)
compared with the BCBG x Ro-treated soil, which recorded the highest value (4.72%). The
results of the statistical analysis indicate that there were only significant effects (p < 0.01) and
impacts (at p <0.05) on CEC, while no significant influences were shown for OM.
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Figure 3. Impact of different pyrolysis temperatures (PYTs) on soil pH (3A), CaCO; content (3B), organic
matter content (3C) and cation exchange capacity (3D) of sandy soil. PYTsq and PY Tego indicate PYT applied to
produce BCs at 300 and 600 °C, respectively. Values represent the mean of three replicates. The small letters on
the bars indicate significant differences between treatments at 5% probably levels, significant was tested using
the Duncan’s test.
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Figure 4. Impact of different BC-addition rates on soil pH (4A), CaCOs content (4B), organic matter content
(4C) and cation exchange capacity (4D) of sandy soil. BC-Rg, BC-R; and BC-R; represent the BC-addition rate
at 0.0, 50.0 and 100.0 g.pot™, respectively. The small letters on the bars indicate significant differences between
treatments at p < 0.05.

Table 4. Impact of interactions of FSB x PYT, FSB x BC-R and PYT x BC-R on pH,
CaCOs content, organic matter content and cation exchange capacity of sandy soil.

Interaction Soil pH Cac0s @) oM (cmillz.(lig'l)
FSB x PYT * ns ns *
BCBG X PYTago 8.24c+0.02 4.50a+0.01 0.61a+0.02 2.49a+0.02
BCBG x PYTeoo 8.45a+0.02 4.57a+0.02 0.48a+0.03 1.35b20.02
BCFC x PYTs00 8.35b0.04 4.45a20.01 0.68a:+0.01 1.55b20.01
BCFC x PYTeoo 8.49a+0.03 4.23a+0.02 0.64a+0.02 1.27b20.02
PYT x BC-R o * o o
PYTa00 X BC-Ryo 8.60a+0.01 3.61c+0.01 0.33c+0.02 1.07¢+0.01
PYTa00 X BC-R1 8.23c+0.01 4.72b+0.01 0.60bc0.05 1.66b+0.02
PYTa00 X BC-R; 8.060+0.01 5.09a+0.02 1.02a+0.01 3.34a+0.03
PYTe00 X BC-Ro 8.62a+0.02 3.75c+0.01 0.81ab+0.02 0.97c+0.03
PYTe00 X BC-Ry 8.40b+0.02 5.28a+0.03 0.41¢+0.03 1.20c+0.02
PYTe00 X BC-R, 8.39b+0.01 4.17ab+0.03 0.47¢+0.05 1.75b+0.02
FSB x BC-R * ns ns *ok
BCBG x BC-Ry 8.60a+0.02 3.61c+0.02 0.50a+0.02 1.02d+0.01
BCBG x BC-R; 8.30b0.03 5.28a+0.02 0.45a+0.03 1.69¢0.01
BCBG x BC-R; 8.14c+0.02 4.72a+0.01 0.70a+0.03 3.05a+0.03
BCFC x BC-Ro 8.62a+0.04 3.75bc+0.01 0.63a+0.03 1.02d+0.03
BCFC x BC-R; 8.33b+0.01 4.72a+0.02 0.56a:+0.04 1.17d+0.02
BCFC x BC-R; 8.31b0.01 4.54ab+0.02 0.79a+0.02 2.04b0.02

BC — biochar, FSB — feedstock biomass, and — BCs derived from sugarcane bagasse (BCBG) and filter-cake
(BCFC), pyrolysis temperatures of 300°C (PYTsq0) and 600°C (PYTen), BC-R — BC addition rate. BC-Ro, BC-R;
and BC-R; — the rates of 0.0, 50.0 and 100.0 g.pot™, respectively. CaCOs — calcium carbonate content. OMC —
organic matter content. CEC — cation exchange capacity.
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The data listed in Table 5 showed that the soil amended with BC produced from
sugarcane bagasse at 300 °C (BCBG x PY T30 X BC-R2) recorded the best results in terms of soil
pH (which dropped), OM and CEC (which increased), recoding 7.93, 1.04% and 4.22 cmol.kg™,
respectively. In addition, the lowest CaCOz3 values (3.53, 3.89, 3.89 and 3.61) were obtained in
non-amended sandy soil. On the other hand, the non-amended soil gave soil pH, OM and CEC
values of 8.63, 0.16% and 0.91 cmol.kg™. Meanwhile, the soil treated with BC derived from
sugarcane filter-cake processed at 300 °C with a rate of 1% (BCFC x PYT3z00 X BC-R1) showed
an increased CaCOgz value. The analysis of variance indicates that there were no significant
differences in terms of soil pH, CaCOs and OM, but significant influences can be seen on CEC.

Table 5. Impact of FSB, PYT and BC-R interactions on soil chemical properties.

FSB | PYT | BCR Soil pH caco, oM cEC
(%)

BC-Ro 8.57a+0.02 3.53¢+0.14 0.16d+0.02 1.12f+0.13
PYTs00 | BC-Ry 8.22d+0.01 5.18ab+0.11 0.64a-d+0.01 2.13bc+0.10
BCBG BC-R 7.93e+0.01 5.00ab+0.10 1.04a+0.02 4.22a+0.12
BC-Ro 8.63a+0.3 3.89bc+0.13 0.49cd+0.02 1.02f+0.10
PYTeo | BC-R1 8.24cd+0.01 4.26a-c+0.10 0.56a-d+0.03 1.18ef+0.14
BC-R. 8.18d+0.02 5.19ab+0.12 0.99ab+0.01 2.45b+0.012
BC-Ro 8.63a+0.01 3.89bc+0.11 0.84a-c+0.02 0.91f+0.11
PYT300 | BC-R: 8.38b+0.02 5.37a+0.13 0.27d+0.01 1.25ef+0.13
BCEC BC-R: 8.35bc+0.02 4.443-c+0.15 0.35cd+0.01 1.88cd+0.13
BC-Ro 8.60a+0.04 3.61¢c+0.13 0.77a-c+0.13 1.03f+0.10
PYTs0 | BC-R: 8.42b20.02 5.19ab+0.10  0.56a-d+0.01 1.15f+0.11
BC-R> 8.43b+0.2 3.89bc+0.09 0.58a-d+0.02 1.63de+0.12

FSB x PYT x BC-R ns ns ns *

BC — biochar. FSB — feedstock biomass. BCBG — BC derived from sugarcane bagasse and BCFC — from filter-cake,
PY T30 and PYTeoo — pyrolysis temperatures of 300 and 600 °C, respectively. BC-R — BC application rate. BC-R,
BC-R; and BC-R; — biochar rates of 0.0, 50.0 and 100.0 g.pot™?, respectively, ns — non-significant, and *significant
(at 5%).
3.3.S0il nutrients status

The individual effects of FSB, PYT and BC-R on total nitrogen (TNC), available
phosphorus (APC) and potassium (AKC) contents are presented in Table 6. Our results indicate
that applying BCBG led to the maximum values of TNC (0.199%) and AKC (398.33 mg.kg™?),
respectively. The percentages of increase in the highest and lowest values were 17.53, 8.00 and
13.90 for TNC, APC and AKC, respectively. With regard to the influence of PYT, PYTeoo Was
the most impactful on APC (9.81 mg.kg?) and AKC (386.11 mg.kg™?). Meanwhile, the highest
TNC value (0.195%) was obtained in the PYTsqo treatment. The rates of increase reached 12.23,
3.92 and 6.68% for TNC, APC and AKC, respectively. The results of the statistical analysis
indicate that the influences of both FSB and PYT were identical. However, no significant impacts
were seen on TNC, nor any significant impacts (at p <0.05) on APC or significant influences (at
p<0.01) on AKC.

Page 332 Awad et al., 2024


https://aujes.journals.ekb.eg/
https://aujes.journals.ekb.eg/

Aswan University Journal of Environmental Studies (AUJES) 5 (3), pp. 322-350, (2024).
Online ISSN: 2735-4237, Print: ISSN 2735-4229. https://aujes.journals.ekb.eq/

Table 6. The individual impacts of feedstock biomass (FSB), pyrolysis temperature (PYT)
and BC-addition rate (BC-R) on some macronutrients content of sandy soil under pot

conditions.
TNC APC AKC
Treatment
(%) (mg.kg™)

FSB ns * **
BCBG 0.199a+0.06 9.26b+0.03 398.33a+0.02
BCFC 0.169a+0.03 10.00a+0.02 349.72b+0.04

PYT ns * **
PYTs00 0.195a+0.01 9.44b+0.02 361.94b+0.02
PY Teoo 0.174a+0.01 9.81a+0.01 386.11a+0.03
BC-R ok ns -
BC-Ro 0.225a+0.01 9.30a+0.02 335.42¢+0.01
BC-R; 0.210a+0.01 9.88a+0.02 370.83b+0.02
BC-R; 0.119b+0.02 9.70a+0.02 415.83a+0.02

BC — biochar. FSB — feedstock biomass. BCBG — BC derived from sugarcane bagasse and BCFC — from filter-cake,
PYTs00 and PYTeoo — pyrolysis temperatures of 300 and 600 °C, respectively. BC-R — BC application rate. BC-R,,
BC-R; and BC-R; — biochar rates of 0.0, 50.0 and 100.0 g.pot?,, respectively. TNC, TPC and TKC represent the total
nitrogen content, available phosphorus and potassium contents, respectively. ns — Non-significant, and *significant
(at 5%).

As observed in Table 6, dissimilar findings arose related to the BC addition rate.
However, the BC-Ro, BC-R1 and BC-R> treatments gave the highest values for TNC (224.71%),
APC (9.88 mg.kg™) and AKC (415.83 mg.kg™).

Regarding the maximum and minimum values, the percentages of increment were 90.03,
6.24 and 23.98% for TNC, APC and AKC, respectively. Statistically, we found highly significant
impacts on TNC and AKC, but no significant differences were seen APC. The results related to
the FSB x PYT interaction are listed in Table 7. We found that the BCBGz00, BCFCes00 and
BCBGeoo treatments had the greatest impact on TNC, APC and AKC, recording the highest
values of 0.218%, 10.62 mg.kg™* and 424.44 mg.kg™?, respectively. On the contrary, the lowest
values (0.167%, 9.00 mg.kg™ and 347.78 mg.kg™) were produced following the application of
the BCFCeo0 treatment. The results depicted in Table 7 show increases in the contents of TNC,
APC and AKC by 34.57, 18.00 and 22.04%, respectively. The results of the ANOVA show that
none of the treatments had any significant impact on TNC, but there were highly significant
impacts on APC and AKC.

Unique results were obtained from the PYT x BC-R interaction. However, the results in
Table 7 show that the highest values (0.272%, 10.06 mg.kg™ and 433.33 mg.kg™) were recorded
in the untreated soil (BC-Ro), and in the soil subjected to BCFC x BC-R; and BCBG x BC-R2
treatments, respectively. On the other hand, BC-RO0 had the least impact on APC and AKC, with
results of 9.09 and 287.50 mg.kg™, respectively, while the BCBG x BC-R; treatment yielded the
lowest TNC value. The analysis of variance shows that there were significant impacts (p < 0.05)
on TNC, and significant increments (at p < 0.01) were seen in AKC, while there were no
significant effects on APC. The impact of the FSB x BC-R interaction on soil nutrients status is
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presented in Table 7. BCBG x BC-R3 and BCFC x BC-R3 were the superior treatments in terms
of APK and AKC, recording values of 10.49 and 450.00 mg.kg™, respectively. Meanwhile, the
highest TNC value (0.257%) was obtained in the non-amended soil. The statistical analysis
shows that the FSB x BC-R treatment had a highly significant impact on APC and AKC, and
significant effects on TNC.

Table 7. Impact of interactions between (FSB x PYT), (PYT x BC-R) and (FSB x BC-R) on
soil chemical properties.

TNC APC AKC

Treatment

(%) (mg.kg™)

FSB x PYT ns ** **
BCBG X PY T30 0.218a+0.01 9.51b+0.03 372.22b+0.02
BCBG X PYTe00 0.180a+0.01 9.00c+0.04 424.44a+0.02
BCFC x PY T30 0.172a+0.02 9.38bc+0.02 351.67¢+0.03
BCFC X PYTeo0 0.167a+0.02 10.62a+0.02 347.78¢+0.02

PYT x BC-R * ns **
PY T30 X BC-Ro 0.272a+0.02 9.09b+0.03 287.50d+0.01
PY T30 X BC-R; 0.209ab+0.03 9.71ab+0.01 365.00c+0.10
PYTap X BC-R; 0.105d+0.6 9.53ab+0.03 433.33a+0.06
PYTe00 X BC-Ro 0.178bc+0.03 9.50ab+0.02 383.33bc+0.03
PYTeoo X BC-R; 0.211ab+0.03 10.06a+0.02 376.67bc+0.03
PYTeoo X BC-R; 0.132¢d+0.02 9.88ab+0.01 398.33b+0.02

FSB x BC-R * ** **
BCBG x BC-Ro 0.257a+0.02 9.41b+0.01 323.33d+0.03
BCBG x BC-R; 0.189ab+0.02 9.44b+0.02 421.670b+0.01
BCBG x BC-R: 0.152bc+0.01 8.92b+0.01 450.00a+0.03
BCFC x BC-Ro 0.193ab+0.02 9.18h+0.02 347.50d+0.02
BCFC x BC-R: 0.231a+0.01 10.33a+0.02 320.00d+0.02
BCFC x BC-R 0.084¢+0.01 10.49a+0.03 381.67c+0.01

BC — biochar. FSB — feedstock biomass. BCBG — BC derived from sugarcane bagasse and BCFC — from filter-cake,
PY T30 and PYTeoo — pyrolysis temperatures of 300 and 600 °C, respectively. BC-R — BC application rate. BC-R,
BC-R; and BC-R; — biochar rates of 0.0, 50.0 and 100.0 g.pot™*,, respectively. TNC, TPC and TKC represent the total
nitrogen content, available phosphorus and potassium contents, respectively. ns — Non-significant, and *significant
(at 5%).

The data presented in Table 8 showed the effects of the interaction of FSB with PYT and
BC-R on TNC, APC and AKC. The highest APC and AKC values (11.42 and 480.00 mg.kg™)
were obtained in the sandy soil amended with BC derived from BCFC at 600 °C with a rate of
2% (BCFC x PYTso0 X R2) and the BC created from BCBG at 1% (BCBG x PYT3sn X R2),
respectively. On the contrary, the highest TNC value (0.287%) was found in the non-amended
soil. Table 8 showed that the percentages of increase in the maximum and minimum values were
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184.16, 37.09 and 100.00% for TNC, APC and AKC, respectively. The data obtained from the
statistical analysis indicate significant differences (at p < 0.01) in AKC and no significant

differences for TNC and APC.

Table 8. Impact of FSB, PYT and BC-R interactions on some nutrients status of sandy soil.

TNC APC AKC
FSB PYT BC-R
(%) (mg.kg™)
BC-Ro 0.287a+0.01 9.59b-e+0.01 240.00h+0.01
PYTs00 BC-R; 0.225a-c+0.01 9.43b-e+0.02 396.67c-e+0.01
BCB BC-R 0.141c-e+0.01 9.51b-e+0.02 480.00a+0.01
CBG BC-Ro 0.225a-c+0.05 9.23c-e+0.01 406.67cd+0.02
PYTe0o BC-R; 0.152b-e+0.03 9.44b-e+0.01 446.67ab+0.01
BC-R; 0.163b-e+0.02 8.33e+0.02 420.00bc+0.02
BC-Ro 0.256ab+0.02 8.59de+0.01 355.00fg+0.02
PY T30 BC-R; 0.191a-d+0.02 9.98bc+0.04 333.33fg+0.03
BCFC BC-R; 0.101e+0.01 9.55b-e+0.01 386.67c-e+0.03
BC-Ro 0.129c-e+0.01 9.77b-d+0.02 360.00ef+0.02
PY Teoo BC-R; 0.271a+0.02 10.68ab+0.01 306.679+0.01
BC-R; 0.107de+0.01 11.42a+0.02 376.67de+0.03
FSB x PYT x BC-R ns Ns **

4. BC - biochar. FSB — feedstock biomass. BCBG — BC derived from sugarcane bagasse and BCFC — from filter-
cake, PYTs00 and PYTeoo — pyrolysis temperatures of 300 and 600 °C, respectively. BC-R — BC application rate.
BC-Ro, BC-R; and BC-R; — biochar rates of 0.0, 50.0 and 100.0 g.pot?,, respectively. TNC, TPC and TKC
represent the total nitrogen content, available phosphorus and potassium contents, respectively. ns — Non-
significant, and *significant (at 5%).

4.3.  Soil hydrological properties

As shown in Table 9, the application of BCBG manifested the highest water holding
capacity (WHC), field capacity (FC) and available water content (AWC) values, at 24.21, 4.73
and 2.70%, respectively. On the other hand, the addition of BCFC had greater effects than BCBG
on the permanent wilting point (PWP), producing 1.66%. In spite of this, the changes were
relatively minimal. The percentages of increase were 2.11% for WHC, 8.49% for FC, 13.70% for
AWC and 6.41% for PWP. Statistically, no significant differences could be seen in the studied
hydrological properties of sandy soil between FSB treatments.

The overall trends in our results indicate that PYTzoo, irrespective of the type of FSB, had
the greatest effects on FC and AWC, manifesting 5.30 and 3.74%. On the other hand, the highest
values of WHC and PWP (24.32 and 1.76%) were obtained from the PY Teqo treatment. As shown
in Table 4, the percentages of increase in the highest and lowest values were 3.05, 39.84, 84.24
and 12.82% for WHC, FC, AWC and PWP, respectively. The results of the ANOVA show that
the PYT treatments had significant impacts (at p < 0.01) on FC and AWC, but no significant
impacts on WHC and PWP. Statistically, changes in the BC addition rate manifested highly
significant differences in the hydrological properties of the tested sandy soil, while the non-
amended soil recorded the maximum values (5.62 and 4.41%) of FC and AWC, respectively. In
addition, the BC-R2 and BC-R; treatments were the most impactful on WHHC and PWP, with
values of 25.62 and 2.19%, respectively. Table 4 shows that the rates of increment in the
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maximum and minimum values reached 19.61, 64.33, 142.31 and 82.50% for WHC, FC, AWC
and PWP, respectively.

Table 9. The individual impacts of feedstock biomass (FSB), pyrolysis temperature (PYT) and BC addition
rate (BC-R) on some hydrological parameters of sandy soil under pot conditions.

WHC FC AWC PWP
Treatment
(%)

FSB ns ns ns ns
BCBG 24.21a+0.05 4.73a+0.03 3.07a+0.01 1.56a+0.02
BCFC 23.71a+0.03 4.36a+0.04 2.70a+0.02 1.66a+0.02

PYT ns wx wx Ns
PYT300 23.60a+0.02 5.30a+0.03 3.74a+0.03 1.56a+0.03
PY Te00 24.32a+0.03 3.79b+0.02 2.03b+0.02 1.76a+0.02
BC-R wx wx wx wx
BC-Ro 21.42b+0.03 5.62a+0.02 4.41a+0.01 1.20b+0.02
BC-R: 24.85a+0.02 4.60a+0.02 2.41b%0.03 2.19a+0.02
BC-R; 25.62a+0.02 3.42b+0.05 1.82b+0.02 1.59b+0.01

BC - biochar. BCBG — BC derived from sugarcane bagasse and BCFC — from filter-cake, PY T30 and PYTeoo —
pyrolysis temperatures of 300 and 600 °C, respectively. BC-R — BC application rate. BC-Ro, BC-R; and BC-R; —
biochar rates of 0.0, 50.0 and 100.0 g.pot™,, respectively. WHC, FC, AWC and PWP represent the water holding
capacity, field capacity, available water content and permanent wilting point, respectively. ns — Non-significant, and
*significant (at 5%).

The results listed in Table 10 showed the impacts of the FSB x PYT interactions. The
BCFCeoo treatment had the greatest impact on WHC (24.42%) and PWP (1.94%). Meanwhile, the
highest FC and AWC values (5.46 and 3.76%) were obtained following the BCBGz00 and BCFC3oo
treatments, respectively. As shown in Table 10, the application of BCFCsp had the lowest
influence on WHC and PWP, at 23.00 and 1.39%, respectively. Moreover, the soil treated with
BCFCesoo gave the lowest values of FC and AWC (3.58 and 1.64%, respectively). Between
maximum and minimum values, the percentages of increment amounted to 6.17, 52.51, 129.27 and
39.57% for WHC, FC, AWC and PWP, respectively. The results of the ANOVA indicate non-
significant differences between treatments in all studied hydrological properties, except PWP,
which showed significant effects.

Table 11 clearly showed that the PYTeoo X BC-R2 and PYTeoo X BC-R1 treatments had
superior effects on WHC and PWP, producing 25.63 and 2.82%, respectively. Meanwhile, the non-
amended soil gave the highest values (7.78 and 6.54%) of FC and AWC. In contrast, the PY Teoo X
BC-R: treatment had the least influence on FC and AWC, recording values of 3.11 and 1.80%,
respectively. Likewise, the lowest WHC and PWP values were obtained in non-amended soil,
reaching 20.20 and 1.16, respectively. The data obtained from the statistical analysis show that the
PYT x BC-R interaction had a highly significant influence on FC, AWC and PWP, but no
significant impact on WHC.
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Table 10. Impact of feedstock biomass (FSB) and pyrolysis temperature (PYT) interactions on some
hydrological properties of sandy soil under pot conditions.

WHC FC

AWC PWP

Treatment

(%)

PYTz00 PYTeoo PYTz00 PYTeoo PYTa00 PYTeoo PYTz00 PY Teoo

BCBG
BCFC

24.20a+0.01 24.22a+0.07 5.46a+0.04 4.00b+0.02 3.72a+0.02 2.41b+0.02 1.73ab+0.02 1.59ab+0.01
23.00a+0.02 24.42a+0.011 5.14a+0.01 3.58b+0.01 3.76a+0.01 1.64a+0.02 1.39b+0.01 1.94a+0.01

*

FSB xPYT ns ns ns
BC - biochar. BCBG — BC derived from sugarcane bagasse and BCFC — from filter-cake, PYT3s00 and PYTeoo —
pyrolysis temperatures of 300 and 600 °C, respectively. BC-R — BC application rate. BC-Ro, BC-R; and BC-R; —
biochar rates of 0.0, 50.0 and 100.0 g.pot?,, respectively. WHC, FC, AWC and PWP represent the water holding
capacity, field capacity, available water content and permanent wilting point, respectively. ns — Non-significant, and
*significant (at 5%).

Table 11. Impact of pyrolysis temperature (PYT) and BC-addition rate (BC-R) interactions on some
hydrological properties of sandy soil under pot conditions.

WHC FC AWC PWP
Treatment (%)
PY Ts00 PY Teoo PY Ts00 PY Teoo PY T300 PY Teoo PY T300 PY Teoo
BC-Ro | 20.20c+0.01 22.63b+0.01 7.78a+0.01 3.45b+0.01 6.54a+0.01 2.29b+0.02 1.23bc+0.01 1.16c+0.01
BC-R; | 25.00a+0.01 24.70ab+0.01 4.39b+0.03 4.81b+0.01 2.83b+0.02 1.99b+0.02 1.56bc+0.02 2.82a+0.02
BC-R, | 25.60a+0.01 25.63a+0.02 3.73b+0.01 3.11b+0.04 1.85b+0.02 1.80b+0.03 1.88b+0.02 1.30bc+0.02
PYT%( BC- ns o o o

BC — biochar. BCBG — BC derived from sugarcane bagasse and BCFC — from filter-cake, PY T30 and PYTggo —
pyrolysis temperatures of 300 and 600 °C, respectively. BC-R — BC application rate. BC-Ro, BC-R; and BC-R; —
biochar rates of 0.0, 50.0 and 100.0 g.pot™,, respectively. WHC, FC, AWC and PWP represent the water holding
capacity, field capacity, available water content and permanent wilting point, respectively. ns — Non-significant, and
*significant (at 5%).

Table 12. Impact of feedstock biomass (FSB) and BC-addition rate (BC-R) interactions on some hydrological
properties of sandy soil under pot conditions.

WHC FC AWC PWP
Treatment (%)
BCBG BCFC BCBG BCFC BCBG BCFC BCBG BCFC

BC-Ro | 20.50d+0.02 22.33cd+0.02 5.43ab+0.02 5.81a+0.02 4.37a+0.01 4.46a+0.01 1.04c+0.03 1.35bc+0.02

BC-R; |25.87ab+0.03 23.83bc+0.01 4.82ab+0.02 4.38a-c+0.01 2.64b+0.02 2.18b+0.03 2.19a+0.02 2.19a+0.01

BC-R, | 26.27a+0.02 24.97av+0.01 3.94bc+0.03 2.90c+0.01 2.19b+0.01 1.46b+0.01 1.74ab+0.02 1.44bc+0.02
FSB x BC- -

R ns ns ns

BC — biochar. BCBG — BC derived from sugarcane bagasse and BCFC — from filter-cake, PYT3z00 and PYTego —
pyrolysis temperatures of 300 and 600 °C, respectively. BC-R — BC application rate. BC-Ro, BC-R; and BC-R; —
biochar rates of 0.0, 50.0 and 100.0 g.pot™?,, respectively. WHC, FC, AWC and PWP represent the water holding
capacity, field capacity, available water content and permanent wilting point, respectively. ns — Non-significant, and
* significant (at 5%).

Page 337 Awad et al., 2024


https://aujes.journals.ekb.eg/
https://aujes.journals.ekb.eg/

Aswan University Journal of Environmental Studies (AUJES) 5 (3), pp. 322-350, (2024).
Online ISSN: 2735-4237, Print: ISSN 2735-4229. https://aujes.journals.ekb.eq/

As shown in Table 12, applying the BCBG-derived BC at 2% (BCBG x BC-Ry) led to the
highest WHC values, with an average of 26.27%. The maximum FC and AWC values were
achieving in the untreated soil. Furthermore, the application of BC derived from either BCBG or
BCFC at a rate of 1% (BCBG x BC-R1 or BCFC x BC-R3) led to the highest PWP value. Despite
the noticeable improvement, the results obtained from the statistical analysis indicate that there
were significant differences (at p < 0.05) in WHC, and no significant differences in FC, AWC and
PWP.

The overall trend of the results listed in Table 13 indicated that the highest values (7.72
and 6.53%) of FC and AWC were obtained in untreated soil. Meanwhile, the BCBG x PYTego0 X
BC-R2 and BCBG x PYTeoo X BC-R2 treatments were superior in terms of WHC and PWP, which
recorded values of 26.67 and 3.07%, respectively. On the other hand, the lowest values (2.80 and
1.05%) were recorded following the application of BCBG x PYTeoo BC-R2 and BCBG X PY Teoo
BC-Ry, respectively. Accordingly, the non-amended soil gave the minimum values (20.00 and
0.87%) for WHC and PWP. In spite of the BC-based soil showing more positive effects than the
non-amended soil, no significant differences were seen between treatments in the aforementioned
hydrological parameters.

Tablel3. Impact of FSB, PYT and BC-R interactions on soil hydrological properties.

WHC FC AWC PWP
FSB PYT BC-R
(%)

BC-Ro 20.40d+0.02 7.77a£0.01 6.53a+0.02 1.22¢d+0.01
PYT300 BC-R; 26.33a+0.02 4.14bc+0.01 2.35bc+0.02 1.80b-d+0.02
BCBG BC-R; 25.87a+0.01 4.46bc+0.01 2.29bc+0.01 2.17a-¢+0.01
BC-Ro 20.60b+0.03 3.09bc+0.01 2.21bc+0.01 0.87d+0.01

PY Te00 BC-R; 25.40b+0.01 5.50ab+0.04 2.93bc+0.003 2.58ab+0.03

BC-R: 26.67a+0.01 3.42bc+0.05 2.10bc+0.02 1.32¢d+0.02

BC-Ro 20.00b+0.02 7.79a+0.01 6.55a+0.02 1.24cd+0.02

PYTs00 BC-R; 23.67a+0.01 4.63bc+0.01 3.32b+0.03 1.32¢d+0.02

BCFC BC-R; 25.33a+0.02 3.00bc+0.02 1.40bc+0.02 1.60cd+0.04
BC-Ro 24.67a+0.02 3.82bc+0.01 2.36bc+0.01 1.46¢d+0.03

PYTs00 BC-R; 24.00a+0.03 4.12bc+0.01 1.05¢+0.01 3.07a+0.03

BC-R; 24.60a+0.04 2.80c+0.02 1.51bc+0.01 1.29¢cd+0.01

FSB x PYT x BC-R ns ns ns ns

BC=Biochar. FSB=feedstock biomass, BCBG and BCFC represent BC derived from sugarcane bagasse and filter-
cake, respectively. PYTsg and PY Teoo indicate the pyrolysis temperature at 300 and 600 °C, respectively. BC-R=BC
addition rate, BC-Ro, BC-R; and BC-R; represent the rate at 0.0, 50.0 and 100.0 g.pot™?,, respectively.

4.4.The heat map of correlation coefficient

The results presented in Figure 5 showed the correlation coefficient between the chemical
and hydrological properties and the nutrient status of sandy soil. The results indicated that the soil
pH had strong negative correlations (r = - 0.522**, - 0.837**, -0.599** and — 0.538**) with the
CaCOg3 content, CEC, WHC and AKC, respectively. On the other hand, soil pH correlated
positively (r = 0.378*) with AWC. For CaCOs, highly positive correlations (r = 0.516** and
0.501**) were observed with CEC, PWP, WHC and AKC, respectively, while strong positive
correlations (r = 0.337* and 0.414*) were found with CEC and AKC, respectively.
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FigureS. The heat map Pearson’s correlation coefficient between soil hydro-chemical
properties and nutrients content.

Likewise, CEC showed strong, significantly positive correlations (0.467** and 0.559**) with
WHC and AKC, respectively. With regard to the correlation coefficient between hydrological
properties and other properties, our results indicated that the OM had significant negative
correlations (r = - 0.343*, - 0.357* and - 0.349*) with AWC, FC and TNC, respectively, and a
significant positive correlation (r = 0.334*) with AKC. Meanwhile, WHC positively and
negatively correlated (r = - 0.473* and - 0.407*) with AKC and TNC, respectively. Also, we
found that AWC had highly significantly negative correlations (r = -0.531** and -0.452**) with
WHC and AKC, respectively, in spite of AWC showing a profoundly significant positive
correlation (r = 0.428**) with TNC. Dissimilar results were obtained for the relation between FC
and other properties; however, FC showed strong, significantly positive correlations (r = 0.924**
and 0.424**) with AWC and TNC, and highly significant negative correlation (r = - 0.443*%*)
with WHC, and a significant negative correlation (r = - 0.418*) with AKC.

5. Discussion
Sandy soils are distributed widely around the world, occupying approximately
4,990,200,000 hectares (ha), and accounting for 31% of the land (Huang and Hartemink, 2020).
About 96% of Egypt’s land is considered desert, comprising soil with a sandy texture (Al-Soghir
et al. 2022). These sandy soils are structured with single grains and have undesirable chemical,
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hydrological and physical characteristics, which restrict plant growth and development. In
addition, Egypt, as a developing country that suffers from increasing population growth, faces
significant challenges in achieving its agricultural development goals (Awad et al. 2022). It is
expected that the population in Egypt will exceed 150 million by the year 2050 (Awad and Al-
Soghir, 2023). As such, we must urgently develop these soils and raise their efficiency in order
to achieve national food security.

In the two last decades, the thermochemical conversion of FSB, of either vegetal or
animal origin, into a stable, porous, carbonaceous substance under partial or anaerobic conditions
at a PYT range of 300-1,000 °C, known as biochar (BC), has gained significant attention, given
its unique properties (Regmi et al. 2022; Bhat et al. 2022 and Aziz et al. 2023). It is therefore
important to study the chemical and physical properties of the BCs used in our study. The results
in Table 3 clearly indicate that carbon is the element most notably increased with the increase in
PYT, which could be due to the carbonization and thermochemical decomposition of the FSBs at
high pyrolysis temperatures (HPYTs) (Singh et al. 2017). Meanwhile, the noticeable reductions
in O and H with increases in PYT could be due to the removal of moisture, hydrocarbons, and
some other gases such as Hz, CO2 and CO (Chun et al. 2004). Our results are supported by some
other recent studies (Huang et al. 2021 and Ghorbani et al. 2022). In another study [71], Sun et
al. (2014) indicated that HPYTs could cause the cracking of weak bonds in the prepared BCs.
The positive relationship between PYTs and Ca content could be ascribed to the presence of
insoluble CaCOs, which is calcinated into soluble calcium oxide (Usman et al. 2015). Also, Mg
is present in magnesium oxide and insoluble periclase (Lehmann and Joseph, 2015). P content
is positively affected by HPYT. In this regard, Xiao et al. (2018) and Li et al. (2020) showed
that the availability of Ca and Mg both increased with increases in PYT. However, crop residue-
derived BCs contained Ca ranging 0.20-1.57% (Arif et al. 2016) and Mg ranging 0.001-3.78%
(Yu et al. 2017 and Zhao et al. 2018). On the other hand, the K content was shown to negatively
influence feedstock. In addition, the presence of adequate amounts of silicon (Si) and chloride
(CI) is related to the metallic oxides in BC samples (Singh et al. 2017). The large variations in K
content were also associated with feedstock types, and are likely caused by the concentration
effect (Xiao et al. 2018). Our results could be summarized in the statement that both FSB and
PYT play pivotal roles in determining the elemental composition of BC samples. These results
are in agreement with those from the previous reports of Yuan et al. (2017). As for the molecular
ratios (Table 3), the overall trends show that the O/C, H/C, (O+N/C) and (O+N+H)/C values
decreased with the increase in PYT. In an earlier study, Rajapaksha et al. (2016) stated that the
calculated O/C and H/C ratios can be used to predict some of the characteristics of the produced
BCs. However, the O/C molecular ratio elucidates the degree of aging of the BC (Rodriguez et
al. 2020). The reports we have reviewed indicate that the O/C ratio is associated with the half-life
of the BC. A value lower than 0.2 indicates a half-life greater than 1000 years, 0.6 shows a half-
life of 100-1000 years, and a value above 0.6 means that the half-life is below 100 years (Wang
et al. 2021). The H/C molecular ratio indicates the aromatic nature of the BC. A high H/C ratio
indicates that the BC has a highly aromatic structure, and more stability. In Figure 1, the SEM
results show a porous internal structure; porosity is an important characteristic for agronomic
applications, due to its direct influence on the chemical and hydrological parameters of soil, as
well as its effect on the soil’s nutrient and ion exchange capacities (Lu and Zong, 2018).

Several studies have reported that the different properties of BCs mainly arise in relation
to the FSB and PYT conditions (Yuan et al. 2017). In the present research, we found that low
soil pH values are linked with the application of BCBG and the use of PYTzp to produce it.
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However, the effects of applying FSBs and PYTs on soil pH are not significant. In general, the
pH of Egyptian soils is extremely alkaline (7.73-9.45) due to the nature of the prevailing parent
materials and the abundance of basic cations, such as Ca?* and Mg?*, as well as the lower
participation rate (EIWa et al. 2021 and Al-Soghir et al. 2022). The effect of PYTzpo in
improving soil pH could be attributed to the release of nutrients during pyrolysis (Qiao et al.
2018). These findings are in accordance with those reported by Tan et al. (2018), who reported
that increases in soil pH are closely related to the use of FSBs and PYTs, and their application
rates. Based on earlier observations, we can infer that the increases in soil pH are related to the
rate of BC addition. In one of the studies, Ding et al. (2014) stated the assumption that the pH of
BCs is associated with the content of inorganic alkalis and the formation of carbonates. In line
with some previous studies, Ronsse et al. (2012) suggested that the total contents of base cations
and carbonates are the main factors contributing to the alkalinity of BC. In addition, their
formation is positively related to an HPYT. To expand on this, Spokas et al. (2012) reported that
increases in the contents of ash and O-containing functional groups could explain the increases in
the alkalinity of BC. Further [99], Yuan et al. (2011) suggested that the relative increase in soil
reactivity could have been caused by the formation of carbonates. Although the application of
BCs led to a wide range of responses in the soil’s chemical properties, the effect on pH was very
limited (Molnar et al., 2018) due to the buffering capacity of the soils (Cornelissen et al. 2018.
The slight increase in soil pH after the application of a BC could be attributed to the degree of
chemical oxidation and microbial activity that occurred, related to the decomposition of the BC
(Alotaibi and Schoenau, 2019). These findings cohere with those of a study by Gul et al.
(2015), which mentioned that the pyrolysis temperature and FS type are highly determinative of
the alkalinity of BCs. Similar results have been achieved elsewhere (EI-Naggar et al. (2019)
observed responses in soil pH after amendment with BC. Regarding the role of BC in improving
CEC, [111] Sparks (2003) noted that increases in soil pH could be due to the increasing retention
of alkaline elements such as calcium (Ca?*) and magnesium (Mg?"). Many previous field trials
have also documented marked increases in soil pH associated with BC application (Raboin et al.
2016). In another words, the ash content of BC could be the main factor contributing to the
increase in soil pH (Song et al. 2018). Furthermore, BCFCso0 Was regarded as the most effective
in boosting the OM content in soils due to the significant effects of BC in improving the carbon
reserves of soil, leading to increases in its nutrient holding capacity (Ouyang et al. 2014). These
results are in agreement with those documented by Zhan et al. (2015), who proposed that the
carbon content of the soil increased at a rate of 75.5%. Moreover, BC-R> was the most effective
treatment in increasing the OM and CEC, regardless of the FSB and PYT used. Our results match
those obtained in numerous studies; EI-Naggar et al. 2018 and EI-Naggar et al. 2019 proposed
that BCs, regardless of type, have a profound effect, particularly in coarse-textured soils. Similar
findings have been documented by Oladele et al. (2019). However, a high addition rate of BC
significantly increased the OM and CEC. In other words, an HPYT (350-650 °C) causes a
breakdown of carbon and rearranges the chemical bonds, leading to the formation of new
functional groups such as phenol, carboxyl, lactol, ether, pyrone, pyridine, anhydride and quinine
(Mia et al. 2017). These changes result in the removal of surface functional groups and thus the
formation of aromatic carbon [122] (Joseph et al. 2010). These results conform to those of
Banik et al. (2018), who reported that reductions in CEC are closely related with an HPYT.
Moreover, CEC mainly depends on the nature of the biomass applied in the production of BC and
the distribution of functional groups containing oxygen. Therefore, the negatively charged sites
on the surface of the BC could arise due to the presence of carboxylate and phenolate functional
groups [121] (Mia et al., 2017). Similar results were documented by Gomez-Eyles et al. (2013).
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Regarding the impact of PYT on soil macronutrients such as N, P and K, our results displayed
that total nitrogen content of BCFC was the greater in compared with BCBG, moreover their
nitrogen contents increased with increasing PYT. These results may be due to the residence time
of pyrolysis. Like the N, the P content increased with increasing the PYT may be due to
“concentration effect” depending on the reduced BC yield. Conversely, the reduction in soil K
content might be due to negative influence of BCH on some chemical properties of soil such as
soil pH.

As previously mentioned, sandy soil is characterized by undesirable hydrological
properties, such as a low water holding capacity (WHC) and available water content (AWC), as
well as high permeability and poor water retention (Duarte et al., 2020). Generally, the WHC
indicates the maximum amount of water that can be retained within the soil. Very recent reports
have documented that improvements in the ability to retain water of soil incorporated with BC
are related to increases in soil porosity (Mclennon et al., 2020 and Razzaghi et al., 2020). The
moisture content and water infiltration rate are notably improved after the addition of BC to soil
(Adekiya et al., 2020). In this regard, several studies have highlighted the impact of texture and
BC addition rate on the ability of soil to hold water. Razzaghi et al. (2020) mentioned that
applying BC increases the WHC, especially in coarse-textured soils compared to fine-textured
soils. These results are similar to those reported by Peake et al. (2014), who indicated the
significant effects of BC on the ability of sandy loam and loamy sand soil to hold water. In
addition, the WHC was markedly improved by increasing the BC addition rate Oladela et al.
2019). In their comprehensive study, Nair et al. (2017) reported that the application of BC
generally enhanced the ability of soil to retain water and decreased its bulk density, consequently
increasing the total porosity. In other words, this beneficial effect of BC could be attributed to the
hydrophilic functional groups on the surfaces and in the pores of BC, which have a high affinity
for water (Mandal et al. 2020). The author observed that the increase in the ability of soil to
retain water as a result of BC application was more obvious in sandy soils compared with loamy
and clay soils. Our findings are in good agreement with those from previous reports; Uzoma et
al. (2011) reported that the application of BC markedly improved the AWC of coarse-textured
soils. This makes it abundantly clear that the performance of the BC closely depends on the soil’s
texture.

The rate of BC application plays a significant role in the resulting WHC and moisture
content. One of the studies conducted by Katterer et al. (2019) indicated that continuously
adding BC for 10 years considerably increased WHC compared with untreated soil. In another
study, Ndor et al. (2015) observed a 10.8% increase in moisture content in soil amended with
BC derived from sawdust and rice husks at 5-10 Mg.ha*, compared with non-amended soil.
These results are in agreement with the findings obtained by Are et al. (2019), who documented
that the moisture content of sandy loam soil increases by as much as 33% following the
application of poultry litter BC. Several studies indicated the conflicting findings related to
reduce in FC and AWAC with increasing biochar application rates. In their research, Major et al.
2012 documented that the application of BC at rate 20 Mg.ha™* had no significant influences on
water retention. Similarly, Gaskin et al. 2007 noted that applying biochar at 11 and 22 Mg.ha*
had no significant impact on WHC.

6. Conclusion
Sugarcane is the most important crop in Egypt, especially given that Upper Egypt
produces huge amounts of waste related to this crop, namely, bagasse and filter-cake. Both

Page 342 Awad et al., 2024


https://aujes.journals.ekb.eg/
https://aujes.journals.ekb.eg/

Aswan University Journal of Environmental Studies (AUJES) 5 (3), pp. 322-350, (2024).
Online ISSN: 2735-4237, Print: ISSN 2735-4229. https://aujes.journals.ekb.eq/

wastes can be used as a type of soil conditioner known as biochar (BC), which involves
converting them into BC instead of disposing of them, usually by burning them or leaving them
in landfills, which acts have negative environmental impacts. In recent decades, BCs have gained
great attention due to their unique characteristics and multiple effects in modifying soil
properties. Our pot study was conducted to determine the effects of individual BCs (BCBG and
BCFC), pyrolysis temperatures (PYTzo0 and PYTeoo) and BC addition rates (BC-Ro, BC-R1 and
BC-R>), as well as their interactions, on some of the chemical and hydrological properties of
sandy soil. The results reveal that both BCs were fairly equal in terms of their influence on the
soil properties studied. The relative superiority of the PYTsgo treatment was determined in
relation to most of the studied hydro-chemical properties. BC-R> was the most impactful
compared with both BC-Ro and BC-R1. BCBG X PY T30 XBC-R2 and BCBG X PYT300 X BC-R1
can be considered the best treatments for their effects on soil’s chemical properties. Likewise, the
best hydrological properties were obtained following the application of BCBG X PYTeoo X BC-R2
and BCFC x PYTeoo X BC-Ry, in relation to WHC and PWP, respectively. Moreover, the non-
amended soil yielded the best FC and AWC.
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