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Abstract: Soil salinity and sodicity is a potential soil risk and a major reason for reduced soil
productivity in many areas of the world. This study was conducted to investigate the effect of
different biochar raw materials and the effects of acid-modified biochar on alleviating abiotic stresses
from saline-sodic soil and its effect on biochemical properties of maize and wheat productivity. A field
experiment was conducted as a randomized complete block design during the seasons of 2019/2020,
with five treatments and three replicates: untreated soil (CK), rice straw biochar (RSB), cotton stalk
biochar (CSB), rice straw-modified biochar (RSMB), and cotton stalk-modified biochar (CSMB). FTIR
and X-ray diffraction patterns indicated that acid modification of biochar has potential effects for
improving its properties via porous functions, surface functional groups and mineral compositions.
The CSMB treatment enhanced the soil’s physical and chemical properties and porosity via EC, ESP,
CEC, SOC and BD by 28.79%, 20.95%, 11.49%, 9.09%, 11.51% and 12.68% in the upper 0–20 cm,
respectively, compared to the initial properties after the second season. Soil-available N, P and
K increased with modified biochar treatments compared to original biochar types. Data showed
increases in grain/straw yield with CSMB amendments by 34.15% and 29.82% for maize and 25.11%
and 15.03% for wheat plants, respectively, compared to the control. Total N, P and K contents in
both maize and wheat plants increased significantly with biochar application. CSMB recorded the
highest accumulations of proline contents and SOD, POD and CAT antioxidant enzyme activity.
These results suggest that the acid-modified biochar can be considered an eco-friendly, cheaper and
effective choice in alleviating abiotic stresses from saline-sodic soil and positively effects maize and
wheat productivity.

Keywords: rice straw-modified biochar; abiotic stresses; cotton stalk-modified biochar; maize and
wheat productivity; antioxidant enzymes

1. Introduction

Soil salinity is considered to be one of the major critical issues against soil productivity,
harvest yield and sustainable land development [1]. Egypt, which is regionally under arid
and semiarid conditions, has a problem of salinity as a result of climate factors, groundwater
and coastal effects [2–4]. Nearly 900 thousand hectares of the irrigated areas in Egypt are
affected by salinity and the major part of salt-affected areas are located in the northern-
central part, with 60% and 20% of the Southern Delta and Middle Egyptian regions affected,
respectively [5].
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The rational utilization of straw resources is very important for sustainable agricultural
production [6]. Hassan et al. [7] reported that the volume of the agricultural (straw and
animal) wastes in Egypt is speculated to reach about 35 M tons per year, of which, about
65% is derived from vegetarian wastes (of which about 4 M tons of organic fertilizer and
7 M tons of feed are utilized, and about 12 M tons are left without avail). Moreover, it is
recorded that wastes from rice crop represent about 50.9% and wastes from maize crop
represent about 23.26%. Most of these residues are either burnt or piled and desolated in
front of the fields, resulting in nutrient loss and air pollution [8]. Comprehensive strategies
are needed to reuse plant residues in agriculture. Compost, the biodegradation of organic
waste product, increases soil structure, prompts biological activity, increases soil moisture
and disrobing resistance, and affects organic matter dissolution and nutrient availability [9]
and is considered one of the best strategies for waste reuse. However, compost may contain
a critical number of heavy metals that change soil environments and structure [10].

Biochar (BC) is a new multifunctional carbon material that is widely used as an
amendment for enhancing soil quality and plant productivity [11]. It is produced by the
pyrolysis process in limited oxygen levels of different straw materials such as rice straw,
cotton stalks, peanut hulls, grass and animal wastes, as found in [12,13]. Biochar is a stable
carbon material that can stay in soil for a long time [14,15]. The characteristics of biochar are
varied, depending on the origin materials and pyrolysis conditions [16] and particle size [17].
Although it has been reported in various studies that biochar has an important impact
in enhancing soil fertility and improving soil carbon sequestration [12,18–20], because of
its high pH value, biochar application is restricted in alkali soil [6]. Moreover, Hussain
et al. [21] reported that the increase rate of BC application under alkali soil conditions led to
a decrease in the maize and wheat yields and explained that, as a result of immobilization
of N and micronutrients, its suitability to plants declined. Therefore, recently there have
been different protocols for biochar modification, including physical, chemical or thermal
treatments, which are gaining more attention [22]. Huang et al. [23] enumerated the
modified biochar treatments to be either before (pre-treatment) or after (post-treatment) the
pyrolysis process. Acid treatments were applied both pre- or post-treatment to increase
surface area and decrease its pH [24]. Furthermore, acid treatment removes impurities
and metallic precipitates from the surface and introduces carboxylic groups to the biochar,
making it more active for cation sorption [25].

Thus, the objective of this study was to investigate (1) the impact of different sources
of biochar materials and (2) the effect of acid-modified biochar-compost on alleviating
abiotic stresses from saline-sodic soil and its effect on biochemical properties of maize and
wheat plants.

2. Materials and Methods
2.1. Experimental Location and Design

The field experiment was conducted at the Sakha Agric. Res. Station Farm, North
Delta, Kafr El-Sheikh Governorate, Egypt (31◦5′26.70′′ latitude and 30◦55′25.69′′ longitude)
during the seasons of 2019/2020 to investigate the impact of acid-modified biochar-compost
compared to original biochar on improving clay salt-affected soil properties and enhancing
maize and wheat productivity.

The field was prepared for the experiment and arranged in 15 plots (2 m × 2 m for
each plot). The experiment consisted of 5 treatments laid out as a randomized complete
block design with three replicates. The experiment consisted of the following treatments:
untreated soil (CK), rice straw biochar (RSB), cotton stalk biochar (CSB), rice straw-modified
biochar (RSMB) and cotton stalk-modified biochar (CSMB).

Wheat grains (Triticum aestivum, variety Sakha 95) were sown at the rate of 144 kg ha−1

on 16 November 2019. Maize grains (Zea mays L., variety hybrid cross 10) were planted on
5 June 2020, at a rate of 33 kg ha−1. Biochar and superphosphate (15.5% P2O5) were incor-
porated into the soil surface (0–20 cm) with plowing. Recommended N and K fertilizers
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and other agricultural practices were performed according to the Ministry of Agriculture’s
recommendation in the North Delta area of Egypt.

A raw feedstock of biochar (rice straw and cotton stalks) was prepared according
to a previous study [26]. The raw feedstocks were oven-dried at 70 ◦C until a constant
weight. The samples then were dried overnight at 105 ◦C, pulverized and sieved. The
pyrolysis process was carried out by heating the samples in a muffle furnace at 550 ◦C
for 2 h under oxygen-limited conditions. Samples were ground and passed through a
0.25 mm sieve. After pyrolysis, half of the biochar volume was modified by shaking
biochar samples with 0.1 M of sulfuric acid (1:100 w/v) at an agitation rate of 150 rpm
for 4 h. After shaking, they were filtered, rinsed with tap water and followed by double
distilled water (to remove the excess of chemical solutions), and oven-dried at 70 ◦C for
24 h. Both biochar and modified biochar types were mixed with surface soil before planting
at the rate of 12 Mg ha−1 as recommended by [22]. X-ray diffraction patterns of different
types of rice straw biochar (RSB and RSMB) and cotton stalk biochar (CSB and CSMB)
were investigated using a diffractometer (APD 2000 PRO, GNR, Novara, Italy) at 40 KV
and 40 mA with a Cu-Ka radiation source. Two grams of each sample was powdered
for diffraction. Scanning was conducted from 5 to 80 using a continuous scanning mode
with an interval of 2 s per measurement. The scattering was minimized using planar
exposure. Fourier-transform infrared spectroscopy (FTIR) was used to confirm phase
formation and to study the functional groups of the different types of prepared biochar.
For this reason, samples were prepared in the form of pellets in KBr medium to form disks.
Fourier-transform infrared was conducted in atmosphere using TENSOR 27 by Bruker
with a measurement range of wave numbers from 400 to 4000 cm−1. Chemical analysis of
biochar samples was analyzed according to [27,28] and presented in Table 1.

Table 1. The characteristics of different biochar types and chemically modified types.

Characteristics
Different Biochar Types

RSB RSMB CSB CSMB

pH * 7.60 5.88 7.51 5.34
EC (dS m−1) * 1.51 0.96 1.67 1.12

C % 65.3 49.8 78.3 63.5
N % 1.66 1.52 2.12 1.97
P % 0.61 0.54 0.68 0.62
K % 1.24 1.01 6.95 3.84

CEC (cmol+ kg−1) 38.4 56.8 42.6 61.5
* Suspension of 1:5 biochar: water ratio (w/v).

2.2. Soil Analysis

Surface soil samples were collected every season before and after harvesting from
each experimental unit, from a 20 cm depth down to 60 cm of the soil profile. Samples
were air-dried, crushed, sieved to pass through a 2.0 mm sieve and homogenized. Soil
chemical properties were analyzed according to the standard methods outlined by [29,30].
The physical characteristics were determined as soil texture, bulk density and porosity
as described by [31]. The EC and pH of the soil samples were measured in the soil-paste
extract using pH/electric conductivity meters, respectively. Soil organic carbon (SOC)
was determined using the described method by [32]. Available N (NH4

+ and NO3
−) was

extracted by a 2 M potassium chloride solution and determined using the Kjeldahl method
according to [33]. Available P was extracted by a 0.5 M NaHCO3 solution at pH 8.30 and
determined using a spectrophotometer using the ascorbic acid method according to [33].
Available K was extracted by a 1.0 N ammonium acetate at pH 7 and determined using
a flame photometer [29]. Cation-exchange capacity (CEC) was determined using a 1.0 N
ammonium acetate at pH 7 [34]. Selected physicochemical properties of the initial soil are
shown in Table 2.
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Table 2. Soil’s chemical and physical characteristics of the experimental site before cultivation.

Chemical Characteristics Value Physical Characteristics Value

Soluble Ions, EC and pH Particle Size Distribution (%)

pH (soil suspension 1:2.5) 8.27 Sand 16.03

ECe (dS·m−1) 7.12 Silt 24.38

Soluble ions (mM·L−1) Clay 56.59

Na+ 61.87 Texture class Clayey

K+ 0.41 O.M % 0.88

Ca2+ 24.56 O.C % 0.51

Mg2+ 18.67 CEC (cmolc kg−1) 34.72

HCO3
− 4.50 Bulk density (g cm−3) 1.39

Cl− 53.21 Total porosity (%) 47.55

SO4
2− 47.84 Soil moisture characters %

SAR 13.31 F.C 39.50

ESP 16.42 W.P 21.47

Available macronutrients (mg·kg−1) A.W 18.03

N 22.15 P 7.38 K 236.46

The sodium adsorption ratio (SAR) was calculated by the following equation according
to [35], where the concentrations of cations are expressed in mmol as follows:

SAR = Na/√((Ca + Mg)/2) (1)

whereas the exchangeable sodium percentage (ESP) was calculated according to the equa-
tion of Rashidi and Seilsepour [36]:

ESP = 1.95 + 1.03 SAR (2)

2.3. Plant Sampling and Analysis

Free proline content as micromoles per gram of fresh weight of plant materials was
analyzed according to the method described by Bates et al. [37] using a spectrophotometer
(Varian Cary 50 UV-Vis Spectrophotometer, Agilent Technologies, Santa Clara, CA, USA) at
520 nm with pure toluene as the blank and proline in 3% sulfosalicylic acid solution for the
standard curve.

As for antioxidant enzyme activity, at 4 ◦C, a 1 g fresh tissue of the flag leaf sample
was homogenized with a mixture of the sodium phosphate buffer (50 mM at pH 7.0),
ethylenediaminetetraacetic acid (1 mM EDTA) and polyvinylpyrrolidone (2% (w/v) PVP).
The homogenate was centrifuged at 10,000× g for 15 min at 4 ◦C and the supernatant
was collected and used for assaying enzyme activity. Superoxide dismutase (SOD, EC
1.15.1.1) activity was measured spectrophotometrically at 560 nm according to the method
of Beauchamp and Fridovich [38]. The reaction mixture (3 mL) consisted of a 50 mM
Na-phosphate buffer (pH 7.8), 75 µM NBT, 10 µM EDTA, 2.0 µM riboflavin, 13 mM L-
methionine and 0.3 mL enzyme extract weighed in test tubes for 10 min under 4000× g at
35 ◦C. One unit of SOD activity was based on the inhibition of 50% photochemical reduction
of nitro blue tetrazolium (NBT).

The peroxidase (POD, EC 1.11.1.7) activity was assayed according to Kar and Mishra [39].
The reaction mixture contained guaiacol (0.05%), the potassium phosphate buffer (25 mM
at pH 7.0), H2O2 (10 mM) and the enzyme. The increase in absorbance at 470 nm as a
result of oxidation of guaiacol for 1 min using the extinction coefficient of 26.6 mM−1cm−1

determined enzyme activity. Catalase (CAT, EC 1.11.1.6) activity was assayed as described
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by [40]. Briefly, 100 µL of leaf crude extract was added to the solution mixture containing
50 mM of sodium phosphate buffer (pH 7.0) and 2% H2O2, measured at the rate of H2O2
disappearance at 240 nm to describe CAT activity and expressed as units (µmol H2O2
consumed per min) per gram fresh weight.

2.4. Statistical Analysis

Data were subjected to an analysis of variance (ANOVA) using PROC GLM in SAS
9.4 (SAS Institute Inc., Cary, NC, USA). Replications were considered random, and all
other variables were considered fixed effects. Means of all variables were separated using
Fisher’s protected LSD test.

3. Results
3.1. Characterization of Prepared Biochar
3.1.1. X-ray Diffraction

X-ray diffraction patterns of different types of biochar are illustrated in Figure 1. The
crystalline structure of the four samples is identified from the sharp peaks. XRD revealed
the number of minerals (e.g., magnesium, potassium, phosphorous, hydroxyl and dimethyl
sulfide platinum dichloride) present in the modified rice straw biochar rather than RSB, and
minerals (Iron tetralead hexaantimony sulfide, tellurium oxide phosphate, calcite, calcium,
sulfur, sulfide, althausite, molybdenum tellurium oxide, dipotassium tellurium trisulfide
and sylvite) present in the modified cotton stalk biochar rather than CSMB.
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phorus compounds, K: potassium sylvite, Mg: magnesium, C-H: dimethyl sulfide platinum dichlo-
ride, OH: hydroxyl compounds, O: poyarkovite, C-H-B: CHB11Br11Cs, C-Ca: calcite, K-S: dipotas-
sium tellurium trisulfide, Mg: Mg2PO4OH, Fe: iron tetraleadhexaantimony sulfide, P-O: titanium(IV)
oxide phosphate, N-S: porphyrazine aluminum chloride, C-O: wood, Mo.O: copper(I) copper zinc
molybdate, Mo: molybdenum tellurium oxide, Cu-O: C14H8S4Cu(NCS)2, S: sulfur, SO: sulfide,
Ca: calcium.
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3.1.2. Fourier-Transform Infrared Spectroscopy (FTIR)

The FTIR of RSB, RSMB, CSB and CSMB are shown in Figure 2. The spectra represent
many functional groups on their surfaces, which indicate potentially various capabilities
of the different types of biochar in regard to the adsorption of nutrients and binding
forces. The peaks at 3400, 2923, 2855, 2356, 1630, 1096, 794 and 467 cm−1 of RSB and
RSMB were assigned to similar function groups: the N-H stretching group, C-H stretching
group, N=C=O stretching group, C=C alkene bending group, strong alkyl C-O group, C=C
bending groups, O–H hydroxyl group and C–O–C ether group. The modified rice straw
biochar (RSMB) has more function groups at bands of 3778 cm−1 for the free -OH stretching
group, 2401 cm−1 for the thiol S-H stretching group and 1870 cm−1 for the anhydride C=O
bending group. As for CSB and CSMB, they contain O-H, N-H, C-H, C=O, C-N, C=C and
C-Br function groups at peak bands of 3500–3800 cm−1, 2500–2900 cm−1, 1300–2400 cm−1

and 500–800 cm−1. In addition, the modified corn stalk biochar (CSMB) has more function
groups at bands of 3915 cm−1 for the N-H stretching of amide group, 3500 for the O-H
strong broad stretching of alcohol group, 1266 cm−1 for the strong alkyl ether C=O groups,
1116 cm−1 for the aromatic C-H group, 755 cm−1 for the alkene C=C stretch bending group
and 360 cm−1 for the phenol benzene groups [41–45].

Sustainability 2022, 14, x FOR PEER REVIEW 6 of 22 
 

3.1.2. Fourier-Transform Infrared Spectroscopy (FTIR) 
The FTIR of RSB, RSMB, CSB and CSMB are shown in Figure 2. The spectra represent 

many functional groups on their surfaces, which indicate potentially various capabilities 
of the different types of biochar in regard to the adsorption of nutrients and binding 
forces. The peaks at 3400, 2923, 2855, 2356, 1630, 1096, 794 and 467 cm−1 of RSB and RSMB 
were assigned to similar function groups: the N-H stretching group, C-H stretching 
group, N=C=O stretching group, C=C alkene bending group, strong alkyl C-O group, C=C 
bending groups, O–H hydroxyl group and C–O–C ether group. The modified rice straw 
biochar (RSMB) has more function groups at bands of 3778 cm−1 for the free -OH stretching 
group, 2401 cm−1 for the thiol S-H stretching group and 1870 cm−1 for the anhydride C=O 
bending group. As for CSB and CSMB, they contain O-H, N-H, C-H, C=O, C-N, C=C and 
C-Br function groups at peak bands of 3500–3800 cm−1, 2500–2900 cm−1, 1300–2400 cm−1 
and 500–800 cm−1. In addition, the modified corn stalk biochar (CSMB) has more function 
groups at bands of 3915 cm−1 for the N-H stretching of amide group, 3500 for the O-H 
strong broad stretching of alcohol group, 1266 cm−1 for the strong alkyl ether C=O groups, 
1116 cm−1 for the aromatic C-H group, 755 cm−1 for the alkene C=C stretch bending group 
and 360 cm−1 for the phenol benzene groups [41–45].  

 
Figure 2. Fourier-transform infrared (FTIR) spectra of rice straw biochar (RCB), rice straw-modified 
biochar (RSMB), cotton stalk biochar (CSB) and cotton stalk-modified biochar (CSMB). Figure 2. Fourier-transform infrared (FTIR) spectra of rice straw biochar (RCB), rice straw-modified
biochar (RSMB), cotton stalk biochar (CSB) and cotton stalk-modified biochar (CSMB).



Sustainability 2022, 14, 8190 7 of 21

3.2. Soil Characteristics

Data in Table 3 indicated that application of different kinds of biochar resulted in ame-
liorating the soil’s chemical properties. The salinity/sodicity levels significantly (p < 0.01)
decreased with treatment application compared to the control. For the maize season, the
salinity increased with depth and the maximum difference between upper layer and under
layer was recorded for CSMB treatments with an average value of 19.21% compared to
the control of 17.6%. ESP (%) decreased with biochar application and CSMB treatment
recorded the lowest value in the surface layer with a reduction percent of 13.39% compared
to the control, followed by RSB treatment with a percent of 10.22%. The modified biochar
(CSMB and RSMD) caused a significant (p < 0.05) increase in CEC, recording average values
of 38.27 and 37.31 cmol+·kg−1, respectively, compared to the control. The biochar derived
from rice straw was more effective in enhancing soil organic carbon compared to corn stalk
biochar, recording in the upper 0–20 cm 1.06% and 1.00% with RSMB and RSB, respectively.
As for the wheat season, the EC, ESP and CEC parameters were promoted (p < 0.01) when
compared with the first season. The treatments significantly affected EC, ESP, CEC and
SOC compared to the same treatments in the maize season. The residual effects of modified
biochar (CSMB and RSMB) resulted in improving soil EC, ESP and CEC, whereas SOC
was the same magnitude as the maize season. ANOVA analysis in Table 3 showed that the
interaction between treatments × depth × season was functional in improving soil salinity
and sodicity.

As for soil-available nutrients, data in Table 4 illustrated a significant effect (p < 0.01)
with different applications of biochar types with available N, P and K. at the end of maize
season, the available N, P and K increased with biochar application compared to the control.
Depth affected the available nutrients significantly (p < 0.01), as most of the available
N and K were increased vertically, but P decreased with depth in all treatments. The
most accumulated N and K were observed in 20–40 cm. The distribution of N and K
was remarkedly affected with CSMB treatments, recording an increase of 23.72% and
14.15% compared to the control. The available P in surface soil raised with RSMB treatment
recorded 12.12 mg·Kg−1. The residual effect of biochar application was affected significantly
(p < 0.01) by the seasons (Table 3). The magnitude for available N, P and K took the same
direction in wheat season as maize season, and CSMB recorded the highest N and K content
with an average increase of 23.23% and 12.79%, respectively, compared to the control.

Concerning to soil’s physical characteristics, Figure 3 illustrated the effect of different
soil amendments on soil bulk density and total porosity in both seasons under different
depths. The data elucidated that biochar decreased soil bulk density, but the decrease
was not significant between treatments in the first season. Soil bulk density was affected
significantly (p < 0.05) with the interaction between treatments and depth. Soil bulk density
(BD) increased with depth in all treatments and the application of CSMB treatment in maize
season caused the maximum decrease in bulk density with an average value of 1.25 g·cm−3

compared to the control of 1.33 g·cm−3, followed by RSMB with an average value of
1.27 g·cm−3. With regard to the surface layer (0–20 cm), the modified rice straw biochar
recorded the effective treatment in improving soil bulk density, recorded at 1.24 g·cm−3

in comparison to the control at 1.30 g·cm−3. With respect to the wheat season, the overall
enhancement in soil recorded the decrease in soil bulk density compared to the first
season, and RSMB treatment recorded the lowest BD with an average value of 1.27 g·cm−3.
Concerning the total soil porosity, the interaction with treatments, depth and season were
effective (p < 0.01). The addition of rice straw biochar showed a pronounced effect in
increasing soil porosity in both seasons, recording average vertical values of 50.94% and
52.07% in maize and wheat season, respectively.
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Table 3. Chemical properties of saline-alkali soil as affected by different kinds of biochar after two growing seasons of maize and wheat plants.

Treatments Depth (cm)
Maize Wheat

EC
(dS·m−1) ESP (%) CEC

(cmol+ kg−1)
S.O.C

(%)
EC

(dS·m−1) ESP (%) CEC
(cmol+ kg−1)

S.O.C
(%)

Control
0–20 6.17 ± 0.02 j 15.16 ± 0.01 e 33.37 ± 0.01 i 0.87 ± 0.01 bcd 5.91 ± 0.08 h 14.85 ± 0.03 e 33.04 ± 0.03 i 0.87 ± 0.03 bcdef

20–40 6.65 ± 0.01 f 15.66 ± 0.05 c 31.60 ± 0.05 k 0.78 ± 0.05 cde 6.43 ± 0.03 f 15.43 ± 0.02 c 31.24 ± 0.02 k 0.79 ± 0.02 def

40–60 7.49 ± 0.01 a 16.45 ± 0.02 a 32.66 ± 0.02 j 0.71 ± 0.02 de 7.22 ± 0.02 a 16.20 ± 0.07 a 32.35 ± 0.07 j 0.72 ± 0.07 f

RSB
0–20 6.11 ± 0.01 k 13.61 ± 0.04 i 37.52 ± 0.04 e 1.00 ± 0.04 ab 5.48 ± 0.02 i 13.02 ± 0.04 j 37.19 ± 0.20 e 1.02 ± 0.20 ab

20–40 6.62 ± 0.02 f 13.82 ± 0.02 h 35.99 ± 0.02 h 0.86 ± 0.02 bcd 6.13 ± 0.03 g 13.64 ± 0.07 h 35.64 ± 0.03 h 0.88 ± 0.03 bcde

40–60 7.42 ± 0.02 b 14.22 ± 0.01 g 36.91 ± 0.01 f 0.78 ± 0.01 cde 7.07 ± 0.02 b 14.64 ± 0.05 f 36.60 ± 0.02 f 0.79 ± 0.02 def

RSMB
0–20 5.96 ± 0.04 l 13.76 ± 0.04 hi 38.13 ± 0.02 c 1.06 ± 0.02 a 5.27 ± 0.02 m 12.44 ± 0.04 k 37.80 ± 0.04 c 1.09 ± 0.04 a

20–40 6.51 ± 0.01 g 14.10 ± 0.36 g 36.60 ± 0.03 g 0.92 ± 0.03 abc 5.38 ± 0.03 i 13.25 ± 0.01 i 36.25 ± 0.01 g 0.94 ± 0.01 abcd

40–60 7.34 ± 0.01 c 15.07 ± 0.04 e 37.52 ± 0.05 e 0.83 ± 0.05 bcde 6.87 ± 0.02 d 13.34 ± 0.04 i 37.21 ± 0.04 e 0.84 ± 0.04 cdef

CSB
0–20 5.90 ± 0.1 m 14.88 ± 0.04 f 38.43 ± 0.04 b 0.87 ± 0.04 bcd 5.61 ± 0.01 k 14.56 ± 0.30 f 38.10 ± 0.30 b 0.88 ± 0.03 bcde

20–40 6.39 ± 0.01 h 15.39 ± 0.02 d 36.91 ± 0.02 f 0.78 ± 0.02 cde 6.16 ± 0.01 g 15.15 ± 0.02 d 36.56 ± 0.02 f 0.80 ± 0.02 def

40–60 7.22 ± 0.02 d 16.20 ± 0.03 b 37.82 ± 0.03 d 0.72 ± 0.03 de 6.95 ± 0.05 c 15.94 ± 0.02 b 37.51 ± 0.02 d 0.73 ± 0.02 ef

CSMB
0–20 5.76 ± 0.01 n 13.13 ± 0.02 j 39.04 ± 0.04 a 0.94 ± 0.04 abc 5.07 ± 0.01 n 12.98 ± 0.20 j 38.71 ± 0.04 a 0.96 ± 0.04 abc

20–40 6.28 ± 0.02 i 13.90 ± 0.03 h 37.34 ± 0.37 e 0.67 ± 0.03 e 5.65 ± 0.03 j 13.37 ± 0.03 i 37.17 ± 0.07 e 0.86 ± 0.07 cdef

40–60 7.13 ± 0.03 e 13.74 ± 0.05 hi 38.43 ± 0.04 b 0.78 ± 0.04 cde 6.66 ± 0.02 e 13.93 ± 0.02 g 38.12 ± 0.05 b 0.80 ± 0.05 def

LSD (0.05) 0.064 0.066 0.066 0.066 0.004 0.16 0.16 0.16

F-test

Treatment ** ** ** ** ** ** ** **

Season ** ** ** - ** ** ** -

Depth ** ** ** ** ** ** ** **

Treatment × Season ** ** - - ** ** - -

Treatment × Depth ** ** - - ** ** - -

Season × Depth ** ** - - ** ** - -

Treatment × Season × Depth ** ** - - ** ** - -

The column values with the same letters are statistical similar according to Duncan Multiple Range Test (DMRT) at p < 0.05, **: Significant at probability (0.01).
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Table 4. Soil Available NPK (mg·Kg−1) salt affected soil as affected by phosphogypsum and different kinds of biochar after two growing seasons of maize and
wheat plants.

Treatments Depth
Maize Wheat

N P K N P K

0−20 26.33 ± 0.01 k 8.72 ± 0.02 g 248.16 ± 0.01 n 27.31 ± 0.03 i 8.94 ± 0.07 h 279.02 ± 0.03 n

Control 20–40 26.67 ± 0.05 j 8.59 ± 0.01 g 256.23 ± 0.05 m 27.56 ± 0.03 k 8.85 ± 0.03 h 286.47 ± 0.02 m

40–60 26.82 ± 0.02 j 8.29 ± 0.05 h 243.64 ± 0.02 o 27.74 ± 0.07 j 8.61 ± 0.02 i 276.56 ± 0.07 o

0–20 32.60 ± 0.04 h 11.12 ± 0.03 d 262.82 ± 0.04 j 33.58 ± 0.20 h 11.44 ± 0.03 d 293.68 ± 0.20 j

RSB 20–40 32.93 ± 0.02 g 10.98 ± 0.05 d 273.00 ± 0.02 h 33.82 ± 0.03 g 11.20 ± 0.02 e 303.24 ± 0.03 h

40–60 32.16 ± 0.01 i 10.37 ± 0.03 f 258.75 ± 0.01 k 33.08 ± 0.02 i 10.63 ± 0.20 g 291.67 ± 0.02 k

0–20 33.73 ± 0.02 e 12.12 ± 0.03 a 266.61 ± 0.02 i 34.71 ± 0.04 e 12.34 ± 0.04 a 297.47 ± 0.04 i

RSMB 20–40 33.98 ± 0.03 d 11.96 ± 0.02 a 276.39 ± 0.03 g 34.87 ± 0.01 d 12.28 ± 0.01 a 306.63 ± 0.01 g

40–60 34.02 ± 0.05 d 11.76 ± 0.04 b 258.53 ± 0.05 i 34.94 ± 0.01 d 12.02 ± 0.04 b 291.45 ± 0.04 l

0–20 34.29 ± 0.04 c 11.50 ± 0.03 c 282.70 ± 0.04 e 35.27 ± 0.3 c 11.82 ± 0.02 c 313.56 ± 0.30 f

CSB 20–40 33.43 ± 0.02 f 11.06 ± 0.02 d 294.33 ± 0.02 b 34.32 ± 0.02 f 11.32 ± 0.30 de 324.57 ± 0.02 b

40–60 34.45 ± 0.03 c 10.64 ± 0.05 e 281.18 ± 0.03 f 35.37 ± 0.02 c 10.86 ± 0.02 f 314.10 ± 0.02 e

0–20 35.05 ± 0.04 a 11.96 ± 0.02 a 288.48 ± 0.04 c 36.03 ± 0.04 a 12.01 ± 0.07 b 319.34 ± 0.04 c

CSMB 20–40 34.94 ± 0.64 a 11.47 ± 0.05 c 298.48 ± 0.36 a 36.01 ± 0.07 a 11.69 ± 0.05 c 328.90 ± 0.07 a

40–60 34.65 ± 0.04 b 11.01 ± 0.03 d 284.41 ± 0.04 d 35.57 ± 0.05 b 11.27 ± 0.0.4 e 317.33 ± 0.05 d

LSD 0.066 0.066 0.066 0.16 0.16 0.16

F-test

Treatment ** ** ** ** ** **

Season ** ** ** ** ** **

Depth - ** ** - ** **

Treatment × Season - - ** - - **

Treatment × Depth ** ** ** ** ** **

Season × Depth * ** * **

Treatment × Season × Depth - - - - - -

The column values with the same letters are statistical similar according to Duncan Multiple Range Test (DMRT) at p < 0.05, * and **: Significant at probability (0.05) and (0.01) respectively.
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3.3. Plant Biomass

The grain yield of plants was significantly (p < 0.01) affected by treatments, seasons
and its interactions (Table 5). The addition of biochar treatments increased productivity
(grain and straw) yields compared to the control. Data in Table 5 demonstrated that the
application of modified biochar enhanced both grain and straw compared to traditional
biochar. It is obviously that biochar derived from cotton stalk caused augmentation of
grain and straw yields in both plants and the modified (CSMB) treatments registered the
highest values with increasing rates of 34.15% and 29.82% for grain yield and 25.11% and
15.03% for straw yield in maize and wheat plants, respectively, compared to the control.
Meanwhile, the acidification had no significant effects on straw yield for both plants.

Table 5. Effect of different kinds of biochar on maize and wheat plant productivity.

Treatments
Grain Yield (T·ha−1) Straw Yield (T·ha−1)

Maize Wheat Maize Wheat

Control 5.36 ± 0.16 e 3.46 ± 0.20 d 8.62 ± 0.34 c 14.81 ± 0.64 b

RSB 6.10 ± 0.16 d 4.25 ± 0.08 c 9.61 ± 0.29 b 15.31 ± 0.29 b

RSMB 6.77 ± 0.43 c 4.36 ± 0.15 bc 10.04 ± 0.55 b 16.45 ± 0.20 a

CSB 7.50 ± 0.32 b 4.71 ± 0.09 ab 11.07 ± 0.38 a 16.68 ± 0.13 a

CSMB 8.14 ± 0.35 a 4.93 ± 0.20 a 11.51 ± 0.31 a 17.43 ± 0.87 a

LSD 0.38 0.38 0.99 0.99

F-test

Treatment ** ** ** **

Season ** ** ** **

Treatment × season ** - ** -
The column values with the same letters are statistical similar according to Duncan Multiple Range Test (DMRT)
at p < 0.05, **: Significant at probability (0.01).

With regard to grain contents of nutrients, Figure 4 indicated that total N, P and K
contents in both maize and wheat plants increased significantly (p < 0.01) with biochar
application. The modified biochar increased grain N, P and K compared to the original
biochar in both season’s plants. Soil amended with CSMB caused a valuable enhancement
of grain contents of wheat plants with percentages of 44.84%, 37.71% and 61.87% for N,
P and K compared to the control, whereas in maize plants, CSMB and RSMB were not
significantly (p > 0.05) different in regard to P and K grain contents. The N contents in
maize grains took the same attitude as in wheat grains, recording the highest value with
CSMB with a percentage of 45.51% more than the control treatment.

3.4. Proline and Antioxidant Enzymes

Data in Figure 5 represents the effect of different biochar amendments on maize and
wheat proline contents. Data showed a significant difference (p < 0.01) between crops,
treatments and interactions in free proline contents. The modified biochar types increased
the accumulation of proline contents in plant tissues compared to the original biochar
types. Free proline contents raised with biochar originated from cotton stalk residues
(CSB and CSMB) were used in both seasons. Production of proline increased with CSMB
treatment with a percentage of 53.05% and 50.17% in maize and wheat plants, respectively,
compared to untreated soil, whereas both plants recorded 2.45 µmol g−1 FW proline with
the application of RSMB.

Data in Figure 5 also revealed that antioxidant enzymes were ameliorated with dif-
ferent soil applications. The magnitude of adding acid biochar to soil represented the
enhancement of SOD accumulation compared to original biochar with records of 7.41%
and 9.83% for maize plants and 9.33% and 9.24% for wheat plants, respectively. The CSMB
amended to maize plants grown under saline-sodic conditions and extended for the second
season in wheat plants motivated SOD activity, recording 44.69 U·g−1 FW and 44.36 U·g−1
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FW in both seasons, respectively, with an increment percent of 32.78% and 36.11% com-
pared to the control. As for CAT activity, the magnitude of treatment effects takes the same
descending order in both seasons as follows: CSMB > CSB > RSMB > RSB. The highest rates
of CAT excretion recorded with CSMB treatments had average values of 31.96 mM H2O2
min−1 g−1 FW and 29.87 mM H2O2 min−1 g−1 FW for maize and wheat plants, respectively.
With regard to POD activity, it was affected significantly (p < 0.01) by treatments, crops and
its interaction. Figure 5 exhibited increasing POD activity in the same direction as CAT in
both maize and wheat seasons.
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4. Discussion

In arid and semiarid regions, salinity caused a severe reduction in plant productiv-
ity [46] as a result of harsh effects on biochemical as well as physiological activities in
plants [47]. Accordingly, the present study aimed to study the effect of different biochar
amendments in ameliorating saline-sodic soil fertility and the plant biochemical response
and to analyze its productivity for two seasons.

4.1. Characterizations of Prepared Biochar

X-ray diffraction (XRD) and Fourier-transform infrared spectroscopy (FTIR) repre-
sented the spectral characteristics of prepared biochar. Data indicated that acid-modified
biochar increased mineral composition on the surface. These results are in the same
line as [48]. Acidification of rice straw biochar resulted in the appearance of different
peaks in XRD patterns at the range of 2θ (25–60◦) when compared with the original one,
whereas there were some deviations that appeared with CSMB compared with CSB. Xie
et al. [49] reported that the acidification of biochar could result in stimulating the incision
of more functional groups, and at the same time, Naeem et al. [48] illustrated that the
acidity/alkalinity of biochar increased its crystallinity, and hence, its elemental contents
through dissolving the amorphous structure of biochar. Meanwhile, modification of biochar
increased the function groups of both biochar types. This could be related to the amelio-
ration of its crystallinity, with the stretching of its surface resulting in both increasing the
surface area [50] and negative charge [49,51]; therefore, strong stretching groups existed in
the FTIR pattern at several bands, such as in the C-O, C=C, C=O, -OH and C-H bending
groups [41]. This may be caused by a reduction in pH due to acidification.

4.2. Soil Characteristics

Biochar could be used as an agent to improve soil properties [52]. As can be observed
from Table 3, biochar amendments ameliorate soil degradation by salinity/sodicity. The
one-way ANOVA indicated that soil EC and ESP were affected significantly (p > 0.01) due
to biochar, season, depth and its combination. Sun et al. [53] reported that the application of
biochar reduced soil salinity by Na+ removal with leaching or adsorption, which may be the
reason for the increase in the soil EC with depth. Yao et al. [54] explained that the salinity
migration is due to the high-water diffusion rate caused by the biochar addition. Duan
et al. [55] studied the effect of biochar addition to salt-affected soil on water movement and
found that the transition rate of the soil moisture increased after biochar supplementation to
the soil. From another view, [56] found that the application of cotton stalk biochar increased
the soil EC around 45% compared to the control, but according to this study it was found
that the application of cotton biochar caused a migration of salts through the soil profile
in both seasons, recording 22.37% and 23.87% in maize and wheat seasons compared to
21.14% and 22.17% with the control treatment, whereas the modified cotton biochar CSMB
treatment reached 23.78% and 31.36% in maize and wheat plants, respectively. Overall
changes in ESP were observed with the application of biochar. Leaching experiments,
investigated by [57], exhibited that biochar application caused the increase in sodium
leachate contents with an increase in biochar levels, which means that biochar has the
ability to move Na from the upper layers and, at the same time, could enrich the soil profile
with exchangeable Ca+2 and Mg+2 sites. Results in Table 3 represent how modified biochar
was more effective in ameliorating soil ESP compared to original biochar, and CSMB had
the lowest ESP value, recording average values of 13.59% and 13.42% in both maize and
wheat plants, respectively. The more functional groups presented in modified biochar, as
shown in FTIR in Figure 2, with a more negative charge, such as O-H, C-H, C=C and C=O
groups in CSMB, could be related to more adsorption of Na+, whereas the acidification of
biochar led to an increase in acidic groups, such as S-H, C=C and C=O groups, and may
cause comprehensive reduction in pH and an excess of divalent and polyvalent cations,
such as Ca+2 and Mg+2, which replace Na+ on colloidal sites. Duan et al. [46] reported that
acidification of biochar led to an increase in C and H contents and significant boosting in
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O content. These results indicated the increase in exchangeable cations in soil amended
with biochar treatment. These results are in the same line as those reported by [58]. As
evidenced in Table 1, the biochar characterization contains a considerable amount of CEC,
with more minerals in acidified biochar. Jiang et al. [59] elucidated that the existence
of oxygen function groups on the surface of biochar gives it the ability to absorb more
cations, causing the increase in CEC. Additionally, [60] reported that the fast degradation of
biochar and the phenomenon of proton consumption may be involved in mineral nutrients
being released from the organic amendment. As for SOC, biochar treatments were affected
significantly (p > 0.01) by soil organic carbon content with soil depth. These results are in
the same line with those obtained by [58,61,62]. Moradi et al. [63] condensed the boosting
of SOC by biochar application due to the reality that biochar is carbon-rich organic matter.
Luo et al. [64] found that the application of biochar resulted in an increase in SOC due
to carbon mineralization and CO2 emission. Jiang et al. [65] reported that there are two
forms of C in biochar, the labile form which is very degradable and releases CO2, and
condensed C which is resistant to degradation, and [66] announced that around 70% of
labile C contributed to CO2 emissions from biochar.

As for soil-available nutrients, soil N, P and K were enhanced by biochar additions.
These results are in the same line with [58,62,67]. Table 4 showed that acidified biochar
had ample available nutrients. This may be due to different strategies: the increase in
CEC content of both CSMB and RSMB, the slow release of these nutrients, the adsorbance
characteristics of biochar and the functional groups that exist due to biochar acidification.
For N and K, [68] reported that biochar could carry large amounts of negative charges on
its surfaces, whereas for P concentration, [58] confirmed that biochar contains considerable
levels of P, which increases the total and available P in the soil. On the other hand, [69]
exhibited that biochar could enhance the amount and apportionment of solubilizing bacteria
in soil, resulting in the release of abundant N, P and K levels.

The modification of biochar caused a significant amelioration in soil bulk density
and porosity. Data obtained from Figure 3 demonstrated good physical behavior of soil
amended with modified biochar for both seasons. These results agree with previous studies
that confirm that the addition of modified biochar improves soil BD [70], soil porosity,
hydraulic conductivity [71] and soil-available water content [72], which may be the main
reason for water movement in the soil. The increase in Ca+2 and Mg+2 availability can
substitute Na+ in the soil [73,74] and participates in enhanced aggregation and saline-alkali
soil quality [75]. The good soil pores and porosity may be positively correlated to biochar
modification, as [76] reported that the activation of cotton stalk biochar with acids under
different temperatures increased the surface area to reach 297–627 m2 g−1, compared to
unmodified cotton stalk BC with a surface area of 224 m2 g−1.

4.3. Plant Biomass

The plant yield (grain and straw) for both maize and wheat plants varied significantly
when soil was amended with biochar, and the average enhancement percentages recorded
with CSMB treatment were an average grain yield of 29.7% and straw yield of 22.42%
compared to the control, respectively. These results agreed with [77,78]. Xie et al. [79] found
that the application of biochar after seven wheat–maize rotations increased crop yield
and explained that, especially due to amelioration of soil properties, N2O emissions were
alleviated by increasing SOC and the strong ability to hold soil water and fertilizer. Peiris
et al. [80] thought that the increase in plant growth could be a result of developments in soil
CEC concentration with biochar additions. On the other hand, [81] interpreted that biochar
prevents Na+ from entering plant cells and encourages plants to increase K+ accumulation,
therefore raising the Na+/K+ ratio which ameliorates plant growth under saline conditions.
Additionally, [82] shed light on photosynthesis and the nutrient uptake process that were
ameliorated by additions of modified biochar and were the key factors that increased plant
growth parameters. Moreover, [83] investigated the acidification of feedstock rice husk
biochar and found that, especially with 5 N HNO3, it resulted in an increase in rice plant
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biomass via plant height (48.8%), root length (58.78), spike length (36.4%), shoot dry weight
(132.9%) and grain yield (61.8%) compared to the control. Furthermore, [84] suggested
two strategies in increments of plant growth: the first is due to the nutrient supplying
capacity of biochar, and hence, increasing plant nutrient uptake, the latter is due to the
effect of biochar on soil physical and chemical characteristics. Jing et al. [85] clarified that
the addition of biochar can enhance crop production and added that it may be due to
biochar liberating the nutrients in an available form, especially nitrogen, which decreases
the nutrient losses.

Concerning the effect of biochar on grain nutrient contents of maize and wheat plants,
as shown in Figure 4, the application of CSMB increased plant N, P and K contents in
both plants with average values of 77.48 mg·g−1 DW, 25.87 mg·g−1 DW and 3.5 mg·g−1

DW for wheat plants and 24.18 mg·g−1 DW, 12.25 mg·g−1 DW, and 2.98 mg·g−1 DW for
maize plants, respectively. These results are in the same direction as [86]. Inal et al. [87]
reported that biochar application increased the growth and N, P, K, Ca, Zn, Cu and Mn
concentrations of maize and bean plants. Sahin et al. [22] found that the modification
of biochar with combined acid (H3PO4 + HNO3) caused the increase in the total maize
nutrient contents by 52.50%, 63.64% and 17.60% for N, P and K, respectively, compared to
the control. Moreover, the addition of rice straw biochar at the rate of 16.8 g·kg−1 to wheat
plants results in an increase in N, P, and K with percentages of 2.56%, 0.82% and 3.03%,
respectively, compared to the control [20].

4.4. Proline and Antioxidant Enzymes

Under abiotic stresses such as salinity/sodicity, the defense system via enzymes in
plants supplies a base for maintaining their growth, as the procedure is closely bonded to
plants’ antioxidant capacity [88]. Proline, SOD, POD and CAT are important compositions
of the antioxidant enzyme system, which play an important role in eliminating excessive
ROS [89]. Furthermore, increasing salt in leaves encourages ROS production and destroys
membranous cellular organelles, as confirmed by [90], and causes an increased level of
MDA and electrolyte leakage in salt-stressed leaves as a result of Na+ accumulation in
wheat leaves in saline −sodic soils. Data in Figure 5 revealed that antioxidant enzymes
ameliorated with biochar amendments and CSMB demonstrated the most significant
(p > 0.01) increments in proline, SOD, CAT and POD activity in maize and wheat plants
by 53.05% and 50.17% for proline, by 32.78% and 36.11% for SOD, by 30.16% and 7.38%
for CAT, and by 46.98% and 51.40% for POD compared to the control, respectively. These
results agreed with results reported by [66]. These results explicated the role of biochar
additions in ameliorating abiotic stress and reactive oxygen species (ROS) scavenging by
alleviating the oxidative damage to biomolecules. Zhang et al. [89], in their experiment of
adding BC to sugar beet roots, elucidated that biochar played a positive role in increasing
antioxidant enzymes and explained that it was due to two reasons: The first may be the
positive effects of biochar-based organic fertilizer on the pH and CEC of saline-sodic soil.
The other reason may be that biochar could upregulate pathways and genes associated
with plant defense, thereby reducing the negative effects of saline-sodic stress on sugar beet
roots. These results are similar to [91]. Mehmood et al. [92] conducted an experiment using
modified rice straw biochar on soybean plants grown in saline-sodic stress and found that
proline content decreased with saline conditions; however, modified biochar ameliorated
proline content by about 50% compared to the control. Furthermore, their results confirmed
that modified biochar protects soybean plants from oxidative salt stresses by enhancing
the activity of antioxidant enzymes (SOD, POD and CAT) and realized it with the higher
antioxidant-encoding gene expression profiles in plant tissues.

5. Conclusions

It can be concluded that the acid modification of biochar has potential effects for
improving its properties via porous functions, surface functional groups and mineral
compositions. These characteristics make it a good strategy to ameliorate salinity/sodicity
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stresses compared to original biochar. Using cotton stalk-modified biochar CSMB results in
enhancing both the soil’s physical and chemical properties via EC, ESP, CEC, SOC, BD and
porosity of soil. It has the same magnitude for increasing soil-available N and K, whereas
rice straw-modified biochar RSMB recorded the highest P contents, especially in the upper
soil layer of the soil profile. These results reflect their role in accretion of maize–wheat plant
biomass rotation, and CSMB treatment registered the highest values with increasing rates
of 34.15% and 29.82% for grain yield and 25.11% and 15.03% for straw yield in maize and
wheat plants, respectively, compared to the control. The modified biochar increased grain
N, P and K content in both season’s plants. Production of proline increased with CSMB
treatment by percentages of 53.05% and 50.17% in maize and wheat plants, respectively,
compared to untreated soil. The magnitude of adding acid biochar to soil represented the
enhancement in SOD accumulation compared to original biochar, with records of 7.41%
and 9.83% for maize plants and 9.33% and 9.24% for wheat plants, respectively.
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