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Residual acidified biochar modulates growth, physiological
responses, and water relations of maize (Zea mays) under heavy
metal–contaminated irrigation water
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Abstract
A field trial was carried out to examine the influence of residual acidified biochar (a 3:100 (w/w) mixture of citric acid and citrus
wood biochar) on soil properties, growth, water status, photosynthetic efficiency, metal accumulation, nutrition status, yield, and
irrigation use efficiency (IUE) of maize grown under salty soil and metal-contaminated irrigation water. The acidified biochar
(ABC) was applied to faba bean in 2016/2017 in saline soil (electrical conductivity (ECe) 7.6 dS m−1) with three levels 0, 5, and
10 t ha−1 with 4 replications. The results summarized that after a year of utilization, acidified biochar still significantly affected the
growth and yield by improved soil properties and decreased maize uptake of sodium by transient sodium (Na+) binding because
of its high adsorption capacity. Growth, physiology, and maize yields were influenced positively by ABC application, under
metal-contaminated irrigation water. It was summarized that the utilization of ABC had a significant residual (P ≤ 0.05) effect on
reducing nickle (Ni), lead (Pb), cadmium (Cd), and chromium (Cr) accumulation in maize under heavy metal–contaminated
irrigation water. However, more detailed open-field experiments should be carried out to assess the long-term residual impacts of
ABC for sustaining maize production under biotic stress.
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Introduction

Maize (Zea mays L.) is the third largest planted crop world-
wide after wheat and rice (Malcovska et al. 2014) and be-
comes the most important essential cereal and feed crop in
Egypt and other nations (FAO 2017), performing an increas-
ingly considerable role in supporting food security and stabi-
lizing of socio-economic status. Global maize production has
expanded by nearly 50% in the course of recent decades.
Maize production under semi-arid and arid zones in many
African countries including Egypt is severely obstructed by

several abiotic stresses such as drought, salinity, heavy metal
ions, and low soil fertility (Abdel Latef and Tran 2016).
Because of the shortage of freshwater, growers in some parts
in developing countries like Egypt are forcing to utilize par-
tially blending freshwater with raw sewage water to irrigate
and manage their crops (Abdel-Azim and Allam 2005). This
water occasionally contains heavy metals (i.e., Cd, Pb, Ni, Cr,
Hg, etc.) over as far as possible causing serious problems for
soil and various environmental habitats (i.e., plants, biota, and
human) via translocation into the plants and getting into food
chain due to their prolonged poisonous impacts (Vodyanitskii
2016; Etesami 2017). Recently restricted water resources hav-
ing acceptable quality has resulted in the reuse of water with
less quality such as agricultural drainage water in these areas
(Ali et al. 2017a, b). Over the past few years, there has been a
prominent increase in research on the use of naturally derived
and/or organic materials to be integrated into sustainable ag-
riculture. Some of these environmentally friendly bio-
stimulants may increase yield and resistance to different biotic
and abiotic stresses. The most encouraging choices incorpo-
rate biochar (Akhtar et al. 2015; Calvo et al. 2014; Semida
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et al. 2019), which can efficiently improve soil fertility, stim-
ulate plant growth, and elevate plant resilience to unfavorable
conditions. Various investigations had been documented that
adding biochar develops soil physical properties such as
water-holding capacity, bulk density, and permeability;
chemical properties (i.e., nutrient availability, cation ex-
change capacity (CEC) and soil pH); and soil biota (i.e.,
microbial population, and microbial activities), thus ulti-
mately enriching crop yield, and it is very important for
the improvement of degraded topsoil (Abd El-Mageed
et al. 2020; Glaser et al. 2002; Lehmann et al. 2006; Yuan
and Xu 2011). The availability of toxic elements to plant
growth (i.e., Al, Cu, Fe, Ni, Co, Pb, and Mn) can be reduced
by biochar addition, maybe due to surface adsorption and
precipitation (Kloss et al. 2014; Masto et al. 2013). Utilizing
soil alterations like biochar for diminishing the availability
of toxic metals and its uptake by maize had been archived
by Ali et al. (2017a, b) and Al-Wabel et al. (2015). They
reported that biochar fundamentally decreased extractable
soil heavy metal content, indicating metal immobilization,
increasing shoot dry biomass of maize. In addition, the uti-
lization of biochar significantly reduced the contents of Fe,
Mn, Zn, Cu, and Cd in maize. Numerous studies report the
ameliorative effects of applied biochar on crops grown in
polluted soils by several heavy metal elements such as Cd
and Pb (Ali et al. 2017a, b; Al-Wabel et al. 2015). Soil of
Egypt is mostly categorized by slight alkaline to alkaline
which is mostly because of its high temperature, little rain-
fall, and low relative humidity, and the evaporation rate is
very high leading to corrupted soil (Abd-Alla et al. 2014;
Abd El-Mageed et al. 2018, 2019; Semida et al. 2014). Soil
alkalinity is deliberated as the greatest problem in semi-arid
and arid zones like Egypt and characterized by high pH
values (7.5–8.7) (Clark 1996). Alkaline soils are character-
ized by reduced availability of macro and micronutrients (N,
P, K, Cu, Fe, Zn, and Mn); also, alkali stress generally
includes a grouping of stresses, osmotic, ion-induced dam-
age, and increased soil pH (Chen et al. 2011; Lynch and St
Clair 2004). Additionally, it is widely reported that supply-
ing biochar to soils has resulted in increases in pH (Chan
et al. 2007; Uchimiya et al. 2011; Bell and Worrall 2011).
For this reason, we added citric acid to citrus wood biochar
(3:100 (w/w)) to decrease the pH of biochar in our previous
experiment. However, to the best of our knowledge, no
studies have been carried out to study the response of maize
to residual acidified biochar under saline soil and metal-
contaminated irrigation water in open-field condition.
Therefore, the main objective of the current study is to de-
termine how residual acidified biochar influences on the soil
properties, growth, morpho-physiological responses, photo-
synthetic efficiency, and accumulation of toxic metals in
maize plants irrigated by polluted water by hazardous limits
of heavy metal ions.

Materials and methods

Experimental site, setup, and growth conditions

A field trial was achieved in a private farm positioned at
Fayoum, Egypt (29° 02′ N and 30° 23′ E) in the summer
season of 2017 and the experimental layout was a randomized
block design with 4 replicates. Every experimental plot area
was 9 m2; 15 m length × 0.6 m width; and about 0.25 m be-
tween plants within rows. A year before the current experi-
ment (2016/2017), the selected soil was treated with acidified
biochar at a rate of 0 t ha–1 (ABC0) as a control, 5 t ha–1

(ABC5), and 10 t ha–1 (ABC10) (a 3:100 (w/w) mixture of
citric acid (CA) and citrus wood biochar (BCH), respectively)
for different experiments. The pH of citrus wood biochar was
8.82 and after acidification process (addition of citric acid), the
pH changed to 7.6. The main characteristics of acidified bio-
char, soil biota, and soil physicochemical as influenced by
acidified biochar applications were assessed according to the
procedures of Page et al. (1982) and Klute (1986) and are
listed in Tables 1, 2, and 3.

In the summer of 2017, the residual impacts of the previ-
ously applied (2016/2017) acidified biochar (RABC) were
studied using healthy and uniform grains of Zeamaize (hybrid
360) which were sown on 15 April and terminated on 5
August in 2017. Gains were sown 5 cm away from the drip
line at a depth of 4 cm and drip irrigated with one line and one
dripper per plant giving 4.0 L h−1. Chemical fertilization was
practiced at the recommended rate for corn production in this
area: 160 kg N ha−1, 75 kg P ha−1, and 100 kg K ha−1. The

Table 1 Acidified biochar characteristics

Attribute Unit Value

Bulk density g cm−3 0.79

Moisture content % 19.6

Carbon (C) 42.7

Ash 35.7

pH 7.60

EC dS m−1 1.62

Cation exchangeable capacity (CEC) cmol+/kg 46.5

Nitrogen (N) % 1.48

Phosphorus (P) 0.078

Calcium (Ca) mg kg−1 4435

Potassium (K) 3495

Sodium (Na) < 11

Zinc (Zn) 74

Copper (Cu) 21

Iron (Fe) 83

Manganese (Mn) 569

Cadmium (Cd) < 9
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cultural practices (i.e., pest and disease management) were the
same as local commercial crop production.

Measurements of growth and yield characteristics

90 days after planting (DAT), 5 plants were carefully removed
from every experimental plot (n = 20). The flag leaf area
(FLA) was estimated using the following formula: FLA =
length of mean flag leaf × width of mean flag leaf × 0.75

The lengths of shoots were estimated by meter scale, and
the numbers of leaves per plant were counted. The weight of
1000 grains (g) was taken from every plot and then these
grains were weighted using an electronic balance. For each
treatment, grains were cleaned and weighted and grain yield
(kg ha−1) was calculated. The shelling ratio (SR) was deter-
mined by utilizing the following formula.

SR ¼ Grain weight of 10 ears

Total weight of 10 ears

Shoots were weighed to record their fresh weights and then
sited in an oven at 70 °C until the constant weight and the dry
matter were recorded. Irrigation use efficiency was calculated
(as kg yield per m3 water) for different treatments after harvest
utilizing the equation of Jensen (1983).

IUE ¼ Grain yield Kg ha−1
� �

water applied m3 ha−1
� �

Determinations of relative water content
and membrane stability index

Fully expanded fresh leaves (n = 20) were used for the deter-
mination of relative water content (RWC%) and membrane
stability index (MSI%). After excluding the midrib, leaves
were processed according to the following methods. The
RWC% was determined according to Hayat et al. (2007).
Fully expanded leaf discs (10 discs) with a 2-cm diameter
were weighed (fresh mass) and directly floated on distilled
water in Petri dishes for 8 h, in a dark room; the turgid mass
was then weighted. Discs’ dry mass was weighted after dehy-
dration at 70 °C until the constant weight. The following
equation was used to calculate the values of RWC:

RWC %ð Þ ¼ fresh mass−dry massð Þ
turgid mass−dry massð Þ

� �
� 100

The MSI% of the cell was assessed by Premchandra et al.
(1990) methods. The leaf sample (0.2 g) was placed in a test
tube containing 10 mL of distilled water. Tubes were heated at
40 °C in a water bath for 30 min, and the electrical conduc-
tivity (EC1) of the solution was registered using a conductiv-
ity meter. A second sample was boiled at 100 °C for 10 min,
and the conductivity was measured (EC2). The MSI was cal-
culated using the formula:

MSI %ð Þ ¼ 1−
EC1

EC2

� �� �
� 100

Table 3 Effect of residual acidified biochar on the physio-chemical properties at the harvest stage of maize plants

RABC
rate
(t ha−1)

ECe
(dS m−1)

pH OM
(%)

N (% soil) P
(mg kg−1)
soil

K
(mg kg−1

soil)

Ca
(mg kg−1

soil)

No. of bacterial
cells per g of
soil

Bd

(g cm−3)
TP
(%)

WHP
(%)

UP
(%)

FC
(%)

AW
(%)

0 7.6a 7.72a 1.10c 0.04c 515.2c 515c 550c 2.0 × 106c 1.59a 35.3c 11.5c 11.7c 20.9c 10.9c

5 7.3b 7.52b 1.76b 0.08b 598.2b 631b 680b 4.9 × 106b 1.50b 38.2b 16.1b 18.3b 25.1b 12.2b

10 6.8c 7.38c 2.10a 0.30a 670.3a 680a 720a 6.5 × 106a 1.45c 41.4a 18.7a 21.1a 27.5a 13.8a

OM organic matter content, Bd bulk density, TP total porosity, WHP water-holding pores, UP useful pores, FC field capacity, AW available water.
Different letters (a, b, and c) denote significant differences at P < 0.05 among treatments

Table 2 Chemical composition of irrigation water

Ionic concentration (Meq L−1) Heavy metal con. (ppm) ECa (dS m−1) pH SARb

CO3
−

−
HCO3

− Cl− SO4
−

−
Ca++ Mg++ Na+ K+ Pb Ni Cd Cr Cu

0.00 2.6 10.3 4.1 4.0 3.2 9.3 1.3 7.1–8.0 5.4–5.8 0.25–0.3 4.67–5.2 3.2–4.5 1.7 7.4 4.7

aEC the average electrical conductivity
b SAR sodium adsorption ratio
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where EC1 is the EC of the solution at 40 °C and EC2 is the EC
of the solution at100 °C.

Chlorophyll fluorescence measurements

Chlorophyll fluorescence was measured on two different sun-
ny days using a portable fluorometer (Handy PEA, Hansatech
Instruments Ltd., Kings Lynn, UK). One leaf (the same age)
was chosen per plant from five plants from each plot. A total
of 20 measurements per treatment were made. Fluorescence
measurements (Fv/Fm) were calculated according to Maxwell
and Johnson (2000). The performance index of photosynthe-
sis based on equal absorption (PIABS) was calculated as re-
ported by Clark et al. (2000). Stomatal conductance (gs) was
measured (n = 12) with a portable photosynthetic system
(CIRAS-2, PP Systems, Hitchin, UK). Also, the leaf chloro-
phyll content (SPAD value) (n = 20) was determined with
SPAD502 (KONICAMINOLTA. Inc., Tokyo).

Nutrients and heavy metal determinations

Maize leaves were dried and grounded to powdered form then
the contents of macronutrients (nitrogen (N), phosphorus (P),
potassium (K), and calcium (Ca)) and heavy metals (lead (Pb),
nickel (Ni), cadmium (Cd), Chromium (Cr), and copper (Cu))
were determined by using an atomic absorption spectropho-
tometer (Perkin-Elmer, Model 3300) as depicted by Chapman
and Pratt (1961) procedure.

Statistical analysis

Data collected were exposed to ANOVA and carried out by
Genstat statistical package (VSN International Ltd, Oxford,
UK).

Results and discussion

Effect of residual acidified biochar on soil properties

As listed in Table 3, physical properties (i.e., total porosity,
useful pores, water-holding pores, field capacity), chemical
properties (i.e., nitrogen content (N%), phosphorus (P
mg kg–1), and potassium (K mg kg–1 soil), and soil biota
(number of bacterial cells/g soil) enhanced with the increasing
concentrations of RABC (Table 3). In contrast, ECe, pH, and
bulk density showed significant decreases with increasing
rates of RABC. Therefore, RABC has the potential to mitigate
salinity-induced reductions in mineral uptake and may be a
novel technique to alleviate the deleterious effects of saliniza-
tion in semi-arid and arid zones and contaminated soils (Abd
El-Mageed et al. 2020; Kim et al. 2016; Thomas et al. 2013).
The addition of 10 t ha−1 of acidified biochar yielded the most

positive impacts on soil biota and soil physicochemical prop-
erties. The RABC increased favorable soil characteristics,
namely total porosity, water-holding pores, field capacity,
available water content, organic matter %, N content, K+ con-
tent, and cell bacterial number in the topsoil. The analysis of
soil properties after a year revealed that the application of
10 t ha−1 of acidified biochar increased organic matter by
52.38% compared with control (0 t ha−1), whereas N, P, and
K soil contents were increased by 13.33, 76.86, and 75.74%,
respectively. The correlation between the beneficial outcomes
of RSBC on soil quality and plant nutritional status indicates
that improving soil quality factors will improve plant health.
This is logical because RSBC appeared to improve the forma-
tion of micro-aggregates over time, which improves soil po-
rosity (Brodowski et al. 2006; Cheng et al. 2006). There was
also a significant reduction in bulk density, ECe, and pH.
These effects are further supported by decreases in bulk den-
sities of treated soils; the low bulk density of biochar (BCH)
(~ 0.79 g m−3) and its highly stable organic carbon have the
possibility to decrease soil bulk density and increase its total
porosity (Gwenzi et al. 2014). However, soil bulk density was
reduced by 91.19%. Furthermore, total porosity (TP), water-
holding pores (WHP), useful pores (UP), field capacity (FC),
and available water (AW) were increased by 85.27, 61.50,
55.45, 76, and 78.99%. Acidified biochar is fundamental to
improve the biological activity where the bacterial cell num-
ber was increased from 2.0 × 106 to 6.5 × 106 cell g−1 soil.
This increment might be because of the higher content of
carbon as a source of biological energy for soil microorgan-
isms and increases of available water. Our findings are in
accordance with those of Asai et al. (2009), Antonio et al.
(2013), and Laird et al. (2010). They reported that some phys-
ical soil properties such as porosity, water-holding capacity,
bulk density, and soil structure; and particle size distribution
can likewise improve with the utilization of biochar. The re-
sults proved that supplying acidified biochar to salty soil re-
sults in more micropores (i.e., useful pores and increased
water-holding capacity) which increased capillary potential.
Similarly, the increased porosity and decreased bulk density
of soil are similar to the results of Brewer et al. (2014) and Sun
et al. (2012). They found that the highly porous structure of
biochar creates interstitial space within the BCH soil matrix.
These findings also show that in addition to improving soil
quality of saline soils, RABC can be applied to decrease the
uptake of Na+ (Akhtar et al. 2015) and Cd (Rizwan et al.
2018).

Effect of residual acidified biochar on growth
characteristics

Data in Table 4 show that residual acidified biochar has a
dynamic role in enhancing growth attributes of maize grown
under salty soil and irrigated by contaminated water. As an
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effect of RABC, growth attributes of maize increased consid-
erably. Plant height ranged between 182 (0 t ha−1 acidified
biochar) and 212 cm (10 t ha−1 acidified biochar) whereas
the number of leaves/plant increased from 11.2 to 14.4 cm.
However, RABC may cause an increment in other growth
characteristics of plants such as flag leaf area, stem diameter,
shoot fresh, and dry weight which increased from 135.2 to
180.5 dm2, 2.2 to 3.1 cm, 472.3 to 682.59 g, and 401.5 to
579.47 g, respectively. Plant height, stem diameter, leaf area
plant−1, and shoot dry plant−1 (g) were significantly (P ≤ 0.05)
decreased under control treatment (0 t ha−1 ABC). However,
RABC influence on growthwas more important under a biotic
stress (saline soil and irrigated by contaminated water).
Results indicated that dry matter of plant was adversely influ-
enced by salt stress (untreated soil). Moreover, the dry weight
of the whole plant as well as that of individual plants was
higher in RABC10 than RABC5 or RABC0. These findings
are in agreement with those of Wolka and Melaku (2015),
Haider et al. (2015), and Rady et al. (2018). Residual acidified
biochar improved maize plant growth because of the improve-
ment of soil-plant water relations (improved relative water
content and membrane stability index) and stimulated photo-
synthesis by increasing the electron transport rate of photosys-
tem II (Fig. 1, Haider et al. 2015). The other mechanisms by
which residual acidified biochar–enhanced maize growth may
include increased soil moisture content, modified soil proper-
ties (i.e., organic matter content; NPK content and availability;
total porosity, water-holding pores; useful pores), and in-
creased the activity of soil biota (number of bacterial cells/g
soil, Table 3). Therefore, RABC may overcome the injurious
effects caused by a biotic stress and enhancement maize
growth.

Maize water status

Responses ofMSI and RWC of plants for RABC are proposed
in Fig. 1. Statistical analysis carried out on MSI and RWC
showed a significant difference (P ≤ 0.05) among RABC
levels. The values of membrane stability index (MSI) and
relative water content (RWC) were improved with increasing
of RABC. The height values of MSI and RWC (71.8 and

80.5%) were obtained under RABC10 compared with that
under RABC0 treatment (65.8 and 54.3%). As compared with
RABC0 (control, 0 t ha

−1) treatment, plants treated by either 5
or 10 t RABC t ha−1 revealed a significant increase (P ≤ 0.05)
in dehydration resilience as far as improved MSI and RWC%
(Fig. 1). Relative water content may be mirroring the meta-
bolic movement in tissues of plants and it is considered a
measure of water relations of plant (Sinclair and Ludlow
1986). Results are in accordance with those of Akhtar et al.
(2014) and Haider et al. (2015). They concluded that the uti-
lization of higher rates of biochar increased RWC and MSI of
maize and tomato under abiotic stresses. According to Abd El-
Mageed et al. (2018); Agami et al. (2018); and Kabir et al.
(2004), crops having greater biomass can maintain higher wa-
ter content in leaf, leading to a higher tolerance to a biotic
stress.

Physiological responses

Data related to stomatal conductance (gs) and chlorophyll
content (SPAD value) of maize are illustrated in Fig. 1.
Results revealed that gs and SPAD responses differ signifi-
cantly (P ≤ 0.05) due to residual acidified biochar. As expect-
ed, plants grown under RACB10 had the highest gs and SPAD
values (253 and 54) in contrast to untreated soil (116.5 and
26.3), respectively. Compared with those of the RACB0, the
readings of gs and SPAD in leaves of maize increased by 26%
and 43% for RACB5 and by 117 and 104% for RACB10,
respectively. SPAD and gs significantly increased in RABC
treatments under abiotic stresses, which may be attributed to
the enhanced N and K uptake (Table 3) (Van Hoorn et al.
2001). These effects are supported by the findings from
Akhtar et al. (2014) and Seehausen et al. (2017). They report-
ed that stomatal conductance was improved significantly un-
der the utilization of biochar.

Chlorophyll fluorescence

The impacts of RABC on Fv/Fm and performance index (PI)
of maize grown under contaminated irrigation are listed in Fig.
1. Chlorophyll efficiency significantly increased gradually

Table 4 Effect residual acidified
biochar on growth attributes of
maize plants grown under heavy
metal–contaminated irrigation
water

Treatments Plant
height
(cm)

Number of
leaves plant−1

Flag leaf area
(dm−2)

Stem
diameter
(cm)

Shoot FW (g) Shoot DW
(g)

** * ** ** ** **

RABC0 182 ± 6.3b 11.2 ± 0.37b 135.2 ± 5.1c 2.2 ± 0.15b 472.3 ± 56.1b 401.5 ± 50.7b

RABC5 205 ± 3.2a 12.2 ± 0.58b 159.9 ± 1.4b 3.1 ± 0.18a 557.8 ± 30.9a 474.1 ± 26.2a

RABC10 212 ± 3.7a 14.4 ± 0.24a 180.5 ± 0.31a 3.1 ± 0.18a 682.0 ± 59.7a 579.7 ± 47.6a

** and * indicate, respectively, differences at P ≤ 0.05 and P ≤ 0.01 probability level. Different letters (a, b, and c)
denote significant differences at P < 0.05 among treatments
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with the gradual increase in RABC. However, RABC has
been exposed to alleviation of the deleterious effects of salin-
ity and/or contaminated irrigation water stress on chlorophyll
fluorescence of maize. The highest Fv/Fm and PI values were
recorded under RABC10 (0.82 and 4.1) compared with that
under RABC0 treatment (0.72 and 1.8). Higher chlorophyll
fluorescence produced higher grain and biomass yields of
maize (Table 7). Numerous investigations suggested that the
analysis of chlorophyll fluorescence could be utilized as a
dependable method to evaluate the fluctuations in the function
of PSII under antagonistic conditions (Abd El-Mageed et al.
2018; Cakmak 2005). Our results demonstrated decreases in
Fv/Fm and PI (Fig. 1) under untreated soil, which were po-
tentially because of the decrease in leaf photosynthetic pig-
ments and RWC required for photosynthesis. These responses
are well confirmed by earlier findings in other investigations

of Seehausen et al. (2017). They reported that chlorophyll
fluorescence (Fv/Fm) was increased, with increasing biochar
application. Conversely, Akhtar et al. (2015) stated that no
significant influence of biochar was observed on the photo-
chemical efficiency of photosystem II (Fv/Fm) in wheat and
maize crops.

Nutrients status of maize

Residual acidified biochar significantly improved leaf N, P,
K+, and Ca2+ contents in relation to the respective control
(Table 5). In contrast, leaf Na+ concentration and Na+/K+ ratio
were significantly decreased by RABC. Leaf Na+ concentra-
tion and Na+/K+ ratio concentration decreased at RABC10

compared with that at RABC0. Comparable with the control
(non-residual acidified biochar), RABC reduced Na+
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concentration while increased K+ concentration thus lowered
Na+/K+ ratio in the maize leaves. N concentration increased
by 11.4 and 14.3%, P by 63.5 and 76.2%, K by 22.6 and
38.2%, and Ca by 32.0 and 37.6% which was calculated at
RABC5 and RABC10, compared with their corresponding
control. Results are parallel with those obtained by Major
et al. (2010). They reported that biochar addition caused an
increase in K, Mg, and Ca uptake in maize. Furthermore, soil
treated with acidified biochar decreased Na and Na+/K+ con-
centration by 8.0 and 15.9% for Na and by 24.9 and 39.2% for
Na+/K+ when contrasted with untreated soil, respectively. The
results are in harmony with that of Akhtar et al. (2015). They
observed that residual biochar utilization has positive impacts
in reducing Na+ uptake in the following wheat crop. The de-
crease in the pH of the soil (Table 3) probably enhanced the
nutrient status of maize plants. Therefore, this decrease in soil
pH led to the enhancing mineralization of both organic
materials and solubilization of nutrients particularly in the
root zone which could have resulted in increased
bioavailability of essential nutrients in soil and ultimately
their uptake and assimilation in maize plants. These results
are in agreement with those obtained by Ramzani et al.
(2016) and Paradelo et al. (2016). Table 5 shows significant
increases in N and P content in plants grown under 10 t ha−1

RABC by 14.2 and 66.7% compared with non-acidified
biochar–amended soil. The increase of N and P maize
uptake is most likely because of the induced improvement in
soil chemical properties, i.e., the pH value, total N and
available P2O5 contents, CEC, and base saturation. The
results are in agreement with those of Yamato et al. (2006)
and Yeboah et al. (2009) and are contrary to findings by Mau
and Utami (2014). In this concern, Mau and Utami (2014)
reported that using biochar alone did not enhance maize
growth or P uptake.

Concentration of heavy metals

Data related to toxic metal (i.e., Ni, Pb, Cr, Cd, and Cu)
concentrations in leaves and grains of maize are listed in
Table 6 and revealed that Ni, Pb, Cd, and Cr differ sig-
nificantly (P ≤ 0.05) due to residual acidified biochar.

Table 6 demonstrates that maize grown in soil received
5 or 10 tons of acidified biochar per hectare has lower
concentrations of Ni, Pb, Cd, and Cr by 33.2–41.4%,
26.4.9–12.1%, 20–40%, and 8–16% for leaves and by
43.4–52.5%, 25.2–30.3%, 28.1–40.6%, and 25.6–33.6%
for grains compared with control (untreated soil).
According to our results, the availability of toxic ele-
ments (i.e., Ni, Pb, Cd, and Cr) to plant growth can be
reduced by residual acidified biochar, most likely be-
cause of surface adsorption and precipitation of
acidified biochar. The obtained results are in agreement
with those obtained by Kloss et al. (2014) and Masto
et al. (2013). Reduction of metal contents for crops could
be because of the surface functional groups and adsorp-
tion sites on residual acidified biochars which could in-
crease CEC and consequently increase soil metal ex-
change capacity through the creation of complexes with
cationic heavy metals. In this regard, Al-Wabel et al.
(2015) demonstrate that adding biochar significantly de-
creased concentrations (i.e., Mn, Zn, Cu, and Cd) of
shoot plants in accordance with increasing supply rates.
In dry conditions which described by high soil pH, the
justification for supplying acidified biochar to environ-
mental matrices is that it can work as a sorbent for
metals in solution by establishing a new balance between
the concentrations sorbed to surfaces and that in solution,
and its greater resistance to degradation should render
longevity of the effect. The decrease of maize heavy
metal uptake could be referred to two reasons. First, re-
sidual acidified biochar was effective in increasing soil
CEC and immobilizing heavy metals (i.e., Ni, Pb, Cd Cr,
and Cu). These findings are in accordance with those of
Jiang et al. (2012) for Cu and Pb and Shen et al. (2012)
for Cr. The second one is the indirect effect of residual
acidified biochar on characteristics of soil (physical, bi-
ological, and chemical) that then impact on heavy metal
retention or release. The addition of acidified biochar to
soils can increase microbial biomass, organic carbon, nu-
trient content, and WHP (Table 3) (Sohi et al. 2010;
Karami et al. 2011; Lehmann et al. 2011), which may
in turn impact of heavy metal retention and release.

Table 5 Effect of residual acidified biochar on leaf macro-nutrient contents (g kg−1) of maize plants grown under heavy metal–contaminated irrigation
water

Treatments N P K+ Ca2+ Na+ Na+/K+

* ** ** ** ** **

RABC0 23.8 ± 0.8b 0.9 ± 0.1c 13.09 ± 0.05c 3.03 ± 0.03b 8.8 ± 0.02a 0.67 ± 0.01a

RABC5 26.5 ± 0.1a 1.4 ± 0.2b 16.05 ± 0.03b 4.00 ± 0.17a 8.1 ± 0.01b 0.54 ± 0.02b

RABC10 27.2 ± 1.3a 1.5 ± 0.2a 18.09 ± 0.05a 4.17 ± 0.01a 7.4 ± 0.01c 0.46 ± 0.02c

** and * indicate, respectively, differences at P ≤ 0.05 and P ≤ 0.01 probability level. Different letters (a, b, and c) denote significant differences at
P < 0.05 among treatments
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Yield components, yields, and IUE

Data in Table 7 reveal that RABC had significant (P ≤ 0.05)
influences on yield components, yields, and irrigation use ef-
ficiency (IUE). Comparable with RABC0, the weight of 1000
grain significantly (P ≤ 0.05) increased by 27.3%, shelling
ratio by 10.3%, HI by 10.5%, biomass yield by 39.2%, grain
yield by 78.3%, and IUE by 83.1%. Such findings are in
harmony with Kannan et al. (2017) and Vaccari et al.
(2015). Harvest index (HI) was relatively increased from
0.19 to 0.21 (Table 7). In this concern, Major et al. (2010)
and Wang et al. (2012) noticed that higher utilization of bio-
char produced significantly (P ≤ 0.05) higher HI values.
Applications of acidified biochar at 5 and 10 t ha–1 significant-
ly increased grain yield by 41 and 78% and increased biomass
yield by 18.8 and 39.2% in contrast to the control, respective-
ly. Likewise, the IUE ofmaize was increased by 42.3 and 84%
compared with the control. The findings are parallel with
those of Kimetu et al. (2008), Oguntunde et al. (2004), and
Uzoma et al. (2011). The increases in the weight of 1000
grain, shelling ratio, HI, biomass yield, grain yield, and IUE
could be attributed to the impacts of RABC. Residual acidi-
fied biochar improved physical soil properties (Table 3) (i.e.,

total porosity, water-holding pores, field capacity, and avail-
able water content); chemical properties (organic matter con-
tent, ECe, pH, NPK content); and soil biota (number of bac-
terial cells in the soil). Moreover, RABC enhanced growth
attributes (Table 4), plant nutritional status (Table 5), maize
water relations, physiological responses, and photochemical
efficiency (Fig. 1) and reduced accumulation of Ni, Pb, Cd,
Cr, and Cu (Table 6). All of these factors are mainly respon-
sible for improved crop productivity (Rondon et al. 2007;
Thies and Rilling 2009; Yamato et al. 2006).

Conclusions

Ayear after the addition, the constructive outcome of acidified
biochar was still persisting. The present examination revealed
that the utilization of acidified biochar had positive residual
effects which could overcome the destructive of salinity and/
or heavy metal stress by releasing mineral nutrients (particu-
larly N, P, K+, and Ca++) and increasing RWC and MSI acting
as osmotic and metabolic regulators or substrates and in part
as cell component stabilizers. The results concluded that acid-
ified biochar is useful for improving the soil properties,

Table 6 Effect of residual acidified biochar on leaves and grains heavy metals contents (mg kg−1 DW) of maize plants grown under heavy metal–
contaminated irrigation water

Treatments Ni Pb Cd2+ Cr Cu

Leaves (mg kg−1 DW)

** ** ** ** NS

RABC0 3.65 ± 0.02a 3.98 ± 0.12a 0.05 ± 0.001a 2.41 ± 0.011a 2.73 ± 0.01a

RABC5 2.44 ± 0.02b 3.13 ± 0.02c 0.04 ± 0.002b 2.21 ± 0.03b 2.84 ± 0.01a

RABC10 2.14 ± 0.06c 3.5 ± 0.01b 0.03 ± 0.001c 2.01 ± 0.02c 2.78 ± 0.01a

Grains (mg kg−1 DW)

** ** ** ** *

RABC0 2.57 ± 0.02a 2.97 ± 0.01a 0.032 ± 0.001a 1.8 ± 0.02a 2.41 ± 0.02a

RABC5 1.45 ± 0.01b 2.22 ± 0.001a 0.023 ± 0.002b 1.34 ± 0.01b 2.13 ± 0.02b

RABC10 1.22 ± 0.01c 2.07 ± 0.003a 0.019 ± 0.001c 1.2 ± 0.001b 1.77 ± 0.01b

** and * indicate, respectively, differences at P ≤ 0.05 and P ≤ 0.01 probability level. Different letters (a, b, and c) denote significant differences at
P < 0.05 among treatments

Table 7 Effect of residual
acidified biochar on the weight of
1000 grains, shelling ratio, grain
yield, biomass yield, and
irrigation use efficiency of maize
plants grown under heavy metal–
contaminated irrigation water

Treatments 1000 grains
weight (g)

Shelling
ratio

Grain yield
(t ha−1)

Biomass
yield (t ha−1)

HI IUE
(kg m−3)

** * ** ** **

RABC0 208.0 ± 3.2c 0.68 ± 0.01b 4.6 ± 0.3c 24.0 ± 0.99c 0.19 ± 0.00b 0.71 ± 0.05c

RABC5 253.4 ± 4.4b 0.73 ± 0.01a 6.5 ± 0.5b 28.5 ± 0.95b 0.23 ± 0.02ab 1.01 ± 0.07b

RABC10 264.8 ± 2.0a 0.75 ± 0.01a 8.2 ± 0.4a 33.4 ± 0.35a 0.21 ± 0.01b 1.3 ± 0.06a

** and * indicate, respectively, differences at P ≤ 0.05 and P ≤ 0.01 probability level. Different letters (a, b, and c)
denote significant differences at P < 0.05 among treatments
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growth (i.e., plant height, number, and leaf area/plant and
plant dry weight), nutrient status, IUE, and yield and reducing
the Ni, Pb, Cd, and Cr uptake in maize under heavy metal–
contaminated irrigation water. This gives additional insight
into the application of acidified biochar under abiotic stresses.
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