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Abstract: Sustainable management of phosphorus (P) is one of the burning issues in agriculture
because the reported P losses, when applied in the form of mineral fertilizer, give rise to another issue
of water pollution as P is considered one of the limiting nutrients for eutrophication and so results
in costly water treatments. In the present study, the enrichment of biochar with mineral P fertilizer
was supposed to reduce such losses from the soil. Additionally, P can also be recycled through this
technique at the same time as biochar is derived from biomass. Biochar was prepared using wheat
straw followed by its enrichment with di-ammonium phosphate (DAP) at the ratio of 1:1 on a w/w
basis. The first pot trial for spring maize (cv. Neelam) was conducted using phosphorus-enriched
biochar (PEB) at 0% and 1% with different levels of recommended P (0%, 25%, 50%, and 100%).
The treatments were arranged factorially under a complete randomized design (CRD) with three
replications. After harvesting the spring maize, pots were kept undisturbed, and a second pot trial
was conducted for autumn maize in the same pots to assess the residual impact of 1% PEB. In the
second pot trial, only inorganic P was applied to respective treatments because the pots contained
1% PEB supplied to spring maize. The results revealed that the application of 1% PEB at P level 50%
significantly increased all the recorded plant traits (growth, yield, and physiological and chemical
parameters) and some selected properties of post-harvest soil (available P, organic matter, and EC) but
not soil pH. In terms of yield, 1% PEB at 50% P significantly increased both the number of grains and
100-grain weight by around 30% and 21% in spring and autumn maize, respectively, as compared to
100% P without PEB. It is therefore recommended that P-enriched biochar should be used to reduce
the inorganic P fertilizer inputs; however, its application under field conditions should be assessed in
future research.

Keywords: biochar; crop production; residual effect; sustainable agriculture

1. Introduction

Sustainable soil management is one of the crucial challenges as it plays several impor-
tant functions in the ecosystem besides providing food, fibre, and shelter. From the life in
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water bodies to the atmospheric composition of gasses, the soil plays a significant role in
deciding what enters or leaves these systems. In other words, anthropogenic activities, with
the aim of managing soil resources, particularly for agriculture, impact the environment
negatively if not managed properly. For example, excessive use of phosphorus (P) in
agriculture is one of the leading causes of eutrophication in aquatic environments, giving
rise to algal blooms which eventually harm aquatic life [1,2]. Similarly, the burning of
biomass is aggravating the phenomena of climate change as it emits nitrogenous oxide
(NOy), carbon monoxide (COy), sulfur oxide (SOy), particulate matter (PM), polycyclic
aromatic hydrocarbons (PAHs), and volatile organic compounds (VOCs) [3,4]. Thus, future
practices should be devised while considering their implications on the environment in the
long run. This is especially true for agricultural soils in order to ensure future food security.

In view of the above environmental implications of mismanagement, both P sus-
tainability and bio-waste management are pressing issues for global food security, water
sustainability, and climate change mitigation [5,6] because both P supply and waste genera-
tion are part and parcel of farming systems. P is an essential component of crop production
that has no alternative; thus, its continuous supply is key to global food security but likely
disturbs agriculture because phosphate rock is non-renewable, and its current use pattern
is not efficient, i.e., its reported losses are much greater in case of inorganic application
resulting in the loss of this resource in addition to pollution of water bodies [7-9]. More-
over, an increase in the world population has increased the demand for P fertilizer. Its
consumption was 47.4 million tonnes in 2015 and is increasing at the rate of 2% annually.
Unfortunately, only small amounts (5-25%) of applied P are available to crops [10,11]
because its availability is limited due to its reactions with soil constituents [12-14]. Con-
sequently, the risk of losses through erosion, leaching, and runoff is much greater [15,16].
Therefore, techniques should be devised to minimize the P inputs while maintaining the
optimum yields to reduce the burden on rock phosphate reserves and to curtail the entry
of P into water bodies.

To counter issue of P loss from the soil, scientists have been working to introduce
high-efficiency P fertilizers [17] either by producing slow-release fertilizers or by stabilizing
their chemical transformations in the soil [18]. Similarly, coating mineral P fertilizer with
anionic polymers is one of the effective techniques for increasing efficiency by complexing
the P fixing ions found in soil [19,20]. However, the aim of the current study was to
utilize bio-waste to enhance P use efficiency by converting it into biochar followed by its
impregnation with DAP. Through this technique P can be managed sustainably, and the
management of organic waste, which otherwise has a significant role in global carbon
emissions, will be possible. However, the use of biochar has certain potential risks [21]; for
example, it may contain contaminants including polycyclic aromatic hydrocarbons [22] that
are harmful to both plants and microbial communities. The presence of such contaminants
is dependent on the type of feedstock and the conditions under which pyrolysis is to be
carried out [23], thus offering enough flexibility to form contaminant-free biochar.

The conversion of organic waste into biochar followed by its enrichment with inorganic
P fertilizer not only renders it a slow-release fertilizer, but it also has a positive impact
on biological, chemical, and physical properties of soil. Biochar is a carbon-rich material
obtained through the thermal decomposition of biomass under anoxic conditions [24,25]
that plays several key roles in refining the properties of soil [26]; for example, the application
of biochar has increased the moisture retention in soil [27], enhanced soil aeration [28], and
boosted soil microbial activity [29]. Consequently, it has improved the yield of crops [30]
and crop-nutrient profiles [31]. Furthermore, due to its porous nature, biochar can be
used as a carrier for nutrients [32,33]. The application of biochar as a matrix for slow-
release fertilizer has been demonstrated using several nutrients in previous studies such
as those involving potassium (K) [34], nitrate-nitrogen (NO3-N) [35], phosphorus (P) [36],
and ammonical nitrogen (NH4-N) [35]. However, this field is not fully explored, and
systematic studies should be conducted to optimize the dose of mineral fertilizer with
enriched biochar to obtain optimum results in terms of crop yield, growth, and quality for
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a specific crop. Therefore, the aim of the current study was to prepare enriched biochar,
followed by application with different levels of inorganic phosphorus to improve P use
efficiency and reduction in the use of synthetic P fertilizer.

It was therefore hypothesized that the impregnation of biochar using DAP renders
it a slow-release fertilizer, consequently lowering the requirement of mineral P fertilizer
without affecting the crop performance. The specific objectives of the study include the
optimization of mineral fertilizer dose with enriched biochar for maize and assessing its
residual impact using the same crop in the next growing season.

2. Materials and Methods
2.1. Analysis of Experimental Soil

The soil of the experimental area at the Institute of Soil and Environmental Sciences,
University of Agriculture Faisalabad, Pakistan, was used for the pot trials. The soil of this
site falls in the category of Lyallpur series with Typic Calciargid as a great group (USDA
taxonomic system). The soil sample was taken randomly from the plow layer (15-20 cm).
Before the analysis, it was air-dried and ground enough to pass through a <2 mm sieve.
A soil-water suspension at 1:1 (w/v) was used for the estimation of pH and EC (dS m1)
with the help of a portable pH and EC meter. Organic matter (%) was determined after
calculating organic carbon following the titration method [37]. Total nitrogen was estimated
following the protocol defined by [38]. Extractable phosphorus (mg kg~!) was calculated
spectrophotometrically at the wavelength of 882 nm [39], and soil CaCO3 contents were
estimated following the protocol of [40] (Table 1).

Table 1. Some selected properties of both experimental soil and the biochar used in enrichment.

Properties Unit Value/Description
Sand % 35.6
Silt % 38.3
Clay % 253

Textural class - Sandy clay loam

Experimental soil used in pH - 8.10
pot trials EC dSm-1 061
CaCOs % 3.34
Total N % 0.08
Organic Matter % 0.56
Extractable P mg kg~! 4.01
EC dSm™! 1.98
pH - 7.97
Ca gkg! 7.20
Biocharused for he Mg ks
N gkg? 11.4
P gkg! 3.04
gkg™! 30.03

2.2. Feedstock Collection, Preparation of Biochar, and Its Analysis

For the preparation of biochar, wheat straw was used as feedstock. It was obtained
from the agronomy farm, the University of Agriculture Faisalabad, Pakistan. Before
pyrolysis, feedstock was air-dried, and all physical impurities were removed. Then, it
was oven-dried and ground to uniform mesh size. Wheat straw was pyrolyzed in an
automated furnace at a temperature of 350—400 °C with a residence time of 1 h and a
constant heat rate of 10 °C min~! [41]. For the determination of pH and EC (dS m™ ),
biochar was added to distilled water at a ratio of 1:20 (w/v), then the suspension was
placed on a mechanical shaker for 90 min [42]. Furthermore, a sample of biochar was
digested using hydrogen peroxide (H;O,) and sulfuric acid (H,SOy), for the estimation
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of P, potassium (K), Calcium (Ca), and magnesium (Mg) [43]. Ca and Mg were calculated
using an atomic absorption spectrometer (AAnalyst, PerkinElmer, Norwalk, CT, USA). P
and K were calculated using UV-visible spectrophotometer (UV-1201, Shimadzu, Tokyo,
Japan) and flame photometer (PFP7, Jenway, Essex, UK), respectively. Furthermore, a CHN
analyzer (Carlo-Erba NA-1500) was used for the determination of nitrogen (Table 1).

2.3. Enrichment of Biochar

For the enrichment of the resultant biochar, the cold method was followed wherein
DAP was ground to powder and added to biochar at 1:1 on a w/w basis, then distilled water
was sprinkled over the mixture [36]. After preparation, the P-enriched biochar (PEB) was
air-dried and stored in a plastic bag for future use.

2.4. Spring Maize

Using PEB, the first experiment was conducted on spring maize (Zea mays) during
February at the wirehouse of the Institute of Soil and Environmental Science, University
of Agriculture Faisalabad, Pakistan. Treatments were arranged factorially under a CRD
with three replicates. The factors include PEB with two levels (0% and 1%) and inorganic
fertilizer (DAP) with four levels P (0%, 25%, 50%, and 100%) comprising a total of eight
treatments (four with 0% PEB for each level of P and another four with 1% PEB for each
level of P). In both factors, level 0 (no application) serves as a control. The P levels were
determined by dividing the recommended dose (60 kg ha~') of inorganic P fertilizer into
four levels. The application of PEB was carried out in respective pots at the rate of 1% of
dry soil on a w/w basis, and thorough mixing was performed before seed sowing. Then,
different levels of P (0%, 25%, 50%, and 100%) were added to their respective treatments at
sowing, and the recommended N and K (15 kg ha~!) were also added to all the treatments
at sowing. Maize (cv. Neelam) seeds were sown manually at 10 seeds pot™!, and after
germination, the plant density was kept at three plants pot~!. After sowing all the pots
were irrigated using tap water on a visual need basis, and the same practice was used in
future irrigation (Figure 1). Moreover, all other management practices (hoeing, weeding,
etc.) were kept constant for all the treatments.

TSRI T7R1 T4R3 (a) Pot was irrigated
(b) Plants were uprooted
1% PEB + 0% P IR RS V7N 0% PEB + 100% P (c) Soil adhered to root was put back to the
(d) Soil was mixed and 50 g sample was
TZRI T4R2 T3 R3 (e) Pot was kept undisturbed until autumn

0% PEB +25% P | 0% PEB +100% P | 0% PEB + 50% P
T4Ry T5R3 ToR3

Spring & autumn maize

0% PEB + 100% P [RSEAL RN /8 00 (% PEB + 25% P
T3R1 T2R2 T6R2
0%PEB+50%P | 0%PEB+25%P [EUASORIRLZg & Fot filled with 5006

(b) 200 g PEB added as ced sowed
mixed thoroughly $

(c) Seed sowed; 0.6 g D.
added; pot was irrige

TsRy TRy TgR3

1% PEB + 0% P 0% PEB + 0% P 1% PEB +2
T3R» TiR> T7R5

0% PEB + 50% P 0% PEB + 0% P 1% PEB + 50% P
TgRq TgRy TgR3

1% PEB + 100% P 1% PEB + 100% P | 1% PEB + 100% P
TgR1 T7R» T1R3

1% PEB + 25% P 1% PEB + 50% P 0% PEB + 0% P

Figure 1. Layout of experiment and schematic diagram of a single pot illustrating the procedure
adopted during both spring and autumn maize. The figure contains 24 boxes on the left-hand side,
and each box represents a pot with its respective treatment (8T x 3R). Pots containing 1% PEB are
filled in black; T = treatment; R = replication.
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2.5. Determination of Crop Parameters and Analysis of Post-Harvest Soil

Chlorophyll contents were measured using a chlorophyll content meter (CCM-200
PLUS, Opti-Sciences, Tyngsboro, MA, USA). At harvest, the pots were irrigated to uproot
the entire plant, and then shoots were separated using a sickle, and shoot length (cm) was
determined. After detaching the shoots, the root part was returned to its respective pot to
obtain the adhered dry soil. Then, root length (cm) was recorded using a measuring scale
after returning the adhered soil to its respective pot. Root and shoot fresh weights (g) were
determined using a digital balance. For the determination of root and shoot dry weight
(g), the samples were oven-dried at 60 °C until a constant weight, then the dry weight
was recorded using a digital balance. The number of grains plant~! was determined by
threshing the cobs manually followed by a manual count, and 100-grain weight (g) was
determined by selecting 100 gains for each treatment randomly using a digital balance.
Protein (%) in grain was determined following the protocol described by [44]. Ash (%) in
grain was determined through the protocol as described in [45]. Similarly, fat (%) in grain
was determined following the protocol described by [46]. For the determination of nitrogen
(%) in shoots, Kjeldahl apparatus was used [47], and for P (%) in maize shoots, samples
were digested in di-acid mixture (HNO3; and HClOy) followed by spectrophotometric
measurement of P at the wavelength of 410 nm [48]. The post-harvest soil was analyzed for
electrical conductivity (EC), pH, organic matter, and soil extractable P.

2.6. Second Pot Trial

The pots used in the first pot trial were kept undisturbed until the second pot trial. In
autumn maize was again sowed in the same pots to assess the residual impact of 1% PEB
supplied to spring maize. Thus, all the treatments including the four treatments containing
1% PEB (not applied afresh but containing 1% PEB added to spring maize) were treated
only with their respective P level (0%, 25%, 50%, and 100%). All other practices (hoeing,
weeding, etc.) were the same as those of the first pot trial (Figure 1).

2.7. Statistical Analysis

The data were analyzed statistically through the analysis of variance for finding the
variation among treatments” mean. All statistical analyses were performed using computer-
based software (Statistix Version 8.1). Mean values of treatments were compared using
Tukey’s HSD test at a significance level of <5% [49].

3. Results

An interaction between the mean values (plant traits and properties of post-harvest
soil) and different levels of P (0%, 25%, 50%, and 100%) with and without PEB (0% and 1%)
was recorded for both spring and autumn maize. The results indicated that soil properties
(except for soil pH) and plant traits were significantly influenced by 1% PEB at the level
of 50% P in the spring maize. A similar trend was observed for autumn maize (mean
significant values at 1% PEB + 50% P) even though PEB was not added to autumn maize.
The application of PEB therefore reduced the recommended dose of P for maize by half for
two successive growing seasons.

3.1. Effects of Application of PEB and Different Levels of P on Growth

For both spring and autumn maize, the minimum value for root length was recorded
at P level 0% (Figure 2). An increasing trend in root length was observed with the increase
in the level of P (25%, 50%, and 100%). In the case of spring maize, application of 1% PEB
with P level 0% significantly improved the root length as compared to all the levels of P (0%,
25%, 50%, and 100% P without PEB), whereas, in the case of autumn maize, the treatment
1% PEB + 0% P was not significantly different from 100% P (Figure 2). With the increase in
the level of P (25%, 50%, and 100% P) at 1% PEB, an increasing trend in root length was
observed, and the maximum value was recorded at 1% PEB + 100% P; however, it was not
significantly different from 1% PEB + 50% P. In the case of the shoot length, a similar trend
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mO0% PEB @1% PEB

was observed. In spring maize, the application of 1% PEB at 0% P significantly improved
the shoot length as compared to all the tested levels of P (0%, 25%, 50%, and 100% P), while
it increased the shoot length up to three levels of P (0%, 25%, and 50% P) in autumn maize
(Figure 2). The maximum significant value for shoot length was recorded at 1% PEB + 50%
P for both spring and autumn maize, and the further increase in the level of P did not yield
any significant difference in terms of shoot length.
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Figure 2. Means of plant root length (cm), shoot length (cm), and fresh root weight (g) with standard
error represented by bars. Means with different letters are significantly different from one another
at the significance level of <0.05 (Tukey’s HSD test), represented by capital letters (A) in spring and
small letters (a) in autumn maize. In spring maize, pots were treated with PEB (0% and 1%) for
each level of P (0%, 25%, 50%, and 100% P); in autumn maize, all pots were treated only with their
respective P level. PEB* indicates pots containing 1% PEB added to spring maize.

Furthermore, for both spring and autumn maize, an increasing trend in root fresh
weight was recorded with the increase in P levels (25%, 50%, and 100% P) at 1% PEB, but
up to 50% P (1% PEB + 50% P) and a further increase in P did not yield any significant
difference in terms of root fresh weight (Figure 2).

Moreover, for both spring and autumn maize, a positive interaction was recorded
between 1% PEB and different levels of P for fresh shoot weight (Figure 3). In spring maize,
application of 1% PEB at 0% P significantly increased fresh shoot weight as compared to
0% and 25% P at 0% PEB; however, no significant difference was recorded as compared
to 50% and 100% P, while in autumn maize 1% PEB at 0% P significantly increased fresh
shoot weight as compared to 0%, 25%, and 50% P. The maximum significant increase in
fresh shoot weight was recorded at 1% PEB + 50% P for both spring and autumn maize.
The further increase in P level (1% PEB + 100% P) did not yield any significant difference in
terms of fresh shoot weight (Figure 3).

Similarly, in both spring and autumn maize, the minimum value for dry root weight
was recorded at P level 0% (Figure 3). In spring maize, no significant difference was
recorded when 0% P was compared with 25% P; however, the further increase in P level
(25%, 50%, and 100%) significantly enhanced the dry root weight. In autumn maize the
three P levels (25%, 50%, and 100% P) significantly increased dry root weight as compared
to 0% P. Furthermore, in both spring and autumn maize, a significant increase in dry root
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weight was recorded for 1% PEB at 0% P as compared to all the levels of P (0%, 25%, 50%,
and 100% P) with 0% PEB. With the increase in P level at 1% PEB, an increasing trend was
recorded for dry root weight up to 1% PEB + 50% P, and the further increase in P level (1%
PEB + 100% P) did not show any significant difference for dry root weight (Figure 3).
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Figure 3. Means of plant fresh shoot weight (g), dry root weight (g), and dry shoot weight (g) with
standard error represented by bars. Means with different letters are significantly different from one
another at the significance level of <0.05 (Tukey’s HSD test), represented by capital letters (A) in
spring and small letters (a) in autumn maize. In spring maize, pots were treated with PEB (0% and
1%) for each level of P (0%, 25%, 50%, and 100% P); in autumn maize, all pots were treated only with
their respective P level. PEB* indicates pots containing 1% PEB added to spring maize.

Furthermore, in both spring and autumn maize, dry shoot weight was significantly
increased with the application of 1% PEB (Figure 3). For both the experiments the maximum
mean value for dry shoot weight was recorded at 1% PEB + 100% P; however, there was no
significant difference between 1% PEB + 100% P and 1% PEB + 50%. Thus, the optimum P
level for 1% PEB was 50% P (Figure 3).

3.2. Effects of Application of PEB and the Split Dose of P on Yield

In both spring and autumn maize, the application of 1% PEB significantly improved
both the recorded yield parameters as compared to the application of 100% P at 0% PEB
(Figure 4). For both trials, the number of grains was significantly increased by 1% PEB at
0% P as compared to 100% P at 0% PEB. An increasing trend was recorded with the further
increase in the level of P, but up to 50% P and a further increase in P level (1% PEB + 100% P)
did not exhibit any significant difference in terms of the number of grains. Similarly, in both
spring and autumn maize, 100-grain weight was recorded at maximum at 1% PEB + 50%
P as the further increase in P level (1% PEB + 100% P) did not show any significance
(Figure 4).
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Figure 4. Means of yield traits with standard error represented by bars. Means with different letters
are significantly different from one another at the significance level of < 0.05 (Tukey’s HSD test),
represented by capital letters (A) in spring and small letters (a) in autumn maize. In spring maize,
pots were treated with PEB (0% and 1%) for each level of P (0%, 25%, 50%, and 100% P); in autumn
maize, all pots were treated only with their respective P level. PEB* indicates pots containing 1% PEB
added to spring maize.

3.3. Effect of Application of PEB and the Split Dose of P on Physiological and Chemical Parameters

In both trials, the application of 1% PEB significantly improved chlorophyll-a as
compared to 100% P at 0% PEB (Figure 5). For both spring and autumn maize, the com-
bined application of 1% PEB with P levels significantly enhanced chlorophyll-a up to
1% PEB + 50% P as compared to all other treatments. Similarly, in both spring and au-
tumn maize, both shoot N and P contents reached a significant maximum at the treatment
1% PEB + 50% P as further addition in P level with PEB did not yield any significant
difference (Figure 5).
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Figure 5. Means of chlorophyll-a, shoot N (%), and shoot P (%) with standard error represented by
bars. Means with different letters are significantly different from one another at the significance level
of <0.05 (Tukey’s HSD test), represented by capital letters (A) in spring and small letters (a) in autumn
maize. In spring maize, pots were treated with PEB (0% and 1%) for each level of P (0%, 25%, 50%,
and 100% P); in autumn maize, all pots were treated only with their respective P level. PEB* indicates
pots containing 1% PEB added to spring maize.
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3.4. Effect of Application of PEB and Split Dose of P on Grain Quality

For both spring and autumn maize, the combined application of 1% PEB with P
significantly improved grain quality parameters (Figure 6). An increasing trend in ash (%)
was recorded at 1% PEB with the increase in the level of P (from 0 to 100% P); however, the
maximum significant value was recorded at 1% PEB + 50% P. Furthermore, in terms of fat
(%) in grains for both trials, the maximum significant value was recorded at 1% PEB + 50%
P (Figure 6). Similar findings were observed in the case of protein (%) in grains with the
maximum value at 1% PEB + 50% P (Figure 6).

00% PEB O1% PEB* m0% PEB @ 1% PEB 00% PEB O1% PEB*

Fat (%)

25%P 50%P 100% P

Autumn Maize

25%P 50%P 100% P
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Autumn Maize
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10 4 B B A A b b a a
¢ | By DE oy ¢ deg, ©iF O

Protein (%)

T0%P 25%P 50%P 100% P
Spring Maize

0%P 25%P 50%P 100% P

Autumn Maize

Figure 6. Means of grain quality traits with standard error represented by bars. Means with different
letters are significantly different from one another at the significance level of < 0.05 (Tukey’s HSD
test), represented by capital letters (A) in spring and small letters (a) in autumn maize. In spring
maize, pots were treated with PEB (0% and 1%) for each level of P (0%, 25%, 50%, and 100% P); in
autumn maize, all pots were treated only with their respective P level. PEB* indicates pots containing
1% PEB added to spring maize.

3.5. Post-Harvest Soil Analysis

Comparison of means for post-harvest soil revealed that the application of PEB has
a significant impact on the selected properties of the experimental soil (Figure 7). A two-
fold increase in soil extractable P was recorded where PEB was used as compared to
the maximum level of P (100% P) with the maximum significant value at PEB + 50% P.
In the case of EC, a slight difference was found with the increase in the split dose of P
(0% P to 100% P); however, PEB + 25% P significantly increased the EC of post-harvest
soil as compared to 0%, 25%, and 100% P. An increasing trend was recorded with the
increase in the split dose of P with PEB with the highest value recorded at PEB + 100% P.
Soil pH is one of the least affected parameters as no significant difference was recorded
between all the treatments; however, a small decrease in pH was recorded where PEB was
used. Furthermore, PEB has significantly improved soil organic matter as compared to the
application of the split dose of P (0% to 100% P), but no significant difference was recorded
with the increase in the split dose of P (PEB + 0% P to PEB + 100% P) in the case where it
was applied with PEB.
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Figure 7. Means of post-harvest soil chemical traits with standard error represented by bars. Means
with different letters are significantly different from one another at the significance level of < 0.05
(Tukey’s HSD test), represented by capital letters (A) in spring and small letters (a) in autumn maize.
In spring maize, pots were treated with PEB (0% and 1%) for each level of P (0%, 25%, 50%, and 100%
P); in autumn maize, all pots were treated only with their respective P level. PEB* indicates pots
containing 1% PEB added to spring maize.

4. Discussion

Phosphorus is an essential constituent of crop production. The majority of soils are
deficient in P, so its continuous supply is necessary to ensure desired growth and yield.
The soil used in the present study is also deficient in available P (Table 1) and so needs
the continuous supply of P in crop production; however, mineral P fertilizer losses are
great in the case of inorganic application. Accordingly, biochar enriched using DAP was
used in the experiment along with different levels of inorganic P fertilizer to record the
difference in terms of plant traits (growth, yield, grain quality, and physiological and
chemical parameters) and soil properties (pH, EC, organic matter, and available P).

4.1. Impact of Application of PEB and Split Dose of P on Growth of Maize

In spring maize, the results revealed that the recommended dose of P (100% P at
0% PEB) did not improve the growth of maize as compared to its combined application
(1% PEB + 50% P) with PEB (Figures 2 and 3). This is probably due to the limited mobility
and bioavailability of P as the experimental soil was of calcareous nature (Table 1) in
which soluble P reacts with soil constituents to form insoluble phosphates. It was found
previously that the solubility of P was reduced due to its reaction with Ca?* in calcareous
soil [50]. The combined application of the different levels of P with 1% PEB improved the
growth of maize as it had supplied P throughout the crop stand in sufficient quantities
(Figures 2 and 3). Several factors may have played a role in the promotion of growth
in the case of 1% PEB such as the adsorption of p-complexing ions by biochar. It was
previously determined that biochar application reduced the P sorption capacity of the
soil thus increasing its availability to the crop [51,52]. Secondly, the slow disintegration
of biochar may have resulted in the release of organic compounds that compete for soil
exchange sites thus increasing the availability of P to the crop [53,54]. However, the finding
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that biochar application reduces the P sorption in the soil is not consistent as the application
of biochar increased the P sorption in the acidic soils [55]. Lastly, the increase in maize
growth may be due to the ability of biochar to stimulate microbial growth, thus affecting
the solubility of P [56,57].

In the autumn maize, 1% PEB was not added as the treatments contained 1% PEB
added to spring maize. The 1% PEB was not applied afresh during autumn maize to assess
the residual impact of enriched biochar. The results indicated a significant improvement in
crop growth at 1% PEB* + 50% P (Figures 2 and 3). This result implies that the impregnation
of DAP into biochar has stimulated the availability of P so that it was available for the
second crop in a sufficient quantity even without the application of PEB. It can be observed
in Figure 7 that the post-harvest soil contains extractable P in the sufficient range. This
finding is in line with a previous study that the P loaded on the biochar was released only
when the P already found in the solution became depleted due to the uptake of crop roots,
thus serving as a slow-release fertilizer [6].

4.2. Impact of Application of PEB and Split Dose of P on Yield of Maize

Similarly, in both spring and autumn maize, it is clear from Figure 4 that the application
of 1% PEB with different P levels (25%, 50%, and 100%) significantly improved the yield
as compared to the recommended dose of P (0% PEB + 100% P). This is probably due to
the ability of enriched biochar to supply other nutrients in addition to P. Since biochar is
prepared using biomass it contains nutrients (Table 1) that might be available to plants
resulting in more yield. It is well established that biochar contains several important
nutrients such as N, P, K, Ca, and Mg that can be taken up by the crop directly [58]. The
second probability of yield increase is that enriched biochar might have altered the physical
environment for maize roots resulting in better root growth which in turn contributes to
yield increase. It was previously determined that the application of biochar improved the
water holding capacity of the soil, soil porosity, and nutrient holding [59]. Lastly, the yield
increase may be due to the ability of biochar to release growth regulators as many studies
had reported the promotion of root growth and crop yield upon release of hormones from
biochar [60-62]. However, it is not conclusively demonstrated that biochar increases maize
yield as it was found in a previous study that the application of biochar did not improve
the maize yield in sandy loam soil [63]. This variation may be due to the difference in soil
types, biochar types, rate of application, and different agronomic practices [58].

4.3. Impact of Application of PEB and Split Dose of P on Chlorophyll Contents and Shoot N and
P Contents

Furthermore, leaf chlorophyll-a was increased upon the addition of 1% PEB with 50%
P in both spring and autumn maize and so reduced the inorganic P supply to 50% of the
recommended dose in the form of inorganic P fertilizer (Figure 5). This was probably due
to the ability of enriched biochar to increase the uptake of N by promoting root growth
and improvement in the soil physical environment as discussed previously. It is well
established that N is the fundamental part of the chlorophyll in plants, so the increased
supply of N increased chlorophyll-a. An increase in N uptake upon the application of
biochar was also investigated previously [64,65]. Similarly, the application of 1% PEB
significantly increased shoot N (%) in maize (Figure 5). The increase in shoot N (%) might
be associated with the ability of biochar to enhance the supply of N to crops because of
the more available N in the soil. The additional N might come from the mineralization of
biochar since it contains N (Table 1). As biochar is an organic amendment, upon addition
of organic matter a significant increase in soil N was recorded previously. It was found that
the soil N was increased by 3.68 and 5.37 g kg ! for wheat and maize, respectively, upon
each gram increase in the organic matter [66]. However, it should be kept in mind that
the application of biochar alone could result in net immobilization due to a higher C/N
ratio [67,68], but with the incorporation of chemical or organic fertilizer into biochar the
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process of mineralization may overcome immobilization resulting in more available N for
crops [69].

Furthermore, the application of 1% PEB significantly improved shoot P contents
(Figure 5). This is due to the potential of biochar to add P to the soil solution. It was also
determined in the previous studies that the application of biochar enhanced the supply of
soil P [70-72]. In addition, it can also improve soil physical properties as discussed, which
may increase P uptake leading to higher shoot P. Similarly, the application of enriched
biochar can also mobilize the microbial communities that can increase P uptake, resulting
in higher shoot P [57].

4.4. Impact of Application of PEB and Split Dose of P on the Grain Quality

It was observed in both experiments that the application of 1% PEB with different
levels of P (25%, 50%, and 100%) significantly improved the grain quality of maize (Figure 6).
This enhancement in the grain quality of maize may be due to the ability of the enriched
biochar to provide a balanced supply of nutrients. The cell constituents are the products
of several metabolic processes, and for such processes to take place a balanced supply of
nutrients is required for the plants [73-75]. In this context, the improvement of protein
(%) in maize grains may be due to the potential of enriched biochar to supply nutrients
in ample amounts, particularly N in sufficient quantities [76,77]. Similarly, ash (%) in
grains is simply a measure of the minerals found in the grains, so the addition of enriched
biochar may have increased the availability and uptake of minerals resulting in higher
ash (%) in maize gains (Figure 6). A positive relation between available nutrients and ash
(%) in maize grains was also investigated previously [78]. It was also found previously
that the application of organic amendments increased ash in maize grains [79,80], so
the application of enriched biochar increased ash contents in both experiments. This is
also the reason for the improvement in fat (%) in gains (Figure 6) as soil application of
enriched biochar increased available nutrients, their uptake, and consequently increased
the formation of glycosides [81]. Additionally, being an organic compound, enriched
biochar also stimulated the formation of fats, resulting in more fats in the treatments where
it was used as compared to the full dose of inorganic P. This finding is in line with previous
studies that the application of organic amendments increased fat (%) [75,82].

4.5. Impact of Application of PEB and Split Dose of P on Some Selected Properties of
Post-Harvest Soil

The analysis of post-harvest soil revealed that the treatments containing 1% PEB with
different levels of P (0%, 25%, 50%, and 100% P) had more available P as compared to the
recommended dose of P (Figure 7). This finding has suggested that the incorporation of
DAP into biochar might have rendered it a slow-release fertilizer, i.e., the ability to release
it when the soil solution becomes depleted of available P. This finding is in line with a
previous investigation showing that P was released into the soil solution only when it
became depleted when it was applied in combination with biochar [6]. Secondly, enriched
biochar might have addressed the issue of P fixation by adsorbing P-complexing metallic
ions and resulting in more available P in post-harvest soil. The reduction in P-complexing
ions (Ca®* and Mg?*) with the biochar application was also recorded previously [83].
Moreover, being an excellent porous material with a high surface area and cation exchange
capacity, biochar may alter the equilibrium between soil solution and soil solid for the
exchange of nutrients. It may thus have increased P availability even after the second pot
trial by holding and exchanging P for much longer periods. Biochar was also previously
found to affect soil P dynamics [84,85]. The application of inorganic P even at its full dose
did not increase post-harvest soil available P (Figure 7). It is understood that P fixations are
much higher in the case of inorganic application especially in calcareous soils of high pH
as in the experimental soil (Table 1), leading to no improvement. Hence, the application of
inorganic fertilizer is not as long-lasting as that of enriched biochar and is prone to losses,
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so no improvement was recorded in post-harvest soil. These losses are well documented,
and almost 80-90% of applied P was reported to be lost in previous studies [86].

Similarly, the application of 1% PEB significantly improved the organic matter of the
soil (Figure 7). Since biochar is the product obtained through burning biomass in little or no
oxygen, resulting in a carbon-rich compound, its application would ultimately increase the
soil carbon and thereby soil organic matter. This finding is in line with the previous studies
showing that the application of biochar had increased the soil organic carbon [87-89].

Furthermore, the EC of soil was increased by the addition of 1% PEB with different
levels of P (Figure 7); however, the increase in the EC was not to such an extent that it
hampered the growth of maize. The increase in EC might be due to the discharge of loosely
bound components found in biochar. It was previously observed that the release of loosely
bound compounds from biochar increased the soil EC [90,91]. The second possibility in
the rise in soil EC is the high K content found in the biochar (Table 1) as a positive relation
between K contents and soil EC was recorded previously [92,93].

The soil pH is the sole parameter that is least affected by the application of enriched
biochar, but a small decrease in pH was recorded where enriched biochar was used as
compared to other treatments (Figure 7), though this change was not significant. It has been
reported in previous studies that biochar increased soil pH, but no significant increase in
pH was recorded in both spring and autumn maize. This is probably because biochar was
prepared at a comparatively lower temperature (350400 °C) as the increase in temperature
increases the pH of biochar. It was previously found that biochar prepared at higher
temperatures tends to be more basic due to the loss of acidic functional groups [94,95].
The slight reduction in the pH with enriched biochar may be due to the mobilization of
microbial communities as discussed and/or the release of acidic constituents from biochar,
as it was previously found that the discharge of carboxylic groups from the biochar reduced
the soil pH [96,97].

5. Conclusions

Based on the findings of both experiments, the impregnation of DAP with biochar
was found to be a promising strategy in reducing the P inputs in the form of inorganic
fertilizer. It has not only reduced the P dose by half but also served as a slow-release
fertilizer providing P to the crop at the second experiment with its residual effect being
pronounced. Additionally, the one-time application of enriched biochar can supply P for
multiple growing seasons, which clarifies reduction in input cost associated with inorganic
P fertilizer and at the same time maintains the soil health by improving its physical proper-
ties and by stimulating microbial communities. Furthermore, the application of enriched
biochar uses bio-waste as raw material for its production. Therefore, its application not only
provides room for waste management but also plays a role in carbon sequestration. Future
research should focus on testing the efficiency of PEB in field trials so that its real-time
application can be assessed.
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