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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• The adsorption capacity of wheat straw 
biochar (WSP) for Na+ was higher than 
that of softwood biochar. 

• Biochar amendment reduced Na+ con-
centration, increased K+ concentration, 
and improved root morphology of cot-
ton plants. 

• WSP combined with alternate partial 
root-zone drying irrigation increased the 
salt tolerance and WUE of cotton plants.  
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A B S T R A C T   

An adsorption experiment and a pot experiment were executed in order to explore the mechanisms by which 
biochar amendment in combination with reduced irrigation affects sodium and potassium uptake, root 
morphology, water use efficiency, and salinity tolerance of cotton plants. In the adsorption experiment, ten NaCl 
concentration gradients (0, 50, 100, 150, 200, 250, 300, 350, 400, and 500 mM) were set for testing isotherm 
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adsorption of Na+ by biochar. It was found that the isotherms of Na+ adsorption by wheat straw biochar (WSP) 
and softwood biochar (SWP) were in accordance with the Langmuir isotherm model, and the Na+ adsorption 
ability of WSP (55.20 mg g− 1) was superior to that of SWP (47.38 mg g− 1). The pot experiment consisted three 
factors, viz., three biochar amendments (no biochar, WSP, and SWP), three irrigation strategies (deficit irriga-
tion, partial root-zone drying irrigation – PRD, full irrigation), and two NaCl concentrations gradients (0 mM and 
200 mM). The findings indicated that salinity stress lowered K+ concentration, root length, root surface area, and 
root volume (RV), but increased Na+ concentration, root average diameter, and root tissue density. However, 
biochar amendment decreased Na+ concentration, increased K+ concentration, and improved root morphology. 
In particular, the combination of WSP and PRD increased K+/Na+ ratio, RV, root weight density, root surface 
area density, water use efficiency, and partial factor productivity under salt stress, which can be a promising 
strategy to cope with drought and salinity stress in cotton production.   

1. Introduction 

As an important fiber and cash crop, cotton (Gossypium hirsutum L.) 
grows mainly in tropical and subtropical areas of more than eighty 
countries around the world (Abdelraheem et al., 2019; Li et al., 2023). 
Meanwhile, as the second major producer of cotton worldwide, China 
manufactures 23 % of the world’s cotton fiber (Abdelraheem et al., 
2019; Wang et al., 2022). Moreover, cotton cultivation is an important 
source of economic income for many smallholder producers in China (Li 
et al., 2023; Wang et al., 2022). However, salinity stress and water 
scarcity are currently the major limiting factors for cotton cultivation in 
arid and sub-arid areas (Abdelraheem et al., 2019; Li et al., 2023). 
Therefore, it is urgent to find efficient water-saving irrigation technol-
ogy and methods to alleviate salinity stress. 

Salt stress has many detrimental effects on plant growth. For 
example, I) salinity can induce osmotic stress, thereby affecting the 
water uptake of the plant (Liang et al., 2018); II) salinity often induces 
ion toxicity, with higher Na+ reducing plant photosynthesis and tending 
to lead to an imbalance of intracellular ions (Hannachi and Van Labeke, 
2018). III) Salt stress can also lead to nutrient imbalance, especially by 
reducing the uptake of K+, which is important for maintaining many 
physiological processes in the plant and therefore affects plant devel-
opment (Kiani et al., 2017; Xiong et al., 2018). K+ plays a vital function 
in the reversal of salinity stress, mainly by regulating intracellular ion 
homeostasis and antioxidant metabolism, which in turn influences the 
ROS scavenging process to alleviate the injury caused by salinity 
(Ahanger and Agarwal, 2017; Cakmak, 2005). In many species, K+

supply can increase osmotic regulation and improve plant water re-
lations (Ashraf et al., 2001; Sangakkara et al., 2000; Shabala and Pot-
tosin, 2014). Especially, adequate K+ supply is required to sustain the 
normal growth and function of roots under salinity stress (Wang et al., 
2013). Therefore, limiting Na+ absorption and lowering Na+ concen-
tration in plants, while reducing K+ loss from the roots, is essential to 
improve salt resistance in plants (Liang et al., 2018; Sun et al., 2016; 
Xiong et al., 2018; Zhang et al., 2009; Zhang and Shi, 2013). Indeed, 
earlier researches have suggested that the proper K+/Na+ is necessary 
for the activation of cytoplasmic enzymes (Chakraborty et al., 2016; Ju 
et al., 2023; Zhang et al., 2018). 

On the other hand, under stress conditions, the root system of the 
crop, as an organ in direct contact with the soil, can be significantly 
altered in its morphology (Yoshimura et al., 2008), thus affecting the 
uptake of water and nutrients (Djanaguiraman et al., 2018), which in 
turn has an impact on crop physiology and yield (Hamada et al., 2011; 
Ranjan et al., 2022; Zhou et al., 2021). In other words, due to the 
phenotypic plasticity of the root system, plants can regulate their root 
morphological traits and the direction of root growth to avoid salinity 
and drought stresses (Chun et al., 2021; Galvan-Ampudia and Testerink, 
2011). Therefore, it is essential to examine the changes in the root 
morphology of plants under abiotic stress, which has significant impli-
cations for understanding the physiological response of the plants. At the 
same time, finding a method and strategy to alleviate salinity and 
drought stress is also imminent in order to cope with the environmental 
challenges that adversely affect crop growth and productivity. 

It has been reported already that biochar amendment has the po-
tential to mitigate drought and salinity stress (Akhtar et al., 2015b; 
Zhang et al., 2020). Biochar is a solid carbon-rich material derived from 
thermochemical transformation of biological matter under oxygen- 
limited or anaerobic conditions (Hussain et al., 2020). During the pro-
cess of pyrolysis, a large number of pore structures and functional 
groups are established on the biochar surface (Sun et al., 2021), allowing 
biochar amendment to improve soil fertility, retain nutrients, stimulate 
microbial activity, and immobilize inorganic or organic pollutants 
(Ruan et al., 2019). Moreover, previous reports generally suggest that 
the porosity, huge surface area, and functional group-rich properties of 
biochar give it the ability to adsorb large amounts of inorganic ions 
(Leng et al., 2022; Mahmoud et al., 2020; Xu et al., 2023). Also, biochar 
amendment can modify the physicochemical characteristics of soil 
minerals (Cai et al., 2022); for example, biochar amendment can change 
the surface area, and ion-exchange capacity through ion-exchange 
interaction of interlayer cations or anions, or through hydroxyl 
complexation (Jing et al., 2022; Wang et al., 2021b). Further, biochar 
amendment can decrease the concentration of reactive oxygen species 
like O2•− and H2O2 (Jiang and Zhang, 2001; Kim et al., 2016) by 
lowering the Na+ concentration in plant tissues, and thus effectively 
mitigate oxidative stress (Akhtar et al., 2015a; Akhtar et al., 2015b; 
Akhtar et al., 2015c). In addition, biochar amendment can raise the soil 
potassium content to meet the nutrient demand of plants, indicating that 
biochar can serve as an alternative to chemical potassium fertilizers to 
some extent and reduce the risk to the environment posed by chemical 
potassium fertilizers (Wu et al., 2019). 

In addition to biochar amendment, salinity stress can also be 
ameliorated by some irrigation practices (Munns, 2002), such as partial 
root-zone drying irrigation (PRD), which can mitigate salinity stress in 
addition to enhancing crop water use efficiency (WUE) (Hou et al., 2023; 
Kong et al., 2016; Kong et al., 2017). The advantage of the PRD strategy 
is that it allows roots on the desiccated side to produce abscisic acid 
(ABA) to reduce the stomatal opening and thus the luxurious transpi-
ration of the plant, increasing the WUE of the crop, while roots on the 
wetted side maintain the normal growth of the crop (Davies et al., 2002; 
Kang and Zhang, 2004; Liu et al., 2006; Wei et al., 2018). Moreover, PRD 
strategy caused inhomogeneous salt distribution in soil solution, which 
induced the expression of Na+ efflux genes (e.g., SOS1, SOS2, PMA1, and 
PMA2), improved the ability of plant roots to release Na+, lowered the 
Na+ content of roots and plants, hence mitigating salt stress (Kong et al., 
2012, 2016; Kong et al., 2017). 

Although there have been some reports that biochar amendment can 
mitigate salinity stress and facilitate crop performance (Drake et al., 
2015; Hammer et al., 2015; Huang et al., 2019; Ju et al., 2021; Meh-
mood et al., 2020; Tang et al., 2020; Thomas et al., 2013; Yang et al., 
2020; Zhang et al., 2019b), the underlying mechanisms have not been 
fully understood. Moreover, current studies on the sorption properties of 
biochar have mainly focused on heavy metal ions (e.g., Cd2+, Pb2+, 
Zn2+) (Deliyanni et al., 2012; Liu et al., 2022a; Lu et al., 2012; Soria 
et al., 2020), few studies have investigated the mechanism of Na+

sorption by different types of biochars. Moreover, studies on biochar 
application in combination with PRD strategy to alleviate salinity stress 
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and improve root morphology and reducing Na+ uptake in cotton plants 
have not yet been published. Therefore, a greenhouse pot experiment 
and an isothermal sorption test of biochar on Na+ was conducted to 
survey the effects of different types of biochar coupled with PRD on root 
morphology, Na+ and K+ uptake, and water use efficiency, and to 
elucidate the sorption mechanism of biochar on Na+. It was hypothe-
sized that wheat straw biochar coupled with PRD could significantly 
reduce Na+ uptake, improve root morphology, water use efficiency, and 
partial factor productivity in cotton plants. 

2. Materials and methods 

2.1. Experimental materials 

The soil chosen for the experiment was collected from a local farm in 
Yangling, Shaanxi, China. The soil consisted of 85 % silt, 8 % clay, and 7 
% sand and is classified as silt according to USDA classification. Biochar 
was sourced from the Biochar Research Centre in the UK and was 
generated by the pyrolysis of raw materials of soft wood and wheat 
straw at 550 ◦C under anaerobic conditions, labeled SWP and WSP, 
respectively. Later, the biochar was ground into a powder. And, the soil 
also passed through a 0.5 cm sieve after air-drying for subsequent use. 
The physical and chemical properties of the soil and biochar are detailed 
in Table 1. 

2.2. Sodium adsorption experiment 

2.2.1. Sodium adsorption isotherm studies 
The sodium adsorption experiment was carried out for WSP and SWP 

biochar. 0.2 g of biochar was placed in a 25-mL centrifuge tube, followed 
by the addition of 20 mL of NaCl solutions with concentration gradients 
of 0, 50, 100, 150, 200, 250, 300, 350, 400, and 500 mM, respectively. 
All tubes were vibrated for 24 h at 25 ± 1 ◦C. After equilibration, all 
tubes were subjected to centrifugation at 4000 r/min for 5 min and the 
supernatant was filtered through filter paper (whatman 40). The Na+

concentration of the filtrate was assayed using an Inductive Coupled 
Plasma Emission Spectrometer (ICP, MS6880, China). The adsorption 
amount of Na+ by biochar was computed using Eq. (1) according to 
Akhtar et al. (2015a). The adsorption experiment contained two types of 
biochar, 10 concentrations of NaCl solution, three replicates, and a total 
of 60 centrifuge tubes. 

qe =
(Ci − Ce) × V

m
(1)  

where, qe (mg g− 1) denotes the adsorption amount at the equilibrium; Ci 

and Ce denote the Na+ concentration in the solution at the beginning 
state and at equilibrium, respectively; V denotes the solution volume (L); 
and m denotes the mass of biochar (g). 

2.2.2. Adsorption isothermal model 
To assess the adsorption characteristics of biochar on Na+, the 

maximum adsorption capacity, and the adsorption mechanism of Na+, 
the Langmuir isotherm model (Langmuir, 1918), Freundlich isotherm 
model (Freundlich, 1907), and Dubinin-Radushkevich isotherm model 
(Dubinin, 1975) were assessed based on Eqs. (2), (3), (4), and (5), 
respectively. 

qe =
KlqmCe

1 + KlCe
(2)  

where, qe (mg g− 1) denotes the adsorption amount at the equilibrium; Kl 
(L mg− 1) is a constant of Langmuir, which is associated with the affinity 
of the binding site; qm (mg g− 1) is the maximum adsorption capacity; Ce 
(mg L− 1) is the concentration of Na+ in the equilibrium solution. 

qe = Kf C
1
n
e (3)  

where, Kf (L g− 1) is the Freundlich constant; n is the Freundlich expo-
nent, which is associated with the adsorption intensity. 

qe = qm⋅exp

{

− β⋅
[

RTln
(

1 +
1

Ce

)]2
}

(4)  

E =
1̅̅
̅̅̅

2β
√ (5)  

where, qe (mg g− 1) denotes the same as in Eq. (1); Ce (mg L− 1) is the 
same as in Eq. (2); qm (mg g− 1) is the maximum sorption capacity; β 
(mol2 KJ− 2) is the Dubinin-Radushkevich constant, which is associated 
with the adsorption energy; R is the universal gas constant (8.314 J 
mol− 1 K− 1); and T (K) is the absolute temperature. 

From β, the Gibbs free energy (E, kJ mol− 1) can be computed based 
on Eq. (5) according to Mane et al. (2007) for the purpose of differen-
tiating the kind of adsorption process. When E is <8 kJ mol− 1, the 
adsorption process is a physical process, and when E is between 8 kJ 
mol− 1and 16 kJ mol− 1, it is a chemical process (Taha et al., 2016). 

2.3. Pot experiment 

The location of greenhouse pot trials was located at Northwest A&F 
University (34◦ 15′N, 108◦ 04′E) in Yangling, Shaanxi, China, starting in 
June 2020 and ending in January 2021. Prior to the trial start, biochar 
was mixed with soil at a 2 % (w/w) addition rate, and then the soil or 
mixture was packed into custom-made split-root pots with a packed soil 
weight of 18 kg. Meanwhile, 5.40 g KH2PO4 and 4.86 g urea were 
thoroughly incorporated into the soil of each pot to provide sufficient 
nutrients required for cotton growth. The split-root pot was a rectan-
gular shape with a height of 40 cm and a length and width of 26 cm and 
16 cm, respectively, and was divided equally into two compartments in 
the middle of the pot by a PVC divider with a groove. This groove (6 cm 
high and 3 cm long) was reserved for the purpose of transplanting the 
cotton seedlings there afterward. The bulk density and the water holding 
capacity (WHC) of the filled soil were1.20 g cm− 3 and 25 %, respec-
tively, and the WHC of the soil mixed with SWP and WSP was 26 % and 
27 %, respectively. The permanent wilting point of the soil is 8 % 
(gravimetric). The cotton (Gossypium hirsutum L.) variety used in the 
experiment was Lumian No. 37 from China. Cotton seeds were first sown 
in seedling trays, and when they reached the 3–4 leaf stage, we selected 
uniformly growing cotton seedlings and transplanted them into split- 
root pots, one cotton seedling per pot. In order to avoid the influence 
of other factors, we did not treat the cotton seeds before sowing. At the 
time of transplanting, the principal roots of the cotton seedlings were 

Table 1 
Physical and chemical properties of soils and biochar.  

Properties Soil WSP SWP 

EC, μS cm− 1 360 1700 90 
pH 7.72 9.94 7.91 
CEC, cmol + kg− 1 1.95 6.15 3.15 
Total N, g kg− 1 0.46 13.9 <1 
Total K, g kg− 1 24.24 15.6 2.5 
Total P, g kg− 1 0.59 1.4 0.6 
Total C, g kg− 1 17.79 682.6 855.2 
Available K, mg kg− 1 86.33 – – 
C/N ratio 38.67 49.11 <855.2 
C stability, % – 96.51 69.62 
Zinc, mg kg− 1 – 10.50 25.71 
Copper, mg kg− 1 – 3.63 19.41 
Cadmium, mg kg− 1 – 3.15 3.48 
Nickel, mg kg− 1 – 1.00 3.30 
Total surface area, m2 g− 1 – 26.40 26.40 
Total ash, % – 21.25 1.25 
Total pore volume, cm3 g− 1 – 0.02 0.00 
BET, m2 g− 1 – 299 27.57  
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separated into two equal portions using a scalpel, and the seedlings were 
then moved to the grooved position in the root-splitting pots. Subse-
quently, two probes were inserted into the two compartments to detect 
the soil water content (SWC) by TDR (Minitrase, USA). Furthermore, a 2 
cm layer of perlite was placed on the soil top for minimal soil 
evaporation. 

The pot experiment included a total of three factors, four replicates, 
and a total of 72 pots. Namely, the biochar amendment ([B]) mainly 
included wheat straw biochar (WSP), soft wood biochar (SWP) and no 
biochar amendment (CK); the irrigation regime ([IR]) mainly included 
deficit irrigation (DI), partial root-zone drying irrigation (PRD), full 
irrigation (FI); and the salt addition ([S]) consisted of two NaCl levels of 
0 mM (S0) and 200 mM (S1). One month after the cotton seedlings were 
transplanted, salt treatment was started by randomly selecting half the 
number of cotton plants from 72 pots for salt addition as S1 treatment. 
The specific operation was to add 100 mL of NaCl solution to the pots 
every two days, 4.74 g NaCl each time, and to continue adding NaCl 
solution for 20 d, so that the NaCl concentration of the soil solution was 
200 mM (i.e., the salt content of the soil is about 0.26 %) after the end of 
salt addition. After the end of the salt treatment, three irrigation treat-
ments were applied to all cotton plants. Irrigation treatments were 
applied from 16:00 to 18:00 daily and maintained for a total of 100 d, i. 
e., throughout the budding, flowering & boll-setting, and boll-opening 
stages of cotton plant growth. 

For all FI treatments, irrigation was applied up to 90 % of WHC. For 
the DI and PRD treatments, irrigation was applied at 70 % of the irri-
gation amount for each FI. The difference between the DI and PRD was 
that for DI both compartments of the pots were irrigated at a time, 
whereas for the PRD treatment only one compartment was irrigated 
until the soil water content of the other soil compartment dropped to 12 
%, then the switch to irrigating the other compartment was initiated. 
Here we need to emphasize that the soil salinity has a huge impact on the 
monitoring of the TDR equipment, making it impossible to rely on the 
TDR for accurate monitoring of the SWC under S1. Therefore, we use the 
traditional weighing approach to detect the SWC for S1, and the TDR 
device is only used to detect the SWC under S0. Moreover, for the S0 
treatment, we also use the weighing method to calibrate the TDR. As a 
result, we could not obtain the soil water content change curve for the 
PRD under S1, but for the irrigation conversion cycle of PRD under S1, 
we follow the corresponding irrigation cycle of PRD under S0. The 
variation curves of SWC during the irrigation treatment are described in 
Hou et al. (2023). 

The environmental conditions during the treatment period for the 
pot experiment were monitored by a temperature & humidity mea-
surement instrument (TH-Logger, China) in the greenhouse, see Fig. S1, 
mainly including temperature (T), relative humidity (RH), and vapor 
pressure deficiency (VPD). 

2.4. Measurements and calculations 

2.4.1. Surface morphology of biochar 
The microscopic morphology of biochar was described using a 

scanning electron microscopy (SEM, TESCAN-MIRA, LMS, The Czech 
Republic). The biochar samples were coated with a thin gold layer and 
then measured at 15 kV according to Shen et al. (2017). 

2.4.2. Fourier-transform infrared spectroscopy 
Fourier-transform infrared spectroscopy (FTIR) was executed in 

order to identify the major functional groups on the surface of biochar. 2 
mg biochar and 200 mg KBr were weighed and their mixture was made 
into a sample press at a pressure of 1 MPa, and then the samples were 
analyzed by FTIR (Thermo Scientific Nicolet iS5, America) at a solution 
of 2 cm− 1 in the 4000–400 cm− 1 range. 

2.4.3. Na+ and K+ concentration of different organs of cotton plants 
On January 21, the leaves, stems and roots were individually 

harvested and then dried to a stable weight in an oven at 75 ◦C. These 
dry samples were then milled into powder and sieved through a 0.25 
mm mesh sieve. The Na+ concentration in the leaves ([Na+]leaf), stems 
([Na+]stem), and roots ([Na+]root) were then determined using a Flame 
Photometry (PE-pinAAcle, 900 F) according to Ma et al. (2021). Simi-
larly, the K+ concentration in the leaves ([K+]leaf), stems ([K+]stem), 
roots ([K+]root) were also determined separately. 

2.4.4. Determination of root morphology 
After harvesting the above-ground stems and leaves separately, the 

roots were collected. In detail, the root system was collected by digging 
out the entire soil column in the pot and retrieving all the roots using 
tweezers. The roots ware then rinsed in a 2 mm nylon mesh bag and 
scanned by a root system reader (EPSON Perfection V700, Epson 
America, Inc.) and analyzed by WinRHIZO Pro software (Version 2012b; 
Regent Instruments Inc., Québec, QC, Canada) according to Liu et al. 
(2022b). The root morphological features mainly included root average 
diameter (RAD, mm), root length (RL, cm), root volume (RV, cm3), root 
surface area (RSA, cm2). Later, the roots were oven dried to constant 
mass in the oven Then, according to Li et al. (2009), Alhaj Hamoud et al. 
(2019), and Wang et al. (2021a), the specific root length (SRL, m g− 1), 
specific root volume (SRV, cm3 g− 1), specific root surface area (SRA, cm2 

g− 1), root weight density (RWD, mg cm− 3), root length density (RLD, cm 
cm− 3), root surface area density (RSAD, cm2 cm− 3), and root tissue 
density (RTD, g cm− 3) were computed based on Eqs. (6), (7), (8), (9), 
(10), (11), and (12), respectively. 

SRL = RL/RDM (6)  

SRV = RV/RDM (7)  

SRA = RSA/RDM (8)  

RWD = RDM/V (9)  

RLD = RL/V (10)  

RSAD = RSA/V (11)  

RTD = RDM/RV (12)  

where, RDM (g) is the root dry mass; V (cm3) is the volume of the soil 
column. 

2.4.5. Partial factor productivity and water use efficiency 
According to Alhaj Hamoud et al. (2019) and Li et al. (2023), the 

partial factor productivity (PFP, g g− 1) of nutrients in the applied fer-
tilizer was calculated according to Eq. (13). 

PFP = SCY/NI (13)  

where, SCY (g plant− 1) is the seed cotton yield; NI (g soil− 1) is the 
nutrient input. 

Meanwhile, according to Li et al. (2018b), water use efficiency at the 
whole plant level (WUEt, g L− 1) and seed cotton level (WUEs, g L− 1) were 
calculated based on Eqs. (14) and (15), respectively. 

WUEt = DM/WU (14)  

WUEs = SCY/WU (15)  

where, DM (g plant− 1) is the dry biomass of the whole plant, SCY (g 
plant− 1) is seed cotton yield, WU (L plant− 1) is water consumption of the 
cotton plant. 

2.5. Statistical analysis of data 

The three-factor ANOVA was performed by SPSS 22.0 (IBM, 
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Corporation, USA) for salt ([S]), biochar ([B]), irrigation ([IR]) and their 
interactive effects ([S] × [B] × [IR]). Differences between the means 
were implemented using Tukey’s multiple comparisons at the 5 % sig-
nificance level. Pearson’s correlation between the indicators was per-
formed using Origin Pro 2022 (OriginLab Inc., USA). 

3. Results 

3.1. Characterization of biochar 

Images of the Scanning electron micrographs (SEM) of WSP and SWP 
are presented in Fig. 1. Biochar SEM images reveal the porous structure 
of the raw material. This porous structure of biochar allows biochar to 
have a larger surface area and pore volume, which helps to improve the 
adsorption capacity of biochar. Moreover, WSP has more micro-size 
pores compared to SWP. 

Furthermore, Fourier-transform infrared (FTIR) was executed for the 
identification of functional groups on the biochar. FTIR spectra revealed 
that WSP and SWP have different functional groups (Fig. 2). A large 
number of absorption bands of WSP and SWP are concentrated at 
wavenumber <3500 cm− 1. The SWP is characterized as nine bands at 
wave numbers 3437, 2919, 1589, 1394, 1089, 880, 803, 570, and 463 
cm− 1, respectively. The band at 3437 cm− 1 can be assigned to the 
stretching vibration of the O–H (Zhang et al., 2019b); The bands at 
2919 cm− 1 as well as 1589 cm− 1 are associated with the stretching vi-
brations of aliphatic C–H and aromatic C––C, respectively (Nguyen 
et al., 2022); The band at 1394 cm− 1 should be ascribed to phenolic 
hydroxyl deformation (Tang et al., 2019; Zhang et al., 2021), COO−

symmetric stretching of deprotonated carboxylic acids (Huang et al., 
2018) or C–N stretching (Yang and Jiang, 2014); The band at 1089 
cm− 1 could be ascribed to OH in-plane bending cellulose (Purakayastha 
et al., 2015), or C–C, C–O, C–O–C (Hasan et al., 2020), silicon oxide 
(Si–O) (Kataki et al., 2017) stretching vibrations; The bands at 880 
cm− 1 as well as 803 cm− 1 are ascribed to the bending vibrations of ar-
omatic C–H (Liu et al., 2021a; Moussavi and Khosravi, 2012; Pur-
akayastha et al., 2015); The band at 570 cm− 1 is ascribed to the P––O 
bending of dicalcium phosphate or phosphate ions (PO4

3− ) (Bekiaris 
et al., 2016; Soria et al., 2020); The band at 463 cm− 1 is assigned to the 
asymmetric deformation vibration of the Si–O bond (Nguyen et al., 
2022; Zhu et al., 2018). Similarly, the WSP is characterized as seven 
bands at wave numbers 3415, 1620, 1427, 1081, 779, 694, and 460 
cm− 1, respectively. The band at 3415 cm− 1 can be ascribed to the 
stretching vibration of the O–H (Wang et al., 2019b); The band at 1620 
cm− 1 can be associated with the stretching vibration of aromatic carbon 

C––C (Nguyen et al., 2022); The band at 1427 cm− 1 can be associated 
with phenolic O–H bending (Purakayastha et al., 2015); The band at 
1081 cm− 1 can be correlated with the deformation of C–O (Nair et al., 
2020) or Si–O–Si (Margenot et al., 2016; Nguyen et al., 2022); The 
band at 779 cm− 1 can be linked to an asymmetric vibration of Si–O 
(Kamran et al., 2019; Salam et al., 2020); The band at 694 cm− 1 can be 
associated with the stretching vibration of C–H in the aromatic ring 
(Chan and Wang, 2018; Dai et al., 2022; Sahoo et al., 2020); The band at 
460 cm− 1 can be derived from the bending vibration of Si–O (Nguyen 
et al., 2022). 

3.2. Isothermal adsorption model of biochar on Na+

To study the adsorption equilibrium of biochar on Na+, isothermal 
adsorption experiments were performed. Biochar adsorption of Na+ (qe) 
showed an increase with increasing initial salt concentration (Ci) 
(Fig. 3). However, there was a slight difference in the adsorption ca-
pacity of SWP and WSP for Na+, with the adsorption of Na+ by WSP 
biochar being greater than that by SWP. 

On the other hand, the adsorption data were fitted using different 
isothermal adsorption models, and the fitted parameters of each model 
are displayed in Table 2. It is evident that the best fit was obtained for 
the Langmuir model. Moreover, the Langmuir model shows that WSP 

Fig. 1. Scanning electron microscopy (SEM) images of the biochar. (SWP and WSP denote soft wood biochar and wheat straw biochar, respectively. Same below.)  

Fig. 2. Fourier-transform infrared (FTIR) spectra of biochar.  
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has a higher sorption capacity for Na+ (55.20 mg g− 1) compared to SWP 
(47.38 mg g− 1). Dubinin-Radushkevich model shows that the free 
adsorption energy of WSP is higher than that of SWP, and the free energy 
of both WSP and SWP is below the threshold of 8 kJ mol− 1, suggesting 
that the process of Na+ adsorption by WSP and SWP is mainly a physical 
process. 

After the adsorption equilibrium, we determined the pH of the so-
lution in equilibrium. The results suggested that the pH of the equilib-
rium solution gradually decreased with increasing salt concentration 
(Fig. 4). The reduction in pH of WSP was greater than that of SWP. The 
pH value in the equilibrium solution of SWP dropped from 7.31 to 7.18, 
while the pH value in the equilibrium solution of WSP fell from 7.40 to 
6.65. 

3.3. Root morphological characteristics of cotton plants in response to 
different biochar amendments and irrigation strategies under salt stress 

Analyzing the root characteristics (Table 3), [S] had significant ef-
fects on RL, RAD, RSA, RV, SRL, SRA, SRV, RLD, RWD, RTD, RSAD. Salt 
stress significantly reduced RL, RSA, RV, SRL, RWD, RSAD, SRA, and 
RLD by 51.03 %–69.13 %, 39.07 %–58.25 %, 19.07 %–46.25 %, 38.30 
%–61.02 %, 4.09 %–37.79 %, 39.07 %–58.25 %, 24.97 %–48.95 %, and 
51.03 %–69.13 %, respectively. Also, salt stress significantly increased 
RAD and RTD by 12.49 %–45.16 %, and 0.26 %–78.67 %, respectively. 
However, biochar amendment significantly increased RL, RSA, RLD, RV, 
SRL, RWD, RSAD compared to CK. Further, WSP was preferable to SWP 
in promoting root growth and improving root morphology. The WSP 

amendment significantly increased RV by 9.52 %–56.14 % in compari-
son to SWP. DI and PRD allowed enhancing SRL by 0.45 %–47.63 % in 
comparison to FI. Furthermore, compared to DI, PRD contributed to an 
increase in RL, RV, RSA, RLD, RWD, and RSAD by 6.50 %–34.44 %, 3.61 
%–26.63 %, 6.93 %–30.70 %, 6.50 %–34.44 %, 10.95 %–27.63 %, and 
6.93 %–30.70 % respectively. 

3.4. K+ concentration, Na+ concentration, and K+/Na+ ratio in different 
organs of cotton plants 

Obviously, [S] and [B] had significant effects on [Na+]leaf, [Na+]stem, 
[Na+]root, [K+]leaf, [K+]stem, [K+]root, [K+/Na+]leaf, [K+/Na+]stem, and 
[K+/Na+]root, respectively (Fig. 5, Table 4). Irrespective of [B] and [IR], 
salt stress made Na+ concentration rise, lowered K+ concentration and 
K+/Na+ ratio of different organs. However, biochar amendment resulted 
in lower Na+ concentration, higher K+ concentration and K+/Na+ ratio 
in different organs. Under S1, in comparison to FI, DI and PRD led to 
elevated [Na+]leaf, [Na+]stem and [Na+]root by 13.36 %–54.03 %, 12.12 
%–18.66 %, 6.73 %–12.19 %, and 3.53 %–23.66 %, 1.56 %–9.36 %, 
2.00 %–3.50 %, respectively. Moreover, PRD reduced [Na+]leaf, 
[Na+]stem and [Na+]root by 7.77 %–19.72 %, 2.46 %–12.58 %, and 3.99 
%–9.08 %, respectively, compared to DI. However, under S0, DI and 
PRD reduced [Na+]leaf, [Na+]stem by 8.99 %–21.03 %, 17.87 %–34.84 % 
and 10.65 %–23.66 %, 22.18 %–29.79 % compared to the FI, respec-
tively. Under S1, biochar application led to a significant reduction in 
[Na+]leaf, [Na+]stem, and [Na+]root by 10.11 %–33.84 %, − 0.62 %-17.54 
% and 3.62 %–11.02 %, respectively. Further, compared to the SWP, the 
WSP amendment significantly reduced [Na+]leaf, [Na+]stem and [Na+]-
root by − 7.52 %-16.89 % (except for [S1, WSP, FI] which made [Na+]leaf 
increased by 7.52 % compared to [S1, SWP, FI]), 8.56 %–16.56 %, 2.95 
%–6.94 % under S1. 

In addition, biochar amendment resulted in significantly higher 
[K+]leaf, [K+]stem, and [K+]root compared to the CK. In particular, under 
S1, the biochar amendment resulted in significantly higher [K+]leaf, 
[K+]stem, and [K+]root by 2.36 %–83.04 %, 2.01 %–70.67 %, and 7.48 %– 
33.91 % compared to CK. Furthermore, under S1, the WSP amendment 
significantly elevated [K+]leaf, [K+]stem, and [K+]root by 28.17 %–69.13 
%, 38.22 %–58.75 %, and 3.05 %–18.79 % (except for [S1, WSP, DI] 
which made [K+]root decreased by 8.73 % compared to [S1, SWP, DI]) 
compared to the SWP. In addition, in general, DI and PRD led to a 
reduction in [K+]leaf, [K+]stem, and [K+]root compared to the FI. In 
particular, under S1, PRD elevated [K+]leaf by 2.21 %–12.83 % 
compared to DI. 

For the K+/Na+ ratios of different organs, salt stress markedly 

Fig. 3. Isothermal adsorption of Na+ by WSP and SWP fitted using three 
isothermal models. 

Table 2 
Fitting parameters of the adsorption isotherm model for Na+ adsorption on WSP 
and SWP.  

Isotherm model Parameters Biochar 

WSP SWP 

Langmuir qm (mg g− 1) 55.20 ± 0.88a 47.38 ± 1.91b 
Kl (L mg− 1) 1.13 × 10− 4 ± 6.39 

× 10− 6a 
6.95 × 10− 5 ± 1.07 
× 10− 5b 

R2 0.99 0.98 
Freundlich Kf (L g− 1) 0.44 ± 0.05a 0.12 ± 0.04b 

n 2.22 ± 0.04a 1.82 ± 0.10b 
R2 0.97 0.97 

Dubinin- 
Radushkevich 

qm (mg g− 1) 37.53 ± 0.62a 28.55 ± 0.33b 
β (mol2 

KJ− 2) 
1.97 ± 0.35b 4.55 ± 0.62a 

E (kJ mol− 1) 0.52 ± 0.05a 0.34 ± 0.02b 
R2 0.75 0.81  

Fig. 4. pH change curves of the equilibrium solutions of WSP and SWP after 
reaching adsorption equilibrium in different concentrations of salt solutions. 
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lowered [K+/Na+]leaf, [K+/Na+]stem, and [K+/Na+]root by 49.49 %– 
79.17 %, 46.18 %–74.05 %, and 30.17 %–66.82 %. However, biochar 
addition alleviated the reduction of [K+/Na+] in different organs of 
cotton plants. Moreover, the WSP amendment elevated [K+/Na+] to a 
greater extent compared to the SWP amendment. In detail, compared to 
CK, WSP significantly elevated [K+/Na+]leaf, [K+/Na+]stem, and [K+/ 
Na+]root by 48.97 %–141.27 %, 25.40 %–99.76 %, and 31.64 %–119.10 
%, respectively, yet SWP significantly elevated [K+/Na+]leaf, [K+/ 
Na+]stem, and [K+/Na+]root by only 14.91 %–85.80 %, 7.23 %–61.15 %, 
and 9.37 %–39.07 %, respectively. There was a significant interaction of 
[S] × [IR] on [K+/Na+]leaf (Table 4). Under S1, DI and PRD made the 
[K+/Na+]leaf decrease by 25.27 %–55.49 % and 9.87 %–43.13 % 
compared to FI, respectively. Moreover, under S0 and S1, PRD treatment 
elevated [K+/Na+]leaf by 3.24 %–27.77 % compared to DI (Fig. 6). 

3.5. Water use efficiency and partial factor productivity of nutrients of 
cotton plants in response to different biochar amendments and irrigation 
strategies under salt stress 

Salt stress remarkably declined the dry biomass (DM) and the partial 
factor (N, P, and K) productivity of nutrients in comparison to the S0, but 
significantly raised the WUEt and WUEs (Table 5; Fig. S2). In detail, the 
DM and the partial factor (N, P, and K) productivity was significantly 
reduced by 27.41 %–47.52 % and 17.81 %–47.22 % under S1 compared 
to S0, but WUEt and WUEs were significantly increased by 2.65 %–34.88 
% and 3.25 %–61.26 %. Furthermore, under S0, the biochar amendment 
resulted in a significant elevation of DM and PFP by 5.78 %–13.36 % and 
7.02 %–16.83 %, respectively, although it slightly reduced the WUEt and 
WUEs by 2.44 %–5.60 % and 0.23 %–6.51 %. Under S1, the biochar 
application not only led to a significant elevation in the PFP and DM, but 
also in WUEt and WUEs. Further, the WSP amendment significantly 
increased the PFP compared to SWP. In addition, the WSP significantly 
boosted WUEt and WUEs under S1. Also, the DI and PRD significantly 

Table 3 
Root morphological characteristics [root length (RL), root volume (RV), root average diameter (RAD), root surface area (RSA), specific root length (SRL), specific root 
surface area (SRA), specific root volume (SRV), root weight density (RWD), root length density (RLD), root surface area density (RSAD), and root tissue density (RTD)] 
are affected by different salinity ([S]), different biochar ([B]) and different irrigation regimes ([IR]) in cotton plants and their interaction effects.  

Salt Biochar Irrigation RL 
(cm) 

RAD 
(mm) 

RSA 
(cm2) 

RV 
(cm3) 

SRL 
(m g− 1) 

SRA 
(cm2 g− 1) 

SRV 
(cm3 

g− 1) 

RLD 
(cm cm− 3) 

RWD 
(mg 
cm− 3) 

RTD 
(g 
cm− 3) 

RSAD 
(cm2 

cm− 3) 

S0 CK FI 4654.47 ±
366.40cdef 

0.60 ±
0.02bcd 

823.83 ±
29.42defg 

12.85 ±
0.25cdef 

7.70 ±
1.40abc 

134.36 ±
18.68abc 

2.07 ±
0.22ab 

0.31 ±
0.02cdef 

0.43 ±
0.05bcd 

0.50 ±
0.06ab 

0.05 ±
0.00cdef  

DI 5885.51 ±
442.43cd 

0.54 ±
0.02cd 

905.02 ±
65.11cdef 

12.73 ±
0.98cdef 

8.69 ±
0.85abc 

133.60 ±
12.65abc 

1.88 ±
0.18ab 

0.39 ±
0.03bcde 

0.46 ±
0.01abcd 

0.55 ±
0.05ab 

0.06 ±
0.00bcdef  

PRD 6372.80 ±
397.69bc 

0.58 ±
0.00bcd 

1054.84 ±
72.82bcd 

15.59 ±
1.25abc 

8.61 ±
0.82abc 

141.93 ±
12.54abc 

2.10 ±
0.20ab 

0.42 ±
0.03bcd 

0.51 ±
0.05abc 

0.49 ±
0.04ab 

0.07 ±
0.00abcd 

WSP FI 6805.10 ±
954.74bc 

0.63 ±
0.03abcd 

1195.26 ±
130.49bc 

19.11 ±
1.49ab 

9.71 ±
1.72abc 

169.69 ±
24.95ab 

2.70 ±
0.30a 

0.45 ±
0.06bc 

0.48 ±
0.02abcd 

0.39 ±
0.05b 

0.08 ±
0.01abc  

DI 8584.91 ±
1545.04ab 

0.50 ±
0.02d 

1315.59 ±
220.54ab 

17.91 ±
2.30ab 

11.68 
± 2.36a 

179.04 ±
34.85a 

2.43 ±
0.39ab 

0.57 ±
0.10ab 

0.50 ±
0.02abc 

0.44 ±
0.06b 

0.09 ±
0.01abc  

PRD 10,353.81 
± 531.83a 

0.49 ±
0.02d 

1523.18 ±
118.25a 

19.80 ±
2.15a 

11.90 
± 0.53a 

174.65 ±
9.91ab 

2.27 ±
0.21ab 

0.69 ±
0.04a 

0.58 ±
0.03a 

0.45 ±
0.04b 

0.10 ±
0.01a 

SWP FI 5327.10 ±
968.48cde 

0.62 ±
0.04abcd 

944.93 ±
142.47cde 

15.26 ±
1.72abc 

8.35 ±
1.73abc 

147.50 ±
26.51abc 

2.37 ±
0.34ab 

0.36 ±
0.06bcdef 

0.44 ±
0.02abcd 

0.45 ±
0.07b 

0.06 ±
0.01bcde  

DI 6416.70 ±
430.90bc 

0.54 ±
0.02cd 

1037.72 ±
62.11bcd 

14.72 ±
0.99bcd 

9.34 ±
0.49abc 

151.76 ±
10.60abc 

2.16 ±
0.19ab 

0.43 ±
0.03bcd 

0.46 ±
0.03abcd 

0.47 ±
0.04ab 

0.07 ±
0.00abcd  

PRD 8626.79 ±
1452.98ab 

0.53 ±
0.03cd 

1356.27 ±
191.81ab 

18.64 ±
1.92ab 

10.97 
±

1.70ab 

173.12 ±
22.27ab 

2.39 ±
0.23ab 

0.58 ±
0.10ab 

0.52 ±
0.04ab 

0.43 ±
0.04b 

0.09 ±
0.01ab 

S1 CK FI 2078.91 ±
317.70g 

0.81 ±
0.03a 

501.97 ±
63.15gh 

10.40 ±
1.04def 

3.84 ±
0.51c 

92.81 ±
9.56abc 

1.92 ±
0.14ab 

0.14 ±
0.02f 

0.36 ±
0.03cde 

0.53 ±
0.04ab 

0.03 ±
0.00ef  

DI 1841.32 ±
130.57g 

0.75 ±
0.02ab 

411.84 ±
29.68h 

8.14 ±
0.84f 

4.46 ±
0.52c 

100.24 ±
12.61abc 

1.99 ±
0.29ab 

0.12 ±
0.01f 

0.28 ±
0.03e 

0.55 ±
0.11ab 

0.03 ±
0.00f  

PRD 1967.04 ±
262.79g 

0.75 ±
0.02ab 

440.39 ±
34.50h 

8.44 ±
0.46ef 

3.86 ±
0.40c 

86.85 ±
5.45bc 

1.67 ±
0.11ab 

0.13 ±
0.02f 

0.34 ±
0.01de 

0.61 ±
0.04ab 

0.03 ±
0.00ef 

WSP FI 3039.21 ±
200.82efg 

0.71 ±
0.05abc 

650.00 ±
47.69efgh 

12.81 ±
1.33cdef 

4.47 ±
0.30c 

95.90 ±
8.00abc 

1.89 ±
0.22ab 

0.20 ±
0.01def 

0.45 ±
0.01abcd 

0.55 ±
0.08ab 

0.04 ±
0.00def  

DI 3047.78 ±
421.25efg 

0.65 ±
0.04abcd 

620.07 ±
58.29efgh 

11.26 ±
0.79cdef 

5.38 ±
0.52bc 

110.05 ±
5.55abc 

2.01 ±
0.09ab 

0.20 ±
0.03def 

0.37 ±
0.02bcde 

0.50 ±
0.02ab 

0.04 ±
0.00def  

PRD 3245.89 ±
290.08efg 

0.71 ±
0.02abc 

669.76 ±
50.85efgh 

12.95 ±
1.01cde 

4.64 ±
0.65c 

95.68 ±
12.64abc 

1.85 ±
0.26ab 

0.22 ±
0.02def 

0.48 ±
0.03abcd 

0.57 ±
0.07ab 

0.04 ±
0.00def 

SWP FI 2363.13 ±
718.58fg 

0.74 ±
0.10ab 

459.67 ±
99.04h 

8.20 ±
1.01ef 

3.90 ±
1.29c 

75.30 ±
18.49c 

1.33 ±
0.21c 

0.16 ±
0.05ef 

0.42 ±
0.03bcde 

0.81 ±
0.12a 

0.03 ±
0.01ef  

DI 3142.31 ±
673.03efg 

0.67 ±
0.03abcd 

599.75 ±
92.18fgh 

10.28 ±
1.12def 

5.76 ±
1.39bc 

110.26 ±
22.79abc 

1.90 ±
0.36ab 

0.21 ±
0.04def 

0.38 ±
0.04bcde 

0.58 ±
0.10ab 

0.04 ±
0.01def  

PRD 3732.70 ±
837.15defg 

0.65 ±
0.03abcd 

691.04 ±
117.76efgh 

11.72 ±
1.50cdef 

5.48 ±
1.32bc 

101.28 ±
18.55abc 

1.71 ±
0.23ab 

0.25 ±
0.06cdef 

0.46 ±
0.01abcd 

0.62 ±
0.08ab 

0.05 ±
0.01def  

ANOVA factor 
Salt ([S]) *** *** *** *** *** *** *** *** *** *** *** 
Biochar ([B]) *** * *** *** * ns ns *** *** ns *** 
Irrigation ([IR]) *** *** ** * ns ns ns *** *** ns ** 
[S] × [B] ns ns ns ns ns ns ns ns ns ns ns 
[S] × [IR] * ns ns ns ns ns ns * * ns ns 
[B] × [IR] ns ns ns ns ns ns ns ns ns ns ns 
[S] × [B] × [IR] ns ns ns ns ns ns ns ns ns ns ns 

Notes: ***, **, * represents significant at P < 0.001, P < 0.01, P < 0.05 level, respectively, ‘ns’ represents no significance. 
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reduced the PFP in comparison to the FI. However, in comparison to DI, 
PRD significantly increased the PFP by 9.71 %–24.51 %. PRD also 
significantly improved WUEt and WUEs in comparison to DI. 

3.6. The correlation between the different indicators 

As shown in Fig. 7, correlation coefficient analysis showed that PFP 

and DM had significant positive correlations with [K+]root, [K+]stem, and 
[K+]leaf. RL, RSA, RV, RWD, RSAD, and DM had negative correlations 
with [Na+]root, [Na+]stem, and [Na+]leaf. Furthermore, [K+/Na+]root, 
[K+/Na+]stem, and [K+/Na+]leaf had significant positive correlations 
with RL, RSA, RV, SRL, SRA, RLD, RWD, RSAD, and DM, respectively, 
and negative correlations with RAD. 

Fig. 5. Sodium concentration in leaves ([Na+]leaf), stems ([Na+]stem), roots ([Na+]root), potassium concentration in leaves ([K+]leaf), stems ([K+]stem), roots ([K+]root) 
of cotton plants exposed to different salinity levels (S0 and S1), different biochar amendments (CK, no biochar amendment; WSP, wheat straw biochar amendment; 
SWP, soft wood biochar amendment) and different irrigation strategies (DI, deficit irrigation; PRD, partial root-zone drying irrigation; FI, full irrigation). The three- 
factor ANOVA for salinity, biochar, irrigation, and their interaction effects are exhibited in Table 4. The values displayed in the graph are means ± standard error (n 
= 4), same as below. 

Table 4 
Output of three-factor ANOVA for sodium concentration in leaves ([Na+]leaf), stems ([Na+]stem), roots ([Na+]root), potassium concentration in leaves ([K+]leaf), stems 
([K+]stem), roots ([K+]root), ratio of potassium concentration to sodium concentration in leaves ([K+/Na+]leaf), stems ([K+/Na+]stem), roots ([K+/Na+]root), and dry 
biomass (DM) of cotton plants as affected by salt ([S]), biochar ([B]), and irrigation ([IR]) and their interactive effects.  

ANOVA 
factor 

[Na+]leaf 

(g kg− 1) 
[Na+]stem 

(g kg− 1) 
[Na+]root 

(g kg− 1) 
[K+]leaf 

(g kg− 1) 
[K+]stem 

(g kg− 1) 
[K+]root 

(g kg− 1) 
[K+/Na+]leaf 

(g kg− 1) 
[K+/Na+]stem 

(g kg− 1) 
[K+/Na+]root 

(g kg− 1) 
DM 

(g plant− 1) 

Salt ([S]) *** *** *** *** *** *** *** *** *** *** 
Biochar 

([B]) 
*** *** *** *** *** *** *** *** *** *** 

Irrigation 
([IR]) 

ns * ns *** ns *** ns ns ns *** 

[S]×[B] ns * * ** ** *** * ** *** * 
[S]×[IR] *** ns ns ns ** ns *** ns ns * 
[B]×[IR] ns ns ns ns ns * ns * ns ns 
[S]×[B]×

[IR] 
ns ns ns ns ns ** ns * ns ns 

Notes: ***, **, * represents significant at P < 0.001, P < 0.01, P < 0.05 level, respectively, ‘ns’ represents no significance. The data are presented in Fig. 5, Fig. 6 and 
Fig. S2. 
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4. Discussion 

To reveal the mechanisms by which biochar combined with partial 
root-zone drying irrigation alleviate salinity and drought stress in cotton 
plants, root morphology, potassium and sodium uptake, water use effi-
ciency and partial factor productivity were analyzed. Apart from that, 
different isothermal adsorption models were used to elucidate the 
adsorption behavior of the biochars on Na+ in order to partly explain the 
reasons of biochar addition on alleviating salt stress in cotton plants. 

4.1. Adsorption behavior of biochar on sodium ions 

From the FTIR spectra (Fig. 2), it can be seen that SWP and WSP have 
significantly broad and intense absorption peaks at 3437 cm− 1 as well as 
3415 cm− 1, respectively, which are mainly ascribed to the stretching 

vibration of hydroxyl (O–H) (Wang et al., 2019b; Zhang et al., 2019b). 
This also indicates that the biochar surface has a large number of O–H, 
and the H+ in the O–H functional groups provides adsorption sites for 
ion exchange with Na+ (Cai et al., 2022). Besides, we found that, 
compared to other models, Langmuir model fitted the best for the 
isothermal adsorption capacity of different biochar for Na+, consistent 
with the findings by Nguyen et al. (2022). This also suggests that the 
monolayer adsorption of Na+ occurs on an energy-equivalent homoge-
neous site on the surface of the biochar. Furthermore, based on the 
Langmuir isotherm model, the maximal adsorption capacities for WSP 
and SWP were found to be 55.20 mg g− 1 and 47.38 mg g− 1, respectively, 
both of which were greater than the maximal adsorption capacity of 
33.9 mg g− 1 for Na+ reported by Nguyen et al. (2022). This may be 
related to the raw material of the biochar and the different pyrolysis 
temperatures. The biochar used in Nguyen et al. (2022) was obtained at 
a pyrolysis temperature of 350 ◦C, while the biochar we used was pro-
duced at 550 ◦C. This allowed the biochar used in our experiments to 
have a larger BET surface area, thus increasing the adsorption capacity 
for Na+. Similarly, Rostamian et al. (2018) suggested that the adsorption 
capacity of biochar for Na+ ranged from 35.2 to 60.8 mg g− 1. And, 
Akhtar et al. (2015a) showed that biochar made from a blend of soft-
wood and hardwood can have an adsorption capacity for Na+ higher 
than 60 mg g− 1. However, Awan et al. (2020) showed that biochar made 
from hemp had an adsorption capacity of 0.923 mg g− 1 for Na+. It is thus 
clear that both the raw material of biochar and the pyrolysis tempera-
ture could affect the adsorption capacity. Besides, Dubinin- 
Radushkevich model is usually suitable for inhomogeneous surfaces of 
adsorbents (Malik et al., 2017) and can also be used to evaluate the 
Gibbs free energy (Liu et al., 2022a; Srivastava et al., 2015). In our ex-
periments, the fitting of the Dubinin-Radushkevich model suggests that 
the free energy for Na+ adsorption is below 8 KJ mol− 1, implying that 
the adsorption process of biochar for Na+ is primarily a physical process 
(Taha et al., 2016). This physical process may involve electrostatic 
forces, van der Waals forces, hydrogen bonding, hydrophobic in-
teractions (Awan et al., 2020; Zhang et al., 2016). 

In addition, in the present study we found that WSP had a higher 
sorption capacity than SWP, indicating that biochar produced from 
herbaceous species possesses a higher adsorption capacity for Na+ than 
biochar produced from soft wood. This may be due to the fact that wood- 
derived biochar possesses a higher lignin content (Qiu et al., 2022), 
which limits the development of pores (Soria et al., 2020). This can also 
be reflected from the fact that WSP has a larger total pore volume 
compared to SWP, in agreement with Kozyatnyk et al. (2021). Also, 
Trakal et al. (2014) showed that wood-derived biochar with high lignin 
content had less adsorption capacity than herbaceous-derived biochar. 
In addition to this, the pH value of biochar may also be a factor influ-
encing the adsorption performance. The pH value is an essential feature 
that affects the biochar quality, and a higher pH value suggests a higher 
carbonization degree (Ahmed and Hameed, 2020). In this study, the 
WSP has a higher pH than SWP (Table 1), which would allow the 
oxygen-containing functional groups of WSP to have more negative 
charges during deprotonation and thus can adsorb more Na+ than SWP 
(Pahlavan et al., 2023). In addition, the FTIR spectra results revealed 
that WSP has a more intense absorption peak at 1081 cm− 1 than SWP, 
which could be mainly attributed to the bending vibrations of oxygen- 
containing groups like C–O, Si–O, and Si–O–Si (Margenot et al., 
2016; Nair et al., 2020; Nguyen et al., 2022). This would have 
contributed to the higher adsorption capacity of WSP compared to SWP. 
In fact, previous reports have pointed out that oxygen-containing 
functional groups on the surface of biochar can adsorb cations from 
the surrounding environment through various mechanisms (Ahmad 
et al., 2014; Guo et al., 2020; Mireles et al., 2019; Nguyen et al., 2022). 

According to Palomino and Santamarina (2005), to quantify ionic 
exchange of biochar with solution, the solution pH after the adsorption 
equilibrium needs to be measured. Here we found that the pH of the 
equilibrium solution gradually drops as the salt concentration in the 

Fig. 6. Ratio of potassium concentration to sodium concentration in leaves 
([K+/Na+]leaf), stems ([K+/Na+]stem), roots ([K+/Na+]root) of cotton plants 
exposed to different salinity levels (S0 and S1), different biochar amendments 
(CK, no biochar amendment; WSP, wheat straw biochar amendment; SWP, soft 
wood biochar amendment) and different irrigation strategies (DI, deficit irri-
gation; PRD, partial root-zone drying irrigation; FI, full irrigation). The three- 
factor ANOVA for salinity, biochar, irrigation, and their interaction effects 
are exhibited in Table 4. 
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initial solution increases, which is consistent with Cai et al. (2022). This 
is mainly because of the exchangeable H+ in the functional groups being 
exchanged into the solution by Na+ (Cai et al., 2022), indicating that 
biochar can adhere Na+ via hydrophilic functional groups like -OH and 
-COOH, and promote the precipitation of salts (Moradi et al., 2019; 
Rajapaksha et al., 2016). Moreover, the greater decrease in pH of the 
equilibrium solution of WSP compared to SWP suggests that more 
exchangeable H+ on the surface of WSP was replaced by Na+, which also 
implies that WSP has greater adsorption of Na+ compared to SWP. The 
Langmuir coefficient Kl for WSP was greater than for SWP also indicates 
WSP has a stronger capacity for Na+ adsorption than SWP. 

4.2. Response of root morphological characteristics of cotton plants to 
biochar application and irrigation strategy under salt stress 

In line with earlier reports (Chen et al., 2018; Dai et al., 2014; Liu 
et al., 2020; Ren et al., 2022), our experiment showed that salt stress 
caused a significant decrease of RL, RSA, RV, SRL, SRA, RLD, RWD, 
RSAD in cotton plants. Also, salt stress caused an increase in RAD, which 
is consistent with previous literature (Chen et al., 2020; Li et al., 2023; 
Min et al., 2014). The increase of RAD may be attributed to the fact that 
salinity reduces the percentage of fine roots (Chen et al., 2020) and 
makes the root cortex succulent (Casenave et al., 1999; Rewald et al., 
2012). On the other hand, our experiments indicated that the DI and 
PRD strategies increased the RL and decreased the RAD of cotton plants, 
resulting in a greater RLD, coinciding with earlier reports (Kashiwagi 
et al., 2006; Siddiqui et al., 2021; Xiao et al., 2020). This may be owed to 
the fact that soil water deficits caused by DI or PRD stimulated root 
lengthening and facilitates the formation of more fine roots, but the new 
fine roots tend to be smaller in diameter and often have longer root hairs 
(Xiao et al., 2020). Correlation analysis also revealed that RAD was 
significantly and negatively linked to RL (Fig. 7), in line with the find-
ings by Awad et al. (2018). Additionally, we found significant greater 
RL, RV, RSA, RLD, RWD, and RSAD of cotton plants under PRD 
compared to DI, suggesting that the PRD strategy effectively improved 
root growth in cotton plants, in good agreement with prior reports (Shu 
et al., 2020; Siddiqui et al., 2021; Wang et al., 2019a; Zhang et al., 
2014). 

In accordance with earlier reports (Dong et al., 2022; Li et al., 2021; 
Parkash and Singh, 2020), our experiment showed that biochar 
amendment led to an increase in RL, RSA, RV and a decrease in RAD. 
This suggests that biochar amendment has a tendency to make the root 
system thin and long (Ostonen et al., 2007). This is probably due to that 
biochar consists of organic compounds such as hydroxyl, alkanoic acid, 
benzoic acid, phenols, polyols and ethoxylic acids, which can encourage 
the elongation of roots (Graber et al., 2010; Li et al., 2021). Moreover, 
biochar can change the mechanistic composition of the soil and reduce 

Table 5 
Water use efficiency at the whole plant level (WUEt) and seed cotton level (WUEs) and partial factor productivity of nutrients (PFP) under the influence of salinity ([S]), 
biochar ([B]), irrigation ([IR]), and their interaction effects.  

Salt Biochar Irrigation WUEt 

(g L− 1) 
WUEs 

(g L− 1) 
PFP (g g− 1) 

N P K 

S0 CK FI 2.17 ± 0.07de 0.43 ± 0.01e 13.12 ± 0.32abc 24.22 ± 0.58abc 19.22 ± 0.46abc  
DI 2.18 ± 0.08de 0.45 ± 0.02e 10.49 ± 0.49de 19.37 ± 0.91de 15.37 ± 0.72de  
PRD 2.36 ± 0.06cde 0.49 ± 0.03de 11.51 ± 0.82cd 21.25 ± 1.51cd 16.86 ± 1.20cd 

WSP FI 2.05 ± 0.04e 0.42 ± 0.00e 15.03 ± 0.37a 27.74 ± 0.68a 22.01 ± 0.54a  
DI 2.11 ± 0.07e 0.43 ± 0.01e 11.63 ± 0.18cd 21.47 ± 0.34cd 17.03 ± 0.27cd  
PRD 2.26 ± 0.03cde 0.48 ± 0.00de 13.45 ± 0.16abc 24.82 ± 0.29abc 19.70 ± 0.23abc 

SWP FI 2.12 ± 0.15e 0.42 ± 0.01e 14.28 ± 0.69ab 26.35 ± 1.27ab 20.91 ± 1.01ab  
DI 2.11 ± 0.07e 0.42 ± 0.02e 11.23 ± 0.62cd 20.73 ± 1.14cd 16.45 ± 0.91cd  
PRD 2.27 ± 0.04cde 0.49 ± 0.01de 12.61 ± 0.40bcd 23.26 ± 0.73bcd 18.46 ± 0.58bcd 

S1 CK FI 2.44 ± 0.07bcde 0.57 ± 0.02cd 8.47 ± 0.59ef 15.63 ± 1.09ef 12.41 ± 0.87ef  
DI 2.24 ± 0.07cde 0.47 ± 0.02e 5.54 ± 0.29g 10.22 ± 0.53g 8.11 ± 0.42g  
PRD 2.55 ± 0.11abcd 0.57 ± 0.03cd 6.78 ± 0.39fg 12.51 ± 0.72fg 9.93 ± 0.57fg 

WSP FI 2.76 ± 0.08ab 0.68 ± 0.02ab 12.12 ± 0.20bcd 22.37 ± 0.38bcd 17.75 ± 0.30bcd  
DI 2.59 ± 0.10abc 0.62 ± 0.01bc 8.61 ± 0.22ef 15.89 ± 0.41ef 12.61 ± 0.32ef  
PRD 2.89 ± 0.09a 0.74 ± 0.02a 10.72 ± 0.33de 19.79 ± 0.61de 15.70 ± 0.48de 

SWP FI 2.43 ± 0.04bcde 0.61 ± 0.02bc 11.32 ± 0.47cd 20.89 ± 0.87cd 16.57 ± 0.69cd  
DI 2.54 ± 0.08abcd 0.59 ± 0.04c 8.43 ± 0.55ef 15.56 ± 1.02ef 12.35 ± 0.81ef  
PRD 2.89 ± 0.06a 0.71 ± 0.02a 10.36 ± 0.31de 19.12 ± 0.57de 15.17 ± 0.45de  

ANOVA factor 
Salt ([S]) *** *** *** *** *** 
Biochar ([B]) * *** *** *** *** 
Irrigation ([IR]) *** *** *** *** *** 
[S] × [B] *** *** *** *** *** 
[S] × [IR] ns ** ns ns ns 
[B] × [IR] ns ns ns ns ns 
[S] × [B] × [IR] ns ns ns ns ns 

Notes: ***, **, * represents significant at P < 0.001, P < 0.01, P < 0.05 level, respectively, ‘ns’ represents no significance. 

Fig. 7. Correlation plots between sodium ion concentration, potassium ion 
concentration in different organs, root morphological characteristics and water 
use efficiency and partial factor productivity. 
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the soil mechanical resistance, thus contributing to the elongation of fine 
roots, thus directly or indirectly facilitating root development (Backer 
et al., 2017; Cheng et al., 2018; Spokas et al., 2011). Further, we found 
that WSP resulted in greater RL, RSA, RV, SRL, SRA, SRV, RLD, RWD, 
RSAD compared to SWP. This could be attributed to that WSP possesses 
a large number of hydrophilic functional groups on its surface due to the 
richness of cellulose (Jing et al., 2022), which helps to raise the water 
absorption and the shrinkage limit of the soil, leading to an increased 
interlayer space in the soil (Cai et al., 2022; Yang et al., 2021) facili-
tating the elongation of the root system. Besides, we found a negative 
correlation between RAD and [K+]root, suggesting that plant access to 
nutrients is strongly influenced by the diameter of the roots (through 
given length of root or area), as thicker root systems tend to pay the price 
of lower nutrient uptake rates (Rewald et al., 2013). 

4.3. Effect of biochar application and different irrigation strategies on 
Na+, K+ concentration, and K+/Na+ ratio in different organs under salt 
stress 

Our experiments showed that salt stress led to an elevated Na+

concentration and a lowered in K+ concentration, and decreased K+/ 
Na+ ratio cotton plants, in agreement with earlier research (Essa, 2002; 
Ju et al., 2023). Such effect of slat stress is mainly attributed to the 
down-regulated expression of potassium ion transporters (e.g., HAK, KT, 
NHX and HKT), preventing root K+ uptake, causing a reduction in the 
intracellular K+ concentration (Ju et al., 2023). 

On the other hand, in agreement with Alvarez and Sanchez-Blanco 
(2015), our results showed that DI and PRD treatments reduced the 
Na+ concentration in leaves, roots, and stems under S0 compared to FI 
treatment. This may be ascribed to the fact that a low water content of 
the soil reduces the diffusion of Na+ to the surface of the roots (Raynaud 
and Leadley, 2004), resulting in a decrease in Na+ uptake, and a 
decrease in Na+ transport to the shoot due to the reduced transpiration 
rate caused by drought stress (Munns and Tester, 2008; Pardo, 2010). 
However, our experiments also showed that DI and PRD treatments 
caused an elevation in Na+ concentration in cotton plants under S1. This 
could be attributed to the fact that reduced irrigation regimes combined 
with salinity stress caused a greater reduction in plant growth (Alvarez 
and Sanchez-Blanco, 2015), resulting in a concentration effect of Na+ in 
plant organs. Similarly, the study by Alvarez and Sanchez-Blanco (2015) 
on Callistemon laevis showed that the combination of salt stress and 
drought stress led to a remarkable elevation in Na+ concentration in 
roots, stems, and leaves in comparison to the individual effects of 
drought stress or salt stress. It is noteworthy that the Na+ concentration 
of leaves, stalks, and roots under PRD was significantly lower compared 
to DI. This may be due to the heterogeneous distribution of salt con-
centration in the soil caused by the PRD strategy (Kong et al., 2017), 
which induced salt overly sensitive (SOS) genes to express (Kong et al., 
2012, 2016) and increased the Na+ efflux capacity (Chen et al., 2017; 
Qiu et al., 2002; Zhang and Shi, 2013; Zhang et al., 2017), thus reducing 
Na+ accumulation in leaves, stalks and roots. Furthermore, Wang et al. 
(2012) showed that PRD resulted in a reduction in Na+ concentration 
within the xylem sap compared to DI. This also suggests that the PRD 
strategy can improve the salt endurance of plants compared to the DI 
strategy (Alves et al., 2018; Dong et al., 2010; Hou et al., 2023; Kong 
et al., 2012, 2016). Likewise, earlier reports on cotton (Dong et al., 
2010), tomato (Koushafar et al., 2011; Mulholland et al., 2015), sour 
orange (Zekri and Parsons, 1990), cucumber (Sonneveld and de Kreij, 
1999), alfalfa (Sun et al., 2016; Xiong et al., 2018), Atriplex nummularia 
(Bazihizina et al., 2009), and Lycium chinense (Feng et al., 2017) have 
shown that heterogeneous salt distribution can mitigate the destruction 
caused to the plant by salt stress compared to homogeneous salt 
distribution. 

In addition, our experiments revealed that K+ concentrations in 
roots, stems and leaves of plants under DI and PRD treatments was 
significantly reduced compared to FI, suggesting that soil water deficits 

lead to reduced K+ intake by plants (Hu and Schmidhalter, 2005). This 
could be caused by the reduced K+ mobility in the soil due to soil water 
deficits, reduced transpiration rates of plants, and reduced root mem-
brane transporter activity (Hu et al., 2013; Hu and Schmidhalter, 2005; 
Shabala and Pottosin, 2014). Despite this, we also found a remarkable 
elevation in K+ concentration in different organs under PRD compared 
to DI, which is coherent with the prior publications (Yang et al., 2020). 
This could be ascribed to the heterogeneous distribution of salt con-
centration in the soil compartments caused by PRD, which in turn 
reduced K+ loss in the root system as well as improved salt tolerance 
(Guo et al., 2015; Lai et al., 2014). 

It is notable that the PRD strategy resulted in elevated K+/Na+ in 
different organs of the cotton plants compared to the DI. This suggests 
that the PRD strategy help to sustain the ionic homeostasis in cotton 
plants. This may be due to the fact that the PRD strategy increased the 
level of IAA compared to the DI strategy (Kong et al., 2016; Zhang et al., 
2019a), which further up-regulated the K+ transporter gene (e.g. KAT1/ 
KAT2) expression (Philippar et al., 2004), increased K+ aggregation 
(Xiong et al., 2020), and reduced Na+ aggregation caused by the recy-
cling of Na+ regulated by AtHKT1(Berthomieu et al., 2003; Kong et al., 
2012), thus maintaining K+/Na+ stability (Che et al., 2022). Besides, 
biochar application enhanced soil K+ content (Li et al., 2018a; Marks 
et al., 2016; Oram et al., 2014), which could lead to an up-regulated 
potassium ion transporters including HAK, KT, NHX and HKT (Ju 
et al., 2023), facilitating Na+ efflux and allowing the roots to selectively 
uptake more K+ (Horie et al., 2009; Ju et al., 2023). 

4.4. Effects of biochar application and irrigation strategy on partial factor 
productivity of nutrients and water use efficiency of cotton plants 

The partial factor productivity (PFP) of nutrients as a composite 
measure of nutrient use quantifies the yield output relative to all 
nutrient use (Li et al., 2018a). Our study indicated that biochar appli-
cation caused a remarkable elevation in DM and PFP of N, P and K, 
irrespective of salinity stress, in agreement with the previous studies (Li 
et al., 2018a; Liu et al., 2021b). This may be due to the large amount of 
nutrients brought into the soil by the biochar application and the 
improved soil moisture status (Li et al., 2018a). Furthermore, the bio-
char addition lowered the soil bulk and enhanced the soil permeability, 
which favors microbial health and root growth (Li et al., 2018a). This is 
also as we found that RLD has a positive correlation with DM and PFP, 
respectively, which is consistent with Liao et al. (2022). Moreover, we 
found that RV, RL, RSA, RWD had a significant positive correlation with 
PFP, respectively, which is also consistent with Ma et al. (2022). This is 
also as Sun et al. (2022) suggest that increased cotton yield is closely 
related to increased root growth. This is because the biochar amendment 
alleviated salt stress in the rhizosphere microbiota (Zheng et al., 2022) 
and promoted nutrient uptake (Feng et al., 2021), leading to an increase 
in root length, root dry mass, and root surface area (Sun et al., 2022), 
which in turn increased yield and PFP. 

In addition, our trials indicated that biochar addition caused a slight 
downward trend in WUEt and WUEs, which is inconsistent with Li et al. 
(2018a) who showed that biochar application resulted in an increase in 
WUEs. Similarly, Liu et al. (2021b) also found that biochar application 
caused a reduction in WUEt. Therefore, the response of WUE to biochar 
addition was dependent on biochar type and soil type (Aller et al., 2017; 
Gray et al., 2014). In general, WUE tends to decrease under clay or clay 
loam soils, while it tends to increase or remain unchanged under sandy 
or sandy loam soils (Aller et al., 2017). This may of course also be linked 
to the properties of the biochar itself, as the different types of biochar 
affect the pore structure and thus the water uptake by the biochar, which 
in turn affects the WUE (Gray et al., 2014). However, although biochar 
caused a downward trend in WUEt and WUEs under S0, biochar 
amendment caused both WUEt and WUEs to increase under S1, which is 
consistent with Thomas et al. (2013). This also indicates that biochar has 
a favorable effect on mitigating salinity stress for plant growth. 
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Moreover, PRD combined with biochar also resulted in an increase in 
WUEt, WUEs, and PFP both in the presence and absence of salinity stress. 
This was mainly related to the fact that the PRD strategy induced more 
ABA production in the root system, which in turn led to a reduction in 
stomatal opening and a significant increase in WUE (Liu et al., 2021c). 
Of course, PRD-induced ‘birch effect’ can accelerate soil N mineraliza-
tion and increase effective N use (Jarvis et al., 2007), contributing to 
yield, WUEs and PFP (Liu et al., 2021c; Wang et al., 2018). Also, as 
discussed in Section 4.3, the PRD strategy increased [K+]leaf and 
improved K+/Na+ in the plant, thus alleviating salt damage to the plant 
and allowing for increased yields, which in turn increased PFP, and as 
we found PFP had a significant positive correlation with [K+/Na+]root, 
[K+/Na+]stem, [K+/Na+]leaf (Fig. 7). This is because a higher K+/Na+

allows the toxic effects of Na+ to be minimized (Yue et al., 2012) and is 
essential for the maintenance of normal cellular function (Chinnusamy 
et al., 2005). 

On the other hand, we found that WSP was always preferable to SWP 
in boosting WUEt, WUEs, DM, and PFP under salt stress. This is not only 
due to the fact that WSP can adsorb more Na+ compared to SWP as we 
discussed in Section 4.1, but also related to the fact that WSP has a 
smaller C/N ratio compared to SWP. This is because, as Nguyen et al. 
(2017) reported, higher C/N is more likely to lead to nitrogen immo-
bilization in the soil, thus affecting plant uptake of nitrogen and nega-
tively affecting plant development (Li et al., 2015; Sun et al., 2018). It is 
also because of the relatively high C/N ratio of SWP that indirectly re-
duces the WUEt, WUEs, and PFP compared to WSP. 

5. Conclusions 

Salt stress had a detrimental effect on the root morphology of cotton 
plants, and it caused an increase in Na+ concentration and a decrease in 
K+ concentration and K+/Na+ in different organs of the plant. However, 
the biochar amendment effectively alleviated salt stress, decreased Na+

concentration, increased K+ concentration and K+/Na+ in the plant, 
improved root morphology, and raised root length, root surface area, 
root volume, root weight density, root length density, root surface area 
density, and dry biomass. The adsorption isotherms of WSP and SWP for 
Na+ were in accordance with the Langmuir model, and WSP had a 
stronger adsorption capacity for Na+ than SWP. Therefore, under salt 
stress, WSP amendment had a superior effect in reducing Na+ uptake, 
improving root morphology, and increasing dry biomass and partial 
factor productivity compared to SWP. In addition, PRD was superior to 
DI in increasing water use efficiency and partial factor productivity. 
Collectively, the combined application of WSP and PRD can effectively 
alleviate salt stress, improve root morphology, promote cotton plant 
growth, and raise water use efficiency and partial factor productivity, 
which is a promising combined strategy in alleviating drought and salt 
stress. 
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