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Abstract: Water conservation and effective irrigation management are vital for sustainable agriculture
in arid regions. While organic soil amendments have been widely used to enhance water retention in
sandy soils, research on the use of date palm waste-derived biochar remains limited. Thus, this study
aimed to explore the innovative application of biochar produced from date palm waste, focusing on
its effects on the hydrological properties of sandy soil. Biochars of varying particle sizes (0.5, 1, and
2 mm) and pyrolysis temperatures (300 ◦C, 450 ◦C, and 600 ◦C) were produced and their impacts
were assessed under both saturated and unsaturated conditions on soil hydrological properties. The
biochar was incorporated into soil columns at application rates of 0%, 1%, 3%, and 5% (w/w) within
a 10 cm layer on top of 35 cm deep soil columns. The soil columns were placed vertically into water
basins for saturation. Evaporation, infiltration, and saturated hydraulic conductivity were measured.
The findings revealed that the application of 1%, 3%, and 5% biochar significantly increased soil water
retention by 36.80%, 34.18%, and 29.66%, while cumulative evaporation decreased by 7.30%, 2.00%,
and 1.35%, respectively, as compared to the control. Water retained at the end of the experiment was
increased by 100.63%, 112.29%, and 101.68%, while unsaturated hydraulic conductivity decreased by
21.27%, 26.15%, and 26.17% after amending the soil with 1%, 3%, and 5% biochar, respectively, as
compared to the control. The water retention ranged between 30.34 and 42.51%, 22.59 and 43.20%,
and 22.48 and 38.81% for biochar produced at 300 ◦C, 450 ◦C, and 600 ◦C, respectively. Water
infiltration rate and pore size was decreased with the increased pyrolysis temperature. Overall, the
application rates of 3% and 5% with particle sizes of 1 and 0.5 mm and low pyrolysis temperature were
most efficient for improving soil properties such as water retention, reducing unsaturated hydraulic
conductivity, reducing the rate and volume of infiltration, and enhancing the micro-porosity reduction
of sandy soils. In a nutshell, this study highlights the potential of date palm waste-derived biochar as
an effective soil amendment, significantly enhancing water retention by up to 112.29% and reducing
evaporation. By optimizing irrigation management in sandy soils, these findings contribute to more
sustainable agricultural practices.

Keywords: biochar; evaporation; saturated and unsaturated; water retention; hydraulic conductivity;
cumulative infiltration; water savings

1. Introduction

Sandy soils, covering over 6% of the surface of the globe, are characterized by their
coarse texture, low organic matter, and poor nutrient retention, leading to low fertility
and suboptimal agricultural productivity [1,2]. To enhance the hydrological properties
of these soils, researchers have explored various soil amendments, with biochar emerg-
ing as a promising option. Applying soil amendments such as biochar, peat, sewage

Sustainability 2024, 16, 11081. https://doi.org/10.3390/su162411081 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su162411081
https://doi.org/10.3390/su162411081
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0001-9349-6735
https://orcid.org/0000-0001-8806-3871
https://orcid.org/0000-0002-0320-0943
https://orcid.org/0000-0002-4276-8398
https://orcid.org/0000-0002-6297-8915
https://doi.org/10.3390/su162411081
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su162411081?type=check_update&version=2


Sustainability 2024, 16, 11081 2 of 21

sludge, plant residues, and manure could improve the properties of sandy soils, subse-
quently improving nutrient and water retention [3]. The concept of applying waste-derived
biochar as a soil amendment aligns well with the concept of implementing a circular
economy for effective waste management. This approach not only reduces waste but also
contributes to mitigating climate change and improving crop productivity. The cyclic
use of waste products helps achieve economic benefits as well as sustainable agriculture
and environment.

Biochar is known to improve soil health by increasing water retention, cation exchange
capacity, and nutrient uptake while reducing hydraulic conductivity and evaporation [4,5].
Because of its high energy density, carbon content, and minimal emissions of pollutants,
biochar has a lot of promise for energy production. It may effectively produce heat and elec-
tricity when used as a solid biofuel in gasification systems, boilers, and internal combustion
engines. Furthermore, biochar facilitates the synthesis of synthetic fuel and hydrogen in
sophisticated gasification procedures. It is especially useful for off-grid or rural sustainable
energy solutions because of its renewable nature and compatibility with decentralized
energy systems. Additionally, this multipurpose application fits in nicely with waste man-
agement plans. Recent studies have shown that biochar derived from various organic
materials can significantly enhance the water retention capacity of sandy soils. For instance,
Yost and Hartemink [1] found that biochar from olive waste (leaves and branches) prepared
at pyrolytic temperatures of 300 ◦C, 400 ◦C, and 500 ◦C decreased cumulative infiltration,
infiltration rate, and cumulative evaporation while increasing available water content.
Osman [2] reported that applying poultry litter biochar to soil increased the moisture
content and reduced density. In another study, Weber et al. [3] found that biochar particle
size affected the hydro-physical properties of surfaces in sandy loam soil. The smallest
biochar particle size reduced bulk density and saturated hydraulic conductivity due to
increased microporosity, a larger internal surface area, and the porous structure of the
biochar particles. Alghamdi [4] reported that applying biochar to sandy soil decreased
aeration and the volume of non-capillary pores and increased total porosity, soil moisture,
and the volume of capillary pores. Adding fine-sized fractions (below 100 µm) of biochar
to soil increased the available water content by 30% compared to untreated soil [6]. Atkin-
son et al. [5] reported that different biochars (bean harvest residue, corn cobs, and rice
husk) improved water content in sandy loam and loamy soils. Alghamdi et al. [7] found
a reduced saturated hydraulic conductivity after applying biochar derived from mango
twigs and branches at 0, 30, 45, and 60 g kg−1 application rates. The biochar was pyrolyzed
at 550 ◦C, mixed with sandy loam and silt loam soils, and subjected to five wetting and
drying cycles. Bordoloi et al. [8] found that biochar produced at two different pyrolytic
temperatures (400 ◦C and 500 ◦C) affected bulk density and water content at field capacity
and the permanent wilting point. The available water content was more significant in soil
treated with biochar produced at 400 ◦C than at 500 ◦C, and this could be related to the fact
that the 400 ◦C biochar was more hydrophilic than the biochar produced at 500 ◦C. The
study reported that applying biochar to the soil as a conditioner increases crop produc-
tivity due to enhanced soil structure, aeration, porosity, moisture content, and decreased
soil bulk density [9]. Loaiza et al. [10] found that adding 25 g kg−1 biochar to silty soil
reduced soil bulk density from 1.52 to 1.33 g cm−3, improved inter-porosity, and decreased
pore radius by 25%. Applying biochar increased saturated hydraulic conductivity in silty
sand [10–15]. Alghamdi et al. [16] concluded that the addition of biochar at 4% resulted
in a decrease in saturated hydraulic conductivity. In comparison, application at a rate of
8% increased soil moisture content at field capacity and increased stable aggregates in
the fraction size 0.25–0.125 mm. Al-Omran et al. [17] reported that adding biochar at a
rate of 20 t ha−1 without fertilizer application increased bulk density by 12% and plant
available water and porosity by 12%. Moreover, Gluba et al. [6] reported that the com-
bined application of biochar and nitrogen fertilizer showed that the biochar treatments
improved soil bulk density and total soil porosity at different depths. Gunal et al. [18]
reported that this was dependent on soil texture and the feedstock. A sandy soil treated
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with biochar showed improved soil properties, such as pore size distribution, air content
of the soil, water retention capacity, and soil structure, compared to a sandy soil treated
with biochar mixed with farmyard manure at an application rate of 20 t ha−1 [19–22].
Thus, adding biochar can be used as a promising amendment to improve the properties of
sandy soils, subsequently enhancing their water- and nutrient-holding capacity for better
crop production.

Although the benefits of biochar on soil properties are recognized, research on its
effects, specifically in sandy soils treated with date palm waste in arid regions, is limited.
Moreover, the combined impacts of pyrolytic temperature (300 ◦C, 450 ◦C, and 600 ◦C) and
particle size (0.5, 1.0, and 2.0 mm) of date palm waste-derived biochar on the hydrological
properties of sandy soils have been least understood. To address these gaps, this study
aims to investigate the effects of date palm waste-derived biochar, which is pyrolyzed
under different temperature and particle size conditions and applied at various applica-
tion rates, on the hydrological properties of sandy soil under saturated and unsaturated
conditions. This comprehensive assessment of the interactions between biochar properties
and sandy soil hydrology is a novel contribution to the existing literature. Thus, it was
hypothesized that the application of date palm waste-derived biochar, pyrolyzed at dif-
ferent temperatures (300 ◦C, 450 ◦C, and 600 ◦C) and particle sizes (0.5, 1.0, and 2.0 mm),
will significantly improve the hydrological properties of sandy soils under both saturated
and unsaturated conditions. The primary objective of this study was to investigate the
effects of date palm waste-derived biochar pyrolyzed at different temperatures (300 ◦C,
450 ◦C, and 600 ◦C) with different particle sizes (0.5, 1.0, and 2.0 mm) and application rates
(0, 1, 3, and 5% w/w) on the hydrological properties of sandy soil under saturated and
unsaturated conditions.

2. Materials and Methods
2.1. Collection and Analyses of Soil and Water Samples

Soil samples were collected from the surface layer (0–15 cm) of the Agriculture Farm
of the College of Food and Agriculture Sciences, King Saud University, located at Deirab
(24◦250 N, 46◦340 E). Soil samples were air-dried and passed through a 2 mm sieve. The
chemical and physical properties of the soil were determined according to standard proce-
dures. Soil texture was determined by the hydrometer method [23]. Soil pH was measured
using a digital pH meter (WTW pH 315i, Weilheim, Germany) using a saturated soil
paste [24]. The electrical conductivity (EC) of the saturated paste extract was measured us-
ing a digital EC meter (Jenway 4510 conductivity meter, Stone, Staffordshire, UK). Calcium
carbonate was determined using a Calcimeter (Eijkelkamp, Agriearch Equipment, Giesbeek,
Gelderland, The Netherlands). Soil organic matter was quantified by the Walkley–Black
method reported by [25].

Water samples for the irrigation water were collected and brought to the laboratory.
Water was analyzed in the laboratory for salinity, electrical conductivity (EC dSm−1 at
25 ◦C), and pH. Water-soluble sodium (Na+), potassium (K+), magnesium (Mg2+), calcium
(Ca2+), sulfate (SO4

2−), and chloride (Cl−) were measured by an ion chromatography
device (ICS 5000, Thermo, Waltham, MA, USA; while the soluble carbonate (CO3

2−) and
bicarbonate (HCO3

−) concentrations were measured by a titration method [26,27]. The
chemical characteristics of soil and water are presented in Table 1.

Table 1. Chemical properties of soil and water used in this study.

Parameter Unit Soil Water

pH -- 6.46 7.07

EC dSm−1 1.69 1.05
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Table 1. Cont.

Parameter Unit Soil Water

Ca2+

meq−1

4.67 4

Mg2+ 5.33 2.67

Na2+ 1.32 2.6

K+ 4.83 0.19

Cl− 2.67 6.67

HCO3
− 0.27 0.27

CO3
2− 0 0

SO4
2− 13.2 2.5

Sand % 90.83 --

Silt % 7.09 --

Clay % 2.08 --

Soil texture -- Sand --

Bulk density g cm−3 1.6 --

Hydraulic conductivity cm min−1 0.28 --

2.2. Biochar Production and Characterization

Date palm residues (fronds and rachis) were used as feedstock to produce biochar.
The feedstock waste was collected from a local date palm orchard in Riyadh. Collected date
palm waste was exposed to direct sunlight to dry out and then cut into small pieces (5–10
cm). These pieces were then placed in a metallic box and subjected to pyrolysis in a muffle
furnace (Nabertherm Model 211008, Lilienthal, Germany) and were subjected to pyrolysis
at three different temperatures, i.e., 300 ◦C, 450 ◦C, and 600 ◦C, for 4 h at a pyrolysis rate
of 10 ◦C min−1. After pyrolysis, the resultant biochar was collected and designated T300,
T450, and T600 for the biochar produced at 300 ◦C, 450 ◦C, and 600 ◦C, respectively. Then,
the biochar was ground and separated using a mechanical sieve into three parts according
to the following order: less than 0.5, 0.5–1.0, and 1–2 mm, designated as P0.5, P1, and
P2, respectively. Scheme 1 shows the protocol for biochar production. The biochar was
subjected to chemical and elemental analyses, and the results obtained are shown in Table 2.
The pH and EC of the produced biochars were determined in a 1:25 (w/v) ratio suspension
in deionized water. The contents of Ca, Al, Na, and other ions were determined with an
ion chromatography device (ICS 5000, Thermo, USA). The elemental composition of the
biochar, including C, H, N, and S, was determined using Series II, PerkinElmer, Waltham,
MA, USA, while O was estimated using the difference method.
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Table 2. pH, electrical conductivity, and elemental composition of date palm-derived biochars
produced at 300 ◦C, 450 ◦C, and 600 ◦C.

Parameters Unit Biochar 300 ◦C Biochar 450 ◦C Biochar 600 ◦C

pH (1:25) -- 9.38 9.42 9.66

EC (1:25) dS m−1 4.16 2.81 4.33

C

%

44.66 43.86 43.36

N 36.55 36.55 41.85

H 3.75 2.34 3.09

O 14.72 17.18 11.59

S 0.32 0.07 0.11

Na 0.19 0.63 0.02

Mg 0.71 0.07 0.39

Al 0.05 0.8 0.23

Si 0.65 0.04 1.1

Cl 0.71 0.18 0.39

K 0.57 0.12 0.22

Ca 0.72 0.47 0.62

Mn 0.14 0.02 0.11

2.3. Soil Column Experiment
2.3.1. Cumulative Evaporation

Soil columns made of transparent plastic were used in this study. The bottoms of
the columns were closed using filter paper and a gauze fabric. The columns were 45 mm
in internal diameter and 500 mm in height. The columns were packed to a 25 cm depth
with 635.85 g of soil, with an average bulk density of 1.6 g cm−3 (Figure 1). The biochar
mixtures were added in a 10 cm layer over the 25 cm layer of soil. All soil columns were
placed vertically into water basins for 2–4 days to ensure saturation by capillary rise up the
entire column. All columns were removed from the basins to drain out excess water. After
48 h, columns were weighed to calculate the water retained. Plastic cups were placed at the
bottom of each column. The soil columns were placed on a bench inside the laboratory where
they were controlled at 22 ± 3 ◦C and 35 ± 5% relative humidity. Cumulative evaporation
was determined daily by weighing each soil column in addition to the water that drained out
of each column. All treatments of the experiment are shown in Table 3. At the end of 42 days,
each column was divided into six equal sections. The daily measurement of soil column
weight was conducted to track cumulative evaporation throughout the experimental period.
Furthermore, a daily monitoring of wetting fronts was performed for all the columns.

Table 3. Details of the treatments with date palm waste biochar produced at 300 ◦C, 450 ◦C, and 600 ◦C.

Temperature
(◦C)

Diameter
(mm)

Application
Rate (%) Code Symbol Replicates

300

2

1 T300R1P2 T1 3

3 T300R3P2 T2 3

5 T300R5P2 T3 3

1

1 T300R1P1 T4 3

3 T300R3P1 T5 3

5 T300R5P1 T6 3

0.5

1 T300R1P0.5 T7 3

3 T300R3P0.5 T8 3

5 T300R5P0.5 T9 3
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Table 3. Cont.

Temperature
(◦C)

Diameter
(mm)

Application
Rate (%) Code Symbol Replicates

450

2

1 T450R1P2 T10 3

3 T450R3P2 T11 3

5 T450R5P2 T12 3

1

1 T450R1P1 T13 3

3 T450R3P1 T14 3

5 T450R5P1 T15 3

0.5

1 T450R1P0.5 T16 3

3 T450R3P0.5 T17 3

5 T450R5P0.5 T18 3

600

2

1 T600R1P2 T19 3

3 T600R3P2 T20 3

5 T600R5P2 T21 3

1

1 T600R1P1 T22 3

3 T600R3P1 T23 3

5 T600R5P1 T24 3

0.5

1 T600R1P0.5 T25 3

3 T600R3P0.5 T26 3

5 T600R5P0.5 T27 3

CK CK 3
(T) temperature, (P) particle size, (R) application rate, and (CK) control.
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2.3.2. Cumulative Infiltration

Infiltration was measured before the saturation process and at the end of 42 days with
a mini-disk infiltrometer that held 100 cm3 water (model M11, 0.5 cm suction; Decagon
Devices, Pullman, WA, USA). The mini-disk infiltrometer was in complete contact with the
soil surface before measurements were taken. The volume of water infiltrated was recorded
every 20 s to 200 s. Each treatment was replicated three times. Cumulative infiltration (I)
was based on the Philip [28] equation, shown in Equation (1), and the infiltration rate (i)
was determined using Equation (2).

I = S
√

t + At (1)

where I is the cumulative infiltration (cm), S is the sorptivity (cm·min−0.5), and A is a
constant related to the hydraulic conductivity. A mathematical representation for Equation
(1) was obtained by plotting cumulative infiltration versus the square root of time, and a
second-order polynomial was fitted to the measured data.

Ii =
1
2

St
− 1

2 + A (2)

Equation (2) was obtained by plotting cumulative infiltration versus 1/(2 t0.5) and
fitting a linear equation to the measured data.

2.3.3. Unsaturated Hydraulic Conductivity

Unsaturated hydraulic conductivity K(q) cm min−1 for each treatment was calculated
with Equation (3).

K(q) =
C
A

(3)

where C is the slope of the curve of the cumulative infiltration versus the square root of
time, and A is the value in the van Genuchten model related to soil type, suction rate, and
radius of the infiltrometer disk and calculated using Equation (4).

A =
11.65

(
n0.1 − 1

)
exp[2.92(n − 1.9)αh0]

(αr0)
0.91 n ≥ 1.9 (4)

where n and α are the van Genuchten parameters for the soil, r0 is the disc radius, and h0
is the suction at the disc surface.

2.4. Statistical Analysis

Statistical analyses were carried out using ANOVA, and the least significant difference
(LSD at p < 0.05) was determined using a software package for Windows (IBM SPSS
Statistics 21 Core System, IBM Corporation 2019, Armonk, NY, USA).

3. Results and Discussion
3.1. Water Retention

The amount of water retained indicated the ability of the biochar treatments to store
water in sandy soil. Water retention differed among treatments and depended on the
biochar’s pyrolytic temperature, application rate, and particle size. The range of percentage
increase in water retention ranged between 30.34 and 42.51%, 22.59 and 43.20%, and 22.48
and 38.81% for biochar produced at 300 ◦C, 450 ◦C and 600 ◦C, respectively (Table 4;
Appendix A). Previously, Alghamdi et al. [29] reported a significant increase in water
retention after biochar application.

CK represents the control, while T1 to T27 represent different treatment schemes. T300,
T450, and T600 stand for biochar produced at 300 ◦C, 450 ◦C, and 600 ◦C, respectively. R1,
R3, and R5, indicate 1%, 3%, and 5% application rates, respectively. P2, P1, and P0.5 show
biochar particle sizes of 1–2 mm, 0.5–1.0 mm, and less than 0.5 mm, respectively.
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Table 4. Cumulative evaporation, water retained, and recovery of all treatments.

Treatment Water Saving
(mm)

Evaporation (mm)
Cumulative
Evaporation

(mm)

Water
Retained

(mm)
Recovery

%Week 1 Week 2 Week 3 Week 4 Week 5 Week 6

T300R1P2 134.90 24.87 16.46 12.98 13.15 12.88 6.86 87.19 46.05 98.77
T300R3P2 141.65 24.58 12.06 9.18 9.48 9.18 6.12 70.60 68.51 98.21
T300R5P2 138.27 22.29 15.64 11.97 13.46 11.89 7.84 83.10 46.05 93.40
T300R1P1 130.76 24.11 16.19 13.44 13.84 14.11 7.91 89.60 27.87 89.83
T300R3P1 137.89 16.92 9.98 8.24 9.65 8.83 5.91 59.53 61.78 87.97
T300R5P1 132.92 20.30 15.18 12.14 13.17 13.71 8.43 82.93 55.04 98.52

T300R1P0.5 132.53 23.36 14.51 11.93 11.76 12.62 6.69 80.88 52.40 98.85
T300R3P0.5 126.40 16.48 18.91 15.14 15.94 14.32 7.55 88.34 39.19 98.45
T300R5P0.5 135.82 22.88 12.25 9.12 10.76 10.40 6.44 71.84 46.05 86.80

T450R1P2 129.25 21.26 14.70 12.10 11.83 13.40 6.88 80.17 46.05 97.65
T450R3P2 130.95 23.86 12.48 9.98 10.67 10.82 6.37 74.19 50.45 95.18
T450R5P2 139.34 25.02 13.80 10.67 11.74 11.34 6.14 78.72 57.75 97.94
T450R1P1 133.11 19.27 13.23 9.83 9.90 10.02 5.72 67.98 46.49 86.00
T450R3P1 142.34 20.07 13.88 11.30 10.97 11.16 5.60 72.97 65.17 97.05
T450R5P1 133.24 22.06 17.47 13.13 14.53 13.57 6.04 86.79 46.05 99.70

T450R1P0.5 121.85 18.35 14.51 11.37 11.43 11.22 5.35 72.22 47.31 98.09
T450R3P0.5 139.11 19.27 16.21 12.16 12.88 11.87 4.32 76.71 51.21 91.92
T450R5P0.5 130.89 17.30 13.76 10.55 11.05 11.62 4.76 69.03 58.19 97.09

T600R1P2 132.42 18.12 13.13 10.27 11.16 11.91 6.33 70.92 56.37 96.12
T600R3P2 136.47 18.31 14.93 10.59 12.33 12.48 6.02 74.65 50.26 91.53
T600R5P2 137.98 19.82 11.62 8.72 10.53 9.75 5.14 65.57 68.63 97.26
T600R1P1 126.93 20.36 13.04 9.42 10.99 11.16 5.70 70.67 55.30 98.33
T600R3P1 124.26 21.75 16.27 10.36 12.06 11.83 5.79 78.05 44.85 98.90
T600R5P1 128.10 21.01 13.90 10.36 12.06 11.83 5.79 74.94 47.68 95.73

T600R1P0.5 122.10 19.75 14.01 10.67 11.28 11.37 6.75 73.83 43.34 95.96
T600R3P0.5 121.75 17.95 13.88 9.98 11.09 10.36 6.88 70.14 46.36 95.69
T600R5P0.5 123.78 22.40 20.47 16.10 16.54 13.23 6.96 95.70 32.46 99.59

CK 82.85 22.71 19.31 11.68 8.64 7.13 4.47 73.94 24.53 99.07

LSD 0.05 0.936 0.667 0.506 0.436 0.743 0.488 0.467 0.932 0.765 0.956

CK represents control, while T1 to T27 represent different treatments. T300, T450, and T600 for biochar.

3.2. Influence of Pyrolytic Temperature on Cumulative Evaporation

The influence of biochar produced at different pyrolytic temperatures on cumulative
evaporation and water retention is shown in Table 4 and Figure 2. The total amounts
of water absorbed by the soil columns differed due to the biochar treatments. Biochar
produced at 300 ◦C increased cumulative evaporation in treatments T1, T3, T4, T6, T7,
and T8, and the increase was in the range of 9.39% to 21.19%. In the other treatments,
the cumulative evaporation was decreased. Compared to the untreated soil, the highest
cumulative evaporation was obtained with treatments T4 (T300R1P1), T8 (T300R3P0.5), and
T1 (T300R1P2) with the application of the biochar with a particle size of 1, 0.5, and 2 mm
and application rates of 1% and 3% (T4, T8, and T1). In addition, cumulative evaporation
decreased by 2.84%, 4.51%, and 19.48% for treatments T9 (T300R5P0.5), T2 (T300R3P2), and
T5 (T300R3P1). These results suggest that, depending on the particle size and application
rate, higher application rates of biochar could have partially closed the pores of the sandy
soil [29]. The soil moisture was increased by 29.10%, 59.47%, 29.10%, 4.51%, 50.37%, 41.26%,
37.69%, 19.82%, and 29.10% after applying T1 to T9, respectively.

The highest water retention was observed with the biochar application rate of 3%
(w/w). Recovery as a percentage was 98.85%, 98.77%, 98.52%, 98.45%, 98.21%, 93.40%,
89.83%, 87.97%, and 86.80% for T7, T1, T6, T8, T2, T3, T4, T5, and T9, respectively. The
highest recovery was observed for T2 (T300R3P2), followed by T7 (T300R1P0.5), which could
be due to a decrease in bulk density as well as an increase in the porosity, which depended
on the application rate and the particle size of the biochar [16,30]. Applying biochar might
have increased the volume of small pores and enhanced soil aggregation, which resulted
in more available water [31]. The cumulative evaporation for biochar produced at 450 ◦C
is shown in Table 4 and Figure 3. The cumulative evaporation was increased by 0.34%,
3.74%, 6.47%, 8.42%, and 17.39% for T11, T17, T12, T10, and T15, respectively. Moreover, the
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cumulative evaporation decreased by 1.30%, 2.33%, 6.64%, and 8.05% when applying T14,
T16, T18, and T13, respectively, compared with the control. Water content in the columns
was increased by 87.69%, 105.64%, 135.38%, 89.49%, 165.64%, 87.69%, 92.82%, 108.72%, and
137.18% with the application of T10 to T18, respectively, compared with the control. The
highest water content was found in T14, T18, and T12 (T450R3P1, T450R5P0.5, and T450R5P2)
with 3% and 5% application rates. Water recovery values were 97.65%, 95.18%, 97.94%,
86.00%, 97.05%, 99.70%, 98.09%, 91.92%, and 97.09% for treatments T10 to T18, respectively.
Applying biochar at the highest rate of addition (3% and 5%) produced the best water
recovery, according to the water recovery data [16,32,33].
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Figure 2. Effect of pyrolytic temperature on cumulative evaporation after the application of date
palm-derived biochar produced at 300 ◦C (T300) with particle sizes of 1–2 mm, 0.5–1.0 mm, and
less than 0.5 mm (P2, P1, and P0.5, respectively), and applied at 1%, 3%, and 5% (R1, R3, and R5,
respectively), with (a) showing cumulative evaporation from day 1 to 45, (b) showing cumulative
evaporation from day 1 to 6, and (c) showing cumulative evaporation from day 37 to 41. (CK: Control,
T1: T300R1P2, T2: T300R3P2, T3: T300R5P2, T4: T300R1P1, T5: T300R3P1, T6: T300R5P1, T7: T300R1P0.5,
T8: T300R3P0.5, and T9: T300R5P0.5).
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Figure 3. Effect of pyrolytic temperature on cumulative evaporation after the application of date
palm-derived biochar produced at 300 ◦C (T300) with particle sizes of 1–2 mm, 0.5–1.0 mm, and
less than 0.5 mm (P2, P1, and P0.5, respectively), and applied at 1%, 3%, and 5% (R1, R3, and R5,
respectively), with (a) showing cumulative evaporation from day 1 to 45, (b) showing cumulative
evaporation from day 1 to 6, and (c) showing cumulative evaporation from day 37 to 41. (CK: Control,
T10: T450R1P2, T11: T450R3P2, T12: T450R5P2, T13: T450R1P1, T14: T450R3P1, T15: T450R5P1, T16:
T450R1P0.5, T17: T450R3P0.5, and T18: T450R5P0.5).

Cumulative evaporation with biochar produced at 600 ◦C (Table 4 and Figure 4) in-
creased in treatments T20, T23, T24 and T27, and decreased by 12.31%, 34.10%, 13.33%,
0.43%, and 15.47% in treatments T19, T21, T22, T25, and T26, respectively, compared with
the untreated soil. Soil water content was increased by 129.74%, 104.87%, 179.74%, 125.38%,
82.82%, 94.36%, 76.67%, 88.97%, and 32.31% with treatments T19 to T27, respectively,
compared to the control. All biochar treatments increased the soil’s ability to store water,
demonstrating that water retention was influenced by the biochar’s pyrolytic tempera-
ture, particle size, and application rate. [14,27,33,34]. The significantly highest amount
of water content in the soil was observed when applying T21 (T600R5P2). The increase in
cumulative evaporation in most treatments could be attributed to modifying large pore
spaces because fine soil filled them. Hence, the pores were blocked or partly clogged,



Sustainability 2024, 16, 11081 11 of 21

leading to high evaporation, especially because the biochar was in the top 10 cm of the soil
column [17,30,34].
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Figure 4. Effect of pyrolytic temperature on cumulative evaporation after the application of date
palm-derived biochar produced at 300 ◦C (T300) with particle sizes of 1–2 mm, 0.5–1.0 mm, and
less than 0.5 mm (P2, P1, and P0.5, respectively), and applied at 1%, 3%, and 5% (R1, R3, and R5,
respectively), with (a) showing cumulative evaporation from day 1 to 45, (b) showing cumulative
evaporation from day 1 to 6, and (c) showing cumulative evaporation from day 37 to 41. (CK: Control,
T19: T600R1P2, T20: T600R3P2, T21: T600R5P2, T22: T600R1P1, T23: T600R3P1, T24: T600R5P1, T25:
T600R1P0.5, T26: T600R3P0.5, and T27: T600R5P0.5).

3.3. Interaction of Particle Size and Application Rate of Biochar

Application rates of biochar produced at various pyrolytic temperatures affected the
cumulative evaporation. The different rates applied to the soil columns led to changes in
evaporation, and the cumulative evaporation increased on average by 16.17%, 7.24%, 5.74%,
and 6.49% for rates 1% and 5% at 300 ◦C, 5% at 450 ◦C, and 5% at 600 ◦C. Cumulative evap-
oration decreased by 1.5%, 0.65%, and 2.88% for rates 3% and 1% for pyrolytic temperatures
at 450 ◦C, and 1% at 600 ◦C, respectively, as compared to the control. Furthermore, the
impact of the particle size of the biochar affected cumulative evaporation, which increased
by 8.60%, 4.62%, and 8.68% for P2, P1, and P0.5 (mm), respectively, for biochar produced
at a pyrolytic temperature of 300 ◦C. In contrast to the control, cumulative evaporation
increased by 5.08%, 2.68%, and 8.05% for P2, P1, and P0.5, and reduced by 1.74% and 4.81%
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for P0.5 and P2 with biochar at 450 ◦C and 600 ◦C. Moreover, the effect of application rate
on the water retained in the columns was increased by 71.62%, 130.26%, 99.91%, 90.00%,
126.67%, 120.09%, 110.60%, 92.22%, and 102.14% for rates 1%, 3%, and 5% (w/w) with
biochar pyrolyzed at temperatures of 300 ◦C, 450 ◦C, and 600 ◦C, respectively, compared
with untreated soil.

The influences of particles the size of the biochar on water retention increased by
118.21%, 96.58%, 87.01%, 109.57%, 114.27%, 112.91%, 138.12%, 100.85%, and 65.98%, for
P2, P1, and P0.5 with biochar pyrolyzed at temperatures of 300 ◦C, 450 ◦C, and 600 ◦C
compared with untreated soil.

Our findings exhibited that the application rates of 3% and 5% (w/w) and 1 and 0.5 mm
particles resulted in greater water retention. Previously, it was reported that cumulative
evaporation was reduced by 29.27% and 14.61% when biochar was added at higher rates
of 4% and 8%, respectively [16]. This could be due to the reduced macrospores of the
sandy soil they studied. The study by Šimanský et al. [35] provides further insights into
the relationship between biochar application and soil pore characteristics. They found that
the reduction in soil pores was correlated with the biochar application rate, suggesting a
dose-dependent effect. Additionally, their analysis revealed that the biochar application
rate and the biochar particle size influenced certain pore fractions. This indicates that the
biochar’s quantity and physical properties can modify the soil pore system. The findings
from Sun et al. [36] reinforce earlier observations, indicating that the application of biochar
can significantly enhance soil physical properties, including aggregate stability, pore-space
characteristics, and water retention. Sandy soils, often characterized by poor physical
qualities, stand to gain the most from these improvements. Collectively, these studies
illustrate the diverse impacts of biochar on soil physical characteristics.

3.4. Effect of Biochar on Cumulative Infiltration and Infiltration Rate

Figure 5 shows cumulative infiltration as affected by the application of biochar with
different particle sizes and application rates. The results showed that the cumulative
infiltration decreased with biochar application, where the percent decrease was 1.48%,
1.64%, 0.33%, 1.26%, 2.57%, 2.46%, 4.15%, and 5.0% with the application of T2 to T9,
respectively, as compared to the control. The highest decreases were found in treatments
T9, T8, and T6, and all of these treatments had the fine particle size P (0.5 mm), and the
rates of addition were 3% and 5% with a pyrolytic temperature of 300 ◦C.

Biochar with a pyrolytic temperature of 450 ◦C caused a decrease in the cumulative
infiltration, and it was 0.44%, 1.97%, 1.39%, 2.19%, 2.30%, 4.43%, and 4.75% for treatments
T11 to T18, respectively (excluding T13). However, the cumulative infiltration decreased
by 0.93%, 1.80%, 1.80%, 2.95%, −2.19%, 4.04%, and 4.92% for treatments T20 to T27,
respectively, except for T19 to T22 with a pyrolytic temperature 600 ◦C. The infiltration rate
for all treatments, shown in Figure 6, decreased due to biochar application to the soil. The
decrease was lowest for the large particle size of 2 mm, while the highest decrease was
found for the fine particle size of 0.5 mm and high biochar application rates (3% and 5%),
compared with non-treated soil. The percentage decreased by 1.48%, 1.64%, 0.33%, 1.26%,
2.57%, 2.46%, 4.15%, and 5.00% for treatments T2 to T9, in which the pyrolytic temperature
was 300 ◦C [16,37].

For biochar produced at 450 ◦C, the decrease in infiltration rate was 0.44%, 1.97%,
1.39%, 2.19%, 2.30%, 4.43%, and 4.75% for treatments T10 to T18 (excluding T13). Further-
more, for biochar prepared at 600 ◦C, the infiltration rate was reduced by 0.49%, 0.93%,
1.80%, 0.16%, 1.80%, 2.95%, 2.19%, 4.04%, and 4.92% for treatments T19 to T27, respectively,
compared with the control. Figures 7 and 8 show cumulative evaporation and infiltra-
tion rate data after wetting periods. Cumulative evaporation decreased before and after
the periods and ranged between 5.17% and 112.50%, 3.62% and 77.78%, and 16.22% and
96.77% for 300 ◦C, 450 ◦C, and 600 ◦C, respectively. The infiltration rate decreased from
57.76% to 218.75%, 55.43% to 166.67%, and 74.32 to 195.16% for 300 ◦C, 450 ◦C, and 600
◦C, respectively. The highest reduction in infiltration rate was observed before and after
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the experiment duration due to moisture in the soil [27,37]. The observed results could be
attributed to the fine particles present in the biochar. These fine particles may have filled
or clogged the soil’s macropores, reducing the pathways for water conduction. However,
under these conditions, water in the root zone would be less prone to deep percolation
losses. As a result, more water would be available for plant growth, as suggested by the
cited references [38–40].
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Figure 5. Effect of pyrolytic temperature on cumulative infiltration before wetting after the application
of date palm-derived biochar produced at 300 ◦C (T300), 450 ◦C (T450), and 600 ◦C (T600) with particle
sizes of 1–2 mm, 0.5–1.0 mm, and less than 0.5 mm (P2, P1, and P0.5, respectively), and applied at 1%, 3%,
and 5% (R1, R3, and R5, respectively). Panel (a) shows the plot of cumulative infiltration vs. time, while
(b) shows the plot of cumulative infiltration vs. sq. time for treatments T1 to T9. Panel (c) shows the
plot of cumulative infiltration vs. time, while (d) shows the plot of cumulative infiltration vs. sq. time
for treatments T10 to T18. Panel (e) shows the plot of cumulative infiltration vs. time, while (f) shows
the plot of cumulative infiltration vs. sq. time for treatments T19 to T27. (CK: Control, T1: T300R1P2,
T2: T300R3P2, T3: T300R5P2, T4: T300R1P1, T5: T300R3P1, T6: T300R5P1, T7: T300R1P0.5, T8: T300R3P0.5, T9:
T300R5P0.5, T10: T450R1P2, T11: T450R3P2, T12: T450R5P2, T13: T450R1P1, T14: T450R3P1, T15: T450R5P1,
T16: T450R1P0.5, T17: T450R3P0.5, T18: T450R5P0.5, T19: T600R1P2, T20: T600R3P2, T21: T600R5P2, T22:
T600R1P1, T23: T600R3P1, T24: T600R5P1, T25: T600R1P0.5, T26: T600R3P0.5, and T27: T600R5P0.5).
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Figure 6. Effect of pyrolytic temperature on infiltration rate before wetting after the application of date
palm-derived biochar produced at 300 ◦C (T300), 450 ◦C (T450), and 600 ◦C (T600) with particle sizes of
1–2 mm, 0.5–1.0 mm, and less than 0.5 mm (P2, P1, and P0.5, respectively), and applied at 1%, 3%, and
5% (R1, R3, and R5, respectively). Panels (a,b) show the effects of treatments T1 to T9 on the infiltration
rate, panels (c,d) show the effects of treatments T10 to T18 on the infiltration rate, and panels (e,f) show
the effects of treatments T19 to T27 on the infiltration rate (CK: Control, T1: T300R1P2, T2: T300R3P2, T3:
T300R5P2, T4: T300R1P1, T5: T300R3P1, T6: T300R5P1, T7: T300R1P0.5, T8: T300R3P0.5, T9: T300R5P0.5, T10:
T450R1P2, T11: T450R3P2, T12: T450R5P2, T13: T450R1P1, T14: T450R3P1, T15: T450R5P1, T16: T450R1P0.5,
T17: T450R3P0.5, T18: T450R5P0.5, T19: T600R1P2, T20: T600R3P2, T21: T600R5P2, T22: T600R1P1, T23:
T600R3P1, T24: T600R5P1, T25: T600R1P0.5, T26: T600R3P0.5, and T27: T600R5P0.5).
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Figure 7. Effect of pyrolytic temperature on cumulative infiltration after wetting after the application
of date palm-derived biochar produced at 300 ◦C (T300), 450 ◦C (T450), and 600 ◦C (T600) with particle
sizes of 1–2 mm, 0.5–1.0 mm, and less than 0.5 mm (P2, P1, and P0.5, respectively), and applied at
1%, 3%, and 5% (R1, R3, and R5, respectively). Panels (a,b) show the effects of treatments T1 to
T9 on cumulative infiltration, panels (c,d) show the effects of treatments T10 to T18 on cumulative
infiltration, and panels (e,f) show the effects of treatments T19 to T27 on cumulative infiltration
(CK: Control, T1: T300R1P2, T2: T300R3P2, T3: T300R5P2, T4: T300R1P1, T5: T300R3P1, T6: T300R5P1,
T7: T300R1P0.5, T8: T300R3P0.5, T9: T300R5P0.5, T10: T450R1P2, T11: T450R3P2, T12: T450R5P2, T13:
T450R1P1, T14: T450R3P1, T15: T450R5P1, T16: T450R1P0.5, T17: T450R3P0.5, T18: T450R5P0.5, T19:
T600R1P2, T20: T600R3P2, T21: T600R5P2, T22: T600R1P1, T23: T600R3P1, T24: T600R5P1, T25: T600R1P0.5,
T26: T600R3P0.5, and T27: T600R5P0.5).
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Figure 8. Effect of pyrolytic temperature on infiltration rate after wetting after the application of date
palm-derived biochar produced at 300 ◦C (T300), 450 ◦C (T450), and 600 ◦C (T600) with particle sizes of
1–2 mm, 0.5–1.0 mm, and less than 0.5 mm (P2, P1, and P0.5, respectively), and applied at 1%, 3%, and
5% (R1, R3, and R5, respectively). Panels (a,b) show the effects of treatments T1 to T9 on the infiltration
rate, panels (c,d) show the effects of treatments T10 to T18 on the infiltration rate, and panels (e,f) show
the effects of treatments T19 to T27 on the infiltration rate (CK: Control, T1: T300R1P2, T2: T300R3P2,
T3: T300R5P2, T4: T300R1P1, T5: T300R3P1, T6: T300R5P1, T7: T300R1P0.5, T8: T300R3P0.5, T9: T300R5P0.5,
T10: T450R1P2, T11: T450R3P2, T12: T450R5P2, T13: T450R1P1, T14: T450R3P1, T15: T450R5P1, T16:
T450R1P0.5, T17: T450R3P0.5, T18: T450R5P0.5, T19: T600R1P2, T20: T600R3P2, T21: T600R5P2, T22:
T600R1P1, T23: T600R3P1, T24: T600R5P1, T25: T600R1P0.5, T26: T600R3P0.5, and T27: T600R5P0.5).

3.5. Effects on Unsaturated Hydraulic Conductivity

Prior to immersing the columns in water, the unsaturated hydraulic conductivity was
determined. Figure 9 illustrates the unsaturated hydraulic conductivity. All treatments (T2
to T9) showed a substantial decrease in unsaturated hydraulic conductivity (p < 0.05). For
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biochar produced at 300 ◦C, a 45.15% to 2.46% decrease was observed after applying T2
to T9 compared to the control. The percentage decrease for biochar produced at 450 ◦C
was 4.48% to 46.50% for T10 to T18. Compared to untreated soil, biochar produced at
600 ◦C was decreased by 8.60% to 48.24% for T19 to T27. Overall, the highest reduction was
found with the highest application rate (5%) and the smallest particle size (0.5 mm) [29].
The reduction in unsaturated hydraulic conductivity could be due to the increase in the
diameter of the soil aggregates of biochar-amended soils and subsequent changes in the
pore size distribution [13,15].
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Figure 9. Impact of pyrolytic temperature on hydraulic conductivity upon wetness following the
application of biochar made from date palms at 300 ◦C (T300), 450 ◦C (T450), and 600 ◦C (T600), with
particle sizes of 1–2 mm, 0.5–1.0 mm, and less than 0.5 mm (P2, P1, and P0.5, respectively), and
applied at 1%, 3%, and 5% (R1, R3, and R5, respectively). (CK: Control, T1: T300R1P2, T2: T300R3P2,
T3: T300R5P2, T4: T300R1P1, T5: T300R3P1, T6: T300R5P1, T7: T300R1P0.5, T8: T300R3P0.5, T9: T300R5P0.5,
T10: T450R1P2, T11: T450R3P2, T12: T450R5P2, T13: T450R1P1, T14: T450R3P1, T15: T450R5P1, T16:
T450R1P0.5, T17: T450R3P0.5, T18: T450R5P0.5, T19: T600R1P2, T20: T600R3P2, T21: T600R5P2, T22:
T600R1P1, T23: T600R3P1, T24: T600R5P1, T25: T600R1P0.5, T26: T600R3P0.5, and T27: T600R5P0.5).

Overall, the findings of this study highlighted its potential to significantly enhance
water retention and reduce evaporation in arid environments. For farmers, applying
biochar at rates of 3% to 5% with smaller particle sizes (e.g., 0.5 mm) can improve soil
structure and moisture availability, promoting drought resilience in crops. However, soil
testing is recommended to make biochar use effective. Biochar can improve soil quality,
as it holds great promise for enhancing agricultural practices in arid environments. For
crops in water-scarce environments, its porous nature could aid in increasing soil water
retention. Therefore, water resource managers should prioritize educating farmers about
the benefits of biochar, support research on local production methods, and integrate biochar
use with other water conservation strategies. By implementing these practices, stakeholders
can enhance agricultural productivity and promote the sustainable management of water
resources in arid regions.

The findings of this research highlight the crucial role of date palm waste-derived
biochar in addressing sustainability challenges, especially in arid environments such as
Saudi Arabia. The results exhibit that date palm waste-derived biochar can effectively
improve soil hydrological characteristics, subsequently enhancing water retention. This
research promotes the adoption of biochar in arid agricultural systems, which can enhance
crop productivity, while ensuring the sustainable management of water resources.
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4. Conclusions

Date palm waste-derived biochar was used as an amendment to improve water
retention in coarse texture (sandy) soil. The date palm biochar (pyrolyzed at 300 ◦C, 450 ◦C,
and 600 ◦C) was ground to different sizes (0.5, 1, and 2 mm) and applied at different rates
(1%, 3%, and 5%, w/w). However, more than 90% of the absorbed water was recovered in
most treatments. The application of biochar was found to reduce the unsaturated hydraulic
conductivity of soils. Decreases ranged from 2.46% to 45.15% for biochar produced at
300 ◦C, 4.48% to 46.50% for biochar produced at 450 ◦C, and 8.60% to 48.24% for biochar
produced at 600 ◦C. Additionally, the rate and volume of water infiltration were reduced by
the addition of biochar. The decrease in hydraulic conductivity and infiltration rate is likely
due to the filling of macropores and enhanced microporosity caused by the fine particles
of biochar. This suggests that the biochar can improve the water-holding capacity of the
soil. This study found that application rates of 3% and 5% biochar, with particle sizes of
1 mm and 0.5 mm, effectively improved water retention in the soil. Therefore, date palm
waste-derived biochar with a particle size range of 0.5–1 mm and an application rate of
3% could be a suitable soil amendment to improve the hydrological properties of sandy
soils in arid and semi-arid regions. Overall, this research demonstrates the potential for
biochar, derived from agricultural waste, to be used as a soil conditioner to enhance the
water-holding capacity of sandy soils. The findings could have important implications
for sustainable land management and crop production in water-limited environments.
Future studies on biochar should explore its effects on various soil types, including clay
and loamy soils, and conduct long-term field trials to assess its impacts on soil health and
crop yield under real-world conditions. The impacts of biochar are particularly significant
in arid and semi-arid regions, where sandy soils prevail and water conservation is essential
for agricultural productivity. Future studies can be broadened to explore how biochar
can provide sustainable solutions for enhancing soil fertility and optimizing water use in
agriculture in arid and semi-arid regions of the world.
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Appendix A

Table A1. Linear equations for cumulative infiltration and infiltration rate.

Treatments Cumulative Infiltration Infiltration Rate

T1 y = 1.0058x − 0.894 R2 = 0.9973 y = 4.9616x + 0.0633 R2 = 0.9586

T2 y = 0.8473x − 1.4205 R2 = 0.9974 y = 3.2062x + 0.0513 R2 = 0.9506

T3 y = 0.7795x − 0.5902 R2 = 0.9998 y = 4.0264x + 0.0493 R2 = 0.9519

T4 y = 0.8927x − 0.6267 R2 = 0.9998 y = 4.7374x + 0.0563 R2 = 0.9549

T5 y = 0.7975x − 0.3766 R2 = 0.9995 y = 4.6695x + 0.0499 R2 = 0.967

T6 y = 0.7255x − 1.1281 R2 = 0.999 y = 2.9041x + 0.044 R2 = 0.9579

T7 y = 0.6868x − 0.3925 R2 = 0.9993 y = 4.0826x + 0.0418 R2 = 0.9799

T8 y = 0.5329x − 0.3139 R2 = 0.9989 y = 3.0586x + 0.0329 R2 = 0.9712

T9 y = 0.502x − 0.815 R2 = 0.9973 y = 1.9613x + 0.0303 R2 = 0.9618

T10 y = 0.9599x − 0.4124 R2 = 0.9997 y = 5.8029x + 0.0594 R2 = 0.9739

T11 y = 0.8742x − 0.6113 R2 = 0.9994 y = 4.7879x + 0.0543 R2 = 0.9639

T12 y = 0.7779x − 0.9345 R2 = 0.9993 y = 3.2094x + 0.0499 R2 = 0.9167

T13 y = 0.9241x − 0.5621 R2 = 0.9995 y = 5.0549x + 0.0584 R2 = 0.959

T14 y = 0.8092x − 0.8346 R2 = 0.9994 y = 3.9619x + 0.0498 R2 = 0.9621

T15 y = 0.7571x − 0.9828 R2 = 0.9997 y = 3.1357x + 0.0476 R2 = 0.9294

T16 y = 0.6772x − 0.1256 R2 = 0.9986 y = 4.5397x + 0.0413 R2 = 0.9805

T17 y = 0.5199x − 0.4745 R2 = 0.9987 y = 2.81x + 0.0312 R2 = 0.9813

T18 y = 0.4896x − 0.4489 R2 = 0.9992 y = 2.3431x + 0.0311 R2 = 0.9384

T19 y = 0.9299x − 0.2534 R2 = 0.9989 y = 6.133x + 0.0563 R2 = 0.9846

T20 y = 0.8089x − 0.2058 R2 = 0.9996 y = 5.1965x + 0.0499 R2 = 0.9763

T21 y = 0.8365x − 1.6043 R2 = 0.9991 y = 2.6263x + 0.0513 R2 = 0.9284

T22 y = 0.9201x − 0.4812 R2 = 0.9992 y = 5.6107x + 0.0556 R2 = 0.9827

T23 y = 0.7345x − 0.219 R2 = 0.9997 y = 4.6619x + 0.0453 R2 = 0.9775

T24 y = 0.6161x + 0.1208 R2 = 0.9989 y = 4.5033x + 0.0381 R2 = 0.9834

T25 y = 0.7039x − 0.272 R2 = 0.9989 y = 4.4693x + 0.0427 R2 = 0.9818

T26 y = 0.5562x − 0.5139 R2 = 0.9993 y = 2.8757x + 0.0341 R2 = 0.9687

T27 y = 0.4737x − 0.4182 R2 = 0.9993 y = 2.5115x + 0.0289 R2 = 0.9728

CK y = 0.9152x − 0.5674 R2 = 0.9993 y = 5.1216x + 0.0571 R2 = 0.9617
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