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Abstract: The current research encompasses utilization of peanut shells (PS) as feedstock for pyrolysis
carried out at various temperatures (250, 400, and 550 °C) for deriving biochar, namely PS-BC250,
PS-BC400, and PS-BC550. After analyzing the biochar types physicochemically, it was applied
as a soil ameliorant for the growth of cucumber. The results showed that in prepared biochar
type, bulk density, volatile contents, hydrogen, oxygen, and nitrogen content decreased, whereas
pH, electrical conductivity, ash content, fixed carbon content, and surface area increased with
the increasing temperature. Scanning electron microscopy (SEM) and Fourier Transform Infrared
Spectroscopy (FTIR) presented high porosity, re-orientation of vessels, and a greater number of
aromatic compounds, respectively, for PS-BC prepared at 550 °C. On applying PS-BC250, PS-BC400,
and PS-BC550 as amendments in potted soil at 2, 4, and 6% (w/w), it improved soil quality (viz
pH, EC¢, BD, and soil water holding capacity) and increased the yield of cucumber. Because of
improved soil properties and crop yield, PS-BC550 at the rate of 4% (w/w) demonstrated a great
potential for agricultural application while provisioning dual circular economic indicators in the
form of diverting PS waste to an effective alternative of chemical fertilizer having intensive carbon
footprints in cucumber production.

Keywords: peanut shell; biochar; pyrolysis temperature; soil ameliorants

1. Introduction

Agricultural waste landfilling causes a wide range of environmental issues. The
peanut processing sector contributes significantly to agro-industrial waste, primarily in
the form of waste peanut shells [1]. It has been estimated that 28 million tonnes (Mt) of
peanuts are produced annually. The peanut shell accounts for 25 to 30% weight of peanuts,
resulting in 8 Mt of residual biomass in Asia alone [2]. Such residual biomass consists of
great energy content that is worth exploring. Pyrolysis is one of the better options for the
sustainable management of the voluminous quantity of peanut residual biomass [3].

Sustainable agricultural commodities emphasise not only crop productivity but also
provides a better way for the management of agricultural waste, while maintaining soil
health. Soil quality significantly influences the crop growth and is mainly affected by the
widespread use of inorganic fertilizers. This has led to soil deterioration, a decrease in
organic matter content, and ultimately a reduction in beneficial microbial diversity [4,5].
The inorganic fertilizer should be used less frequently, whereas organic amendment in the
form of biochar can be used as a powerful tool for sustainable agricultural implication [6],
as it has a prodigious potential to ameliorate the soil fertility and soil structure [7].

Biochar is recognized as a pyrolyzed carbon-rich substance, produced through the
process of pyrolysis under an extremely limited provision of oxygen [8]. The biochar used
as a soil amendment should have a great binding and water holding capacity and must
not have detrimental consequences on the soil structure and soil fertility. The low bulk
density and greater surface area enable it to retain the nutrients and water content, thereby
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minimizing the hardening of soil. Keeping these facts in mind, the utilization of biochar as
a soil supplement is a long-term solution for the improvement of soil health.

The preceding literature revealed that the physico-chemical properties of biochar are
mainly governed by the types of feedstocks and the biochar production process [9,10].
Generally, fast pyrolysis leads to the porous biochar, which has macropores (>200 nm)
that consistently harbor beneficial microorganisms such as bacteria and fungi [11,12].
Furthermore, micropores (<2 nm) and mesopores (3-50 nm) efficiently retain the nutrient
moieties and provide the moisture content and other dissolved organic substances for the
enzymatic activities and microbial proliferation, which are regarded as an instant change-
bringer in soil properties [13]. Though pyrolysis temperature greatly influences the biochar
properties. This research also possesses the research gap regarding the effect of specifically
designed biochar in terms of various production processes on the soil enzymatic activities.

Many studies have been conducted so far regarding the use of peanut shell as a
potential bio-solid for fuel production and its application in industrial and residential
heating processes [1]. Previously, peanut-shell-derived biochar has been used for potent
adsorption of trichloroethylene in water [14]. Bhaduri et al. [15] reported the impact of
peanut shell biochar on carbon sequestration potential and microbial activity in incubated
soil. Alongside improving soil and crop productivity with biochar derived from wasted
biomass such as peanut shell, etc.; it can stimulate circular economy in the agricultural
sector, as reported by Bolognesi et al. [16].

The use of peanut shell as an energy source for fuel production and biochar preparation
is well recognized. However, exploring the efficacy of peanut shell biochar prepared at
various pyrolysis temperatures for soil sustenance has been scarcely prioritized. The major
objectives of the recent study were to: (i) evaluate the changes in properties of the peanut
shell biochars (PS-BCs) prepared at various pyrolysis temperatures, and (ii) assess the
efficacy of PS-derived biochar as a soil ameliorant for the cultivation of cucumber (Cucumis
sativus L.).

2. Materials and Methods
2.1. Preparation of Biochar

Peanut shells, which were utilized as a raw material for biochar preparation, were
obtained from a nearby local market in Lahore, Pakistan (located at latitude 31°30'30" N
and longitude 74°16/30” E). Initially, the collected biomass was air dried to eliminate
the moisture content and crushed to a particle size of around 2 mm with the help of an
electric cutter.

Firstly, the collected raw material was weighed and placed into the feedstock con-
tainer of a pyrolyzing unit. Pyrolysis of peanut shells was conducted at three different
temperatures, namely 250 °C, 400 °C, and 550 °C for a 35-min residence duration under
an extremely insufficient provision of oxygen. The heating rate for the feedstock chamber
was almost 3 °C per minute until the desired temperature was attained. Prior to use, each
prepared PS-BC was sealed in polythene bags. The following formula was used to compute
the yield of each produced biochar.

Yield ((70) = (WRB /WBC) x 100
where Wgp is the weight of residual biomass and Wgc is the weight of produced biochar.

2.2. Characterization of Biochar

The volatile content (VC), moisture content (%), and as content (AC) of raw biomass
and produced biochars were determined using standard methods [17].

Fixed carbon (FC) was ascertained by excluding the above-given proximate values
from 100 as shown in Equation (1).

FC (%) = 100 — [ VC (%) + MC (%)) + AC (%)] Q)
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The chemical constituents C, H, N, and S were determined by using an Micro elemental
analyzer (GmbH, Vario, Micro cube V1.9.4 Elementar Analysensysteme, Langenselbold,
Germany), while oxygen content was discerned by excluding the mass from 100, while
taking into account the contents of ash and C, H, N as a whole mass as given in Equation (2).

C (Oxygen) — 100 — ( C (carbon) + C(hydrogen) + C(nitrogen) + AC ) ()

Cloxygen) represented the O contents in (%), C(carbon), C(nydrogen) and Cnitrogen) T€pre-
sented the C, H, and O contents in (%), respectively. High heating value (HHV) for each
biochar was calculated by using the Dulong’s formula with little modification as given in
Equation (3).

335X Claarbon) 1423 X Clhydrogen) 154 % C(

HHV = oxygen)
100 100 100 ®)

where HHYV indicated the higher heating value in MJ kg’1 ; however, Ccarbon), Cinydrogen),
and C(oxygen) represented the C, H, and O contents in (%), respectively. Additionally, the
quantification of mineral constituents (g kg 1) were assessed by acid digestion by following
the procedure given by [18].

For the assessment of pH and EC. of peanut shell derived biochar, one gram of each
PSBC was mixed in 20 mL of distilled water separately. The prepared suspensions were left
for 4 h before being thoroughly blended and filtered. The pH and EC, of the supernatant
were ascertained [19]. For the determination of bulk density (BD), firstly, 100 mL of a
cylinder was taken and loaded with each powdered biochar separately, and exerted up
and down thrice to attain a persistent volume of biochar as described by Brewer and
Levine [20].

Ground Biochar

D =
B Occupied volume of Biochar

4)

For the estimation of cation exchange capacity (CEC) of PS-BCs, ammonium acetate
solution was used while following the method provided by Chapman [21]. Surface area and
pore size of each PS-BC was estimated by using Brunauer—-Emmett-Teller (BET) equipment.

Scanning electron microscopy (JEOL Scanning Electron Microscope, JSM-6480LV, JEOL
Akishima, Tokyo, Japan) was done to observe the surface morphology of PS-BCs by placing
the sample on a two-edge carbon tape and attaching it to an aluminum stub.

Energy dispersive X-ray spectroscopy (EDX) was carried out to ascertain the per-
centage composition of elements found in PS-BCs prepared at various temperatures. The
functional groups that exist in the PS-BCs samples were detected by using Fourier Trans-
form Infrared Spectroscopy (FTIR) (IR Prestige-21 Shimadzu, Japan). The PS-BCs samples
were evaluated at a potent resolution of 4 cm ! for the wavelength ranges of 500-4000 cm !,
Spectrum IR (Spectrum 10 Spectroscopy Solution Software, Perkin Elmer, Waltham, MA,
USA) was used to examine the results.

2.3. Pot Trials with PS Biochar

The soil was collected randomly from the site with virgin soil history over the last
10-year. The sampled soil was first air dried, then ground properly and thoroughly mixed
after passing through a 2 mm sieve.

The pot trial was conducted in a randomized complete block design (RCBD) with
three replicates for each treatment. The prepared PS-BC250, PS-BC400, and PS-BC550
were incorporated into the soil at a rate of 2, 4, and 6% (w/w), correspondingly labelled
as: C (Control soil (no biochar amendment, no fertilizer)); 2% PS-BC250, 4% PS-BC250,
6% PS-BC250; 2% PS-BC400, 4% PS-BC400, 6% PS-BC400; 2% PS-BC550, 4% PS-BC550,
6% PS-BC550. Each pot (15 cm in diameter and 15 cm in length), filled with 3.0 kg soil,
was shifted to the greenhouse and left for an incubation period of 20 days under an
optimal temperature of 27 & 2 °C. Cucumber (Cucumis sativus L.), a member of the family



Sustainability 2021, 13, 13796

40f15

Cucurbitaceae, was selected for the pot trial because it is a fast-growing and widely used
vegetable. From every five germinated seeds of cucumber in the germination tray, one
healthy seedling was shifted to each pot. The plants were watered regularly and allowed
to grow for 60 days in the greenhouse.

Pre-sowing and post-harvested soil samples were collected and analyzed physico-
chemically to determine the efficacy of each prepared biochar for the improvement in
soil structure. The pH and EC, of soil samples were determined by preparing the 1:5 soil
extract. SOC was assessed by following the standard method. The BD of soil samples was
calculated subsequently by using the protocol given above in Section 2.4. Water holding
capacity (WHC) of soil samples were ascertained by Gessert [22].

The impact of various treatments on plant growth parameters and fruit yields were
recorded. Chlorophyll content was also recorded by SPAD meter at the time of harvest.

2.4. Prospecting Circular Economy Indicators of PS Biochar

According to the method given by Mréwczyriska-Kamiriska et al. [23], the greenhouse
gas emission intensity of the cucumber production with PS biochar and equivalent yield
with chemical fertilizer were determined. The cost of MS biochar and chemical fertilizer
was also compared.

2.5. Statistical Analysis

Means and standard deviations were calculated for the experimental data collected
during current study and mean analysis done by using ANOVA (Data Analysis Package
of Microsoft Office 2013 version). The significant differences amongst and between the
treatments were determined by applying Duncan’s multiple range test (p = 0.01).

3. Results and Discussion
3.1. Proximate Analysis of Peanut Shell and Its Derived Biochars

The rise in temperature has led to a reduction in the yield of biochar. A decrease in
PS-BC yield was recorded from 41% to 33% as the pyrolysis temperature increased from
250 °C to 550 °C. The supposition for the reduced biochar yield was mainly associated with
the thermal alteration of plant tissues, including lignin, cellulose, and hemicellulose into the
organic volatiles and inorganic residues. Similar evidence has been given by Ain et al. [24].
The percentage composition of fixed carbon, volatile content, and ash content of peanut
shell and its derived biochars are shown in Figure 1. In the current study, a reduced
volatile content from 14.3 to 5%, whereas an increase in fixed carbon (40.2% to 58.44%)
and ash content (16.3 to 26.2%) was found by enhancing pyrolysis temperature. Volatile
content (49%) was found higher in raw peanut shell, which was decreased to become 5%
in obtained biochar produced at 550 °C. This happened mainly due to the loss of organic
matter during the pyrolysis of feedstock at higher temperature. In fact, the higher loss of
volatile contents resulted in the well-pronounced porosity and the stability of carbon in
the structure of biochars. The increase in a fixed matter in the biochars was indicative of
carbonized OM, corresponding to its stability in the soil [25]. Ash content elevated, due to
the accumulation of mineral moieties and the organic combustion of residues [26].

The elemental constituents of raw material and its derived chars are given in Table 1.
The biochars produced at various temperatures have constituted remarkably fixed carbon,
making them appropriate to be used as soil conditioners. The carbon content was found to
be 55%, 59.2%, and 62% for PS-BC250, PS-BC400, and PS-BC550, respectively, representing
the upraised carbonization at higher pyrolytic temperature [14,27]. In contrast, the values
for N, H, and O were reduced with the increasing pyrolysis temperature. This decrease in
N, H, and O contents might be attributed to the breakdown of oxygenated chemical bonds
and release of the H and O [28,29]. Atomic ratios of chemical elements were determined
to assess the aromaticity of produced biochars. Values for H/C ratios in biochars were
decreased with the increasing temperature. The H/C ratio was higher (0.05) in PS-BC250,
indicating the presence of organic residues. Xu et al. [30] also reported a very low value
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of H/C ratio for peanut shell biochar. In contrast, the C/N ratio was increased in PS-BC
produced at 550 °C. A higher C/N ratio generally restricted the microbial mobility of
inorganic N, thereby enhancing the nutrient retention potential which is perceived as an
integrant to improve the plant growth [31]. A higher heating value (HHV) was found to
increase with an increasing temperature; the highest value was recorded 21.323 MJ kg~ for

PS-BC550. Moreover, mineral constituents (g kg™

1) estimated by acid digestion revealed the

highest values for K (1.66 g kg~!) and Ca (1.226 gg kg~ !). Mineral constituents increased
with increasing temperature but their concentration was found lower as compared to the
percentage composition of chemical constituents as confirmed by EDX spectral analysis.
These unique findings are in line with the key outcomes of prior research [32,33].

MW volatile content

PS-BC250

M fixed carbon

Laill

PS-BC400

ash content

PS-BC550

Peanut shell biomass pyrolyzed at different temperatures

Figure 1. Proximate analysis of peanut shells and their derived biochars under different pyrolysis temperatures.

Table 1. Chemical and mineral constituents of peanut shells and their derived biochars.

PS PS-BC250  PS-BC400  PB-BC550
Biochar Yield (%) - 4104228  360+216  33.0+203
C 284233 55 + 4.02 59 + 4.12 62 + 4.66
N 64065 24005 160£004 130+ 0.03
Chemical Constituents H  56+008  28+012 2024008 1.8+ 006
(wt.%) o) 36 + 2.87 26 + 2.88 18 + 1.66 13 4+ 1.02
C/N  5+008 274233 36 + 2.68 474355
H/C 0194003 0054002  004+003 002+ 002
HHV (M] kg 1) 11851 £ 1.67 18389 +2.06 19903 £212 21.323 + 2.44
K 02334004 0814008 102+010  1.66+0.13
Ca 01134006 02414007 0944013  1.226+0.14
Mg 0101002 02514004 04214002 0355+ 0.04
Mi“erj}gi‘glﬁt)imems P 0094001 01094002 0138+006 0.153 % 005
Cu  0010+£001 0031+002 0060+002 0091 +0.03
Fe  0.098+002 0198+002 0255+003  0.368 + 0.03
Zn  0002+001 00054001 0008+001  0.012+ 0.02

Note: C: Carbon, N: Nitrogen, H: Hydrogen, O: Oxygen, K: Potassium, Ca: Calcium, Mg: Magnesium, P: Phos-
phorous, Cu: Copper, Fe: Iron, Zn: Zinc. Given values are absolutely means (n = 3) with & standard deviation.
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Peanut shell biochars prepared through different pyrolysis temperatures were studied
for numerous characteristics as given in Table 2. Values obtained for the pH of biochars
showed that PS-BCs tend to be alkaline as the pyrolysis temperature increases. The pH of
PS-BC250 was 8.4 but it increased to become 9.4 in biochar produced at 550 °C. Although
biochars prepared are mainly alkaline in nature, it depends upon the selected feedstock
and pyrolysis condition [34]. ECe of PS-BCs are consistent with the previous findings
as reported by Xu et al. [30]. An increase in EC, is mainly attributed to the presence
of potassium, calcium, and magnesium in ionized form [35]. CEC helps to evaluate the
capacity of biochar to retain the mineral content on its surface. The CEC of PS-BCs was
enhanced as the temperature increased. It was 11 cmol. kg ! for PS-BC produced at 250 °C
that increased to become 17.41 cmol. kg~ ! at 550 °C; this is consistent with the findings of
Irfan et al. [36] who observed a higher CEC value for biochar from 5.74 to 7 cmol. kg’l by
enhancing the corresponding temperature from 300 °C to 700 °C. The surface area, pore
volume, and pore size of biochars indicate the physical changes because of the pyrolysis
process (Table 2). The surface area of PS-BC550 (100.21 m? g’l) was observed to be high,
representing the impact of temperature on carbonization. The increase in surface area at a
higher temperature might be due to the release of H and O bearing groups, viz., phenolic
(—OH), alkyl (—CH)y), and aromatic (-CO) functional groups.

Table 2. Physico-chemical and structural characteristics of peanut shell biochars prepared at various pyrolysis temperatures.

CEC SA PV ,
pPH ECe (cmol. kg—1) (m?g-1) (em3 g-1) APS (um) BD (g cm™?)
PS-BC250 8.4bc +0.04 0.29 < +0.02 11¢+0.32 4420 ¢ +3.32 0.1040 © £+ 0.02 ND 0.542 +0.06

PS-BC400 8.8P +0.03

0.38° +0.02 132bc 4144  88.34bc +428 0.1186 P + 0.03 472° 4+ 0.14 0.44 < 4+ 0.04

PB-BC550 942 +0.04

0.492 £+ 0.03 17412 +£1.88 100.21 2 + 4.66 0.1378 # £ 0.02 7.06% +0.23 0.28€ £ 0.03

Note. EC.: Electrical conductivity, SA: surface area, PV: pore volume, APS: average pore size, BD: bulk density. The means (n = 3) with
+standard deviation followed by different letters (a, b, c) are significantly different according to Duncan’s Multiple Range Test (p = 0.01).

3.2. Scanning Electron Microscopy (SEM)

Scanning electron microscopic images of PS-BCs produced at different temperatures
are shown in Figure 2. SEM images showed a smooth and fluffy structure that might
occur due to the re-orientation of vessels and aromatic compounds present in the feedstock.
Furthermore, high porosity occurred due to the removal of volatiles during the pyrolysis,
which was also noticed in the structure of PS-BCs prepared at higher pyrolysis temperatures.
PS-BC prepared at 250 °C had a dense and tightly compacted structure. However, vessels
and macro-porous tube-like structures with minerals deposition have been observed on
the surface of biochar prepared at 400 °C and 550 °C. The higher pore volume/average
pore size of PS-BCs mainly helps in the provision of habitat for the microorganisms and
contributes to the movement of air and water in the soil. Based on the above observations,
it has been concluded that the PS-BCs produced at 550 °C to 600 °C can be used as
soil ameliorants.
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Figure 2. Scanning electron microscopic images of peanut shell biochar derived under different pyrolysis temperatures:
(a) 250 °C, (b) 400 °C, and (c) 550 °C.

3.3. Spectral Analysis

The speculations of the influence of different pyrolysis temperatures on PS-BCs surface
functional groups were attained by spectral analysis. FTIR spectra obtained for different
PS-BCs reveal a wide range of superficial functional groups (Figure 3). From the FTR
analysis, it was found that the temperature less influenced the absorbance of alcoholic
group (—OH) and amide (—NH) stretches (3750-3200 cm ™). These absorbance bands
most of the time get decreased because of dehydration during the carbonization at higher
temperature [37]. A strong sharp peak was observed at 2922.16/2854.65 cm ™!, which
confirmed the —CH stretching in PS-BC prepared at 250 °C. The absorbance of aliphatic
groups disappeared in the FTIR spectra of PS-BC400 and PS-C550, indicating the breakage
of —CH and —CH), in alkyl and escape of syngas in the form of CHy. In all prepared
biochars, peak present at 1743 cm ™! corresponds to the —C=0 stretches in accordance
with the findings of Reddy et al. [38]. Additionally, a wide range of peaks (1037.70, 1155.36,
and 1238.30 cm~!) occurred for the absorbance of ~CO stretches from carbohydrates. Such
peaks were predominant in the spectrum of biochar produced at 250 °C temperature but
decreased in FTIR spectra of biochars prepared at higher temperature. This might be due
to the loss of polysaccharides. In previous studies, FTIR spectra of PS-derived biochars
showed two kinds of chemical groups including aliphatic groups (3430-2199 cm~! and
1230-1000 cm 1) and aromatic superficial functional groups (3130, 1624, and 1400 cm 1),
indicating its carbonaceous nature and the presence of cellulose derivatives [38,39].

The variability in the major elements of PS-BCs was analyzed by energy dispersive
X-ray spectroscopy (Figure 4). In PS-BCs, chief elements such as C, K, Ca, Al, and Si have
been detected through EDX analysis. C proportion was found to be increased, whereas O
tended to decrease in PS-BCs with the increasing temperature (Table 3). The C constituent
was found to be greater with an atomic weight of 75.28% in PS-BC prepared at 550 °C,
which confirmed the presence of fixed resident matter as discussed above in Section 3.1.
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Figure 3. FTIR spectra of peanut shell biochars derived at different pyrolysis temperatures: (A) 250 °C,
(B) 400 °C, and (C) 550 °C.



Sustainability 2021, 13, 13796

9of 15

lsec 00 4080 3330k Dot Bevent C2 0wt

(@)

leedl 40k R0k Det Bement Dot

(c)

Figure 4. EDX spectra of peanut shell biochar derived under different pyrolysis temperatures: (a) 250 °C, (b) 400 °C, and

(¢) 550 °C.

Table 3. EDX data obtained from the spectral analysis of peanut shell biochar derived under different pyrolysis temperatures:
(A) 250 °C, (B) 400 °C, and (C) 550 °C. Given values are means (n = 3) with +standard deviation.

Samples C o K Ca
Weight (%) Atomic (%) Weight (%) Atomic (%) Weight (%) Atomic (%) Weight (%) Atomic (%)
PS-BC250 6242 +4.44 69.94 +£5.12 34.50 £ 2.54 29.02 £2.23 1.54 £+ 0.06 0.53 £ 0.18 1.54 +0.49 0.52 +0.12
C (@) Ca
PS-BC400 Weight (%) Atomic (%) Weight (%) Atomic (%) Weight (%) Atomic (%)
67.12 + 6.13 7391 +5.23 30.66 £ 3.23 25.35 £2.31 10.25 +2.02 5.50 & 0.24
C (@) Al Si
PS-BC550 Weight (%) Atomic (%) Weight (%) Atomic (%) Weight (%) Atomic (%) Weight (%) Atomic (%)
62.50 +£4.33 75.28 £5.12 13.31 £1.23 12.04 +1.02 10.25 + 1.05 5.50 £ 0.66 13.94 +1.82 7.18 £0.23

3.4. Effect of Biochars Prepared at Various Pyrolysis Temperatures on Soil
Physico-Chemical Properties

The effect of PS-BCs on soil properties is shown in Figure 5. For 20 days of incubated
soil, the soil properties, viz., pH, ECe, BD, and WHC, were influenced by the treatment
of PS-BCs. Even after the incubation periods of 20 days, all the soil physico-chemical
properties were found to be significantly greater than compared to the control. However,
the PC-BC550 was found to be very efficient for improving the soil quality. Each prepared
PS-BC was applied in soil with different ratios (2, 4, 6% w/w). Thereby, a great change
could be expected in soil physico-chemical properties. The results attained from the study
of post-harvested soil revealed the increasing trend for soil, ECe, and WHC and SOC as
compared to short-term incubated soil. In contrast, soil bulk density decreased with the
increasing concentration of PS-BCs in soil. For 20 days of incubated soil, the PS-BC550
elevated WHC and SOC by 56% and 50%, respectively. However, for post-harvested soil,
PS-BC550 resulted in the 60% and 52% increase in WHC and SOC, respectively. The pH
of post-harvested soil tended to be decreased as compared to short-term incubated soil.
This could have occurred since some roots of some plants secrete the organic acids which
primarily lessen the alkalinity of biochars [40]. Soil pH influences the nutrients solubility
and, in turn, its accessibility to the plants. Notably, pH is considered as an integral factor
that can facilitate the plant growth while stimulating the beneficial microorganisms [41].
Soil bulk density is considered as an important soil property, since it synchronizes the
aeration, structural support, and retention of water and nutrients as previously described
by Um-e-Laila et al. [42]. The bulk density and water holding capacity of soil amended with
the PS-BC400 and PS-BC550 were decreased significantly with the increasing application
rate. In previous literature, biochar amendments enhanced the soil structure and led to
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the increased yield of maize and wheat by 18% and 8% [43]. High bulk density defined
the highly compacted soils mainly comprised of low porosity, restricted the movement
of air and water, and consequently hindered plant roots penetration into the soil. Soil
organic carbon is mainly considered as a key factor for the stimulation of microbial activity,
ultimately bring out the alteration in soil properties [44]. A similar trend has been found
in soil amended with water holding capacity. Luo et al. [45] revealed that biochar incor-
poration into the soil resulted in the increase in plant biomass, which might be due to the
improvement into the soil’s water holding capacity and soil fertility.
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Figure 5. Effect of PS-BCs prepared under different pyrolysis temperatures on physicochemical properties of pre-sowing
soil (incubated for 20 days) and the soil after the harvest of 60-day-old cucumber plants. Variation in physicochemical
properties: (a) pH; (b) ECe-electrical conductivity; (¢) SOC-soil organic carbon; (d) BD-bulk density; (e) WHC-water holding
capacity of pre—sowing soil (incubated for 20 days) and the soil after the harvest of 60 days old cucumber plants. Error
bars reveal the standard deviation of mean values (n = 3) but the small letters (a, b, ¢, d, e) indicate the statistical differences
between the treatments for pre-sown incubated soil and soil collected after harvest according to Duncan’s multiple range test
(p = 0.01). Here: PS-BC250 = peanut shell biochar at 250 °C; PS-BC400 = peanut shell biochar at 400 °C; PS-BC550 = peanut
shell biochar at 550 °C.
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3.5. Effect of Biochar on Growth Parameters

Results attained from the growth parameters were statistically analyzed and compared
among the different levels of treatments to assess the efficacy of prepared biochars for the
improvement in crop productivity (Table 4). PS-BC250 had no significant improvement
on the growth parameters of cucumber as compared to the control. On the contrary, PS-
BC550 revealed significant improvement (43.33%) in plant height at the level of 4% w/w as
compared to the control; the plant dry biomass showed a similar trend as the plant height.
The highest fruit yield (12 pot~!) of cucumber was obtained under the treatment PS-BC550
4% w/w. An application of 6% PS-BC550 in the soil led to the decreased growth parameters
including fruit yield (number of fruit per pot) of cucumber. Perhaps the excessive amount
of biochar rich in carbonaceous moieties might cause the reduction in growth parameters.
The amendments of PS-BC550 except 6% w/w caused the dramatic changes in growth
parameters. One very interesting reason could be that the biochar produced at a higher
temperature (550 °C) had a greater surface area with abundant electrostatic charges and
could have favored the slow release of macro and micro-nutrient moieties in soil (K, Ca, Mg,
Al, and Si as represented in the EDX spectrum), ultimately leading to the improvement of
growth parameters and chlorophyll contents as compared to the control. The improvement
in growth parameters could be due to the availability of nutrients in the soil. Similar results
have been found by Liu et al. [46] and Wang et al. [47], who found the positive impacts of
peanut-shell-based fertilizer on the growth parameters and chlorophyll contents of crown
daisies. They provided the reason that amendments of peanut-shell-based fertilizer in the
soil resulted in the soil sustenance and improved contents of accessible macronutrients,
viz.: Mg, K, and P and micronutrients, viz: Fe, Cu, and Zn. In addition, peanut shell
biochar enhanced the soil WHC and EC. which are recognized as the key factors for the
availability of water and nutrients to the plants [48]. In this experiment, the incorporation
of a high dosage of (6% w/w) PS-BC was not satisfactory for the growth and yield of
cucumber; however, the medium dosage (4% w/w) PS-BC550 showed outstanding results.
The quantity is an important factor that must be considered before applying the biochar, as
excessive amounts of soil supplements not only raise the cost of agricultural productivity
but also have a negative impact on crop growth [49].

Table 4. Comparison of efficacy of peanut-shell-derived biochars on growth performance of 60-day-old cucumber plants.

Treatments Conc. Growth Performance
Plant Height Plant Dry Fruit Yield Fruit Weight Chlorophyll Contents

(cm) Biomass (g) (No. of Fruit potfl) (g potfl) (SPAD Values)

Control 68C + 456 283G +£0.21 4E +012 280 F + 4.45 3226 +223
2%  70PEF +405  28PEF 4023 6D +0.22 420°P 4388 342PE £ 344

PS-BC250 4% 742E + 488 2902E +0.11 73C £0.02 546 3CD £+ 533 36.12€ £+ 3.82
6% 65 “F +5.66 2.66 9F +0.32 4°F 4023 282 “EF 4 6,06 30.8 H +2.88
2% 74PE + 523  313PDE £ 044 70C +0.24 560 PC + 5.88 33.4PEF + 279

PS-BC400 4% 842D + 466 4312€ +£0.12 9B +0.06 729 2B 4 6.82 35.6 %P +3.02
6%  72°PE4502 312PPE 4014 4P 4+ 0.04 289 B + 426 32.0 %G £ 3.04

2% 98 bB + 499 42028 4043 9bB 4+ 022 710bBC 4 544 37208 1366

PS-BC550 4%  110*A +6.88 55224 +0.58 1224 4+0.23 880 A + 6.54 39.8 %A +3.64
6% 95¢C 4+ 572 3.28 <D +0.66 5<DE +0.02 302 <F +4.88 32.4°F 4+ 3,08

Note. Values for the growth parameters are actual means (1 = 3) with + standard deviations. Statistical differences are determined by the
treatment wise comparison through Duncan’s Multiple Range Test (p = 0.01). Values shown with different capital letters (A, B, C, D, E, E G,
H) indicate the significant difference among the (Peanut Shell Biochar) PS-BCs treatments, but values with different small letters (a, b, c)
represent the significant difference within the (Peanut Shell Biochar) PS-BC treatment. Here: PS-BC250 = peanut shell biochar at 250 °C;
PS-BC400 = peanut shell biochar at 400 °C; PS-BC550 = peanut shell biochar at 550 °C.
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3.6. Potential Role of Peanut Shell Biochar in Circular Economy of Agriculture

As peanut shells are most of the time either discarded as waste or burnt for deriving
cooking stove heat, its use as feedstock for deriving value-added products such as biochar
increased the yield of cucumber without application of any chemical fertilizer. In other
words, the PS biochar proved to be an exact alternative of the chemical fertilizer for
production of cucumber without compromising on its yield. On the coplotting cost (US$) of
PS biochar against the value (US$) of avoiding application of chemical fertilizer (Figure 6),
there was a linear variation of data. Assuming that cucumber yield would sustain with
PS biochar only, the graph showed that the value of avoiding fertilizer application will
range US $12-13 per acre. Tubiello [50] has elucidated that chemical fertilizer application
in the cultivation of crops has a relatively higher carbon footprint than cultivation practices
involving reuse and recycling of biomass in the fields.

1.2

0.8

0.6

0.4

0.2

Peanut shell biochar cost (USS$/kg biochar)

11.8

y =-0.7789x+10.365
R2=0.9975

12 12.2 124 12.6 12.8 13 13.2
Value of fertilizer application avoided (US$/acre)

Figure 6. Correlation between value (US$) of fertilizer application avoided and peanut shell biochar cost (US$).

The reduction in greenhouse gas (GHG) emissions on the application of PS biochar
as well as chemical fertilizer as CO, eq per USD 1 worth of cucumber production is given
in Figure 7. The gross reduction in the GHG emissions during cultivation of cucumber
with PS biochar was reduced to less than half of the GHG emissions for a similar yield of
cucumber with chemical fertilizer. Although empirical economic analyses of the biochar
application equivalent to chemical fertilizer application for the cultivation of vegetable
crops are not given in the literature, the relationships between GHGs emissions and
different models of agriculture production [51], as well as between non-GHG emissions
and agricultural production, are given in the literature [52]. Bolognesi et al. [16] reported
that while improving soil and crop productivity, biochar derived from wasted biomass,
like PS biochar, can stimulate a circular economy in the agricultural sector.
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4. Conclusions

The current study demonstrates the value-addition to peanut shells through pyrolysis
at various temperatures. Pyrolysis temperatures greatly influenced the chemical compo-
sition, functionality, and morphological properties of peanut-shell-derived biochar. The
PS-derived biochar at 550 °C was of greater stability in terms of fixed resident matter, high
porosity, and retained none of the toxic constituents. The uniqueness of PS-BC550 based
on SEM and FTIR analysis consequently led to the significantly improved soil structure
and crop yield at a level of 4% (w/w). However, at high concentration (6% w/w), PS-BC550
reduced the growth parameters because of an excess amount of nutrients. In short, the
medium dosage of PS-BC550 has great potential and can be put to use as an organic amend-
ment. The application of PS biochar improves circular economy in the agriculture sector on
account of obtaining a value-added derivative that reduces the input cost of fertilizer while
reducing GHG emissions from within the crop production system and those associated
with the feedstock biomass used for biochar production. Further studies can be conducted
at the field level for the validation of key outcomes over a long-term scenario.
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