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Abstract

Effects of synthetic fertilizer and nutrient leaching are serious problems impacting soil function
and its fertility. Mitigation of nutrient leaching and use of chemical fertilizer is crucial if
agricultural land is to meet sustainability and climate challenges. Biochar produced from
agricultural bio-waste and municipal solid waste has been used for crop production and when
applied in combination with organic nutrients may support mitigation of nutrient loss and adverse
effects of chemical fertilizers. Different types of biochar and their application for soil enhancement
have been observed, pine needle and sewage sludge derived low-temperature biochar along with
compost, organic fertilizer in the form of manure and microalgal biomass may interact with soil
chemistry and plant growth to impact nutrient loss and compensate the hazardous effect of
chemical fertilizer, but it has not been investigated yet. This present study elaborates application
of sewage sludge and pine needle biochar produced at 400°C in an application rate of 5% w/w and
10 th't in combination with compost, manure and microalgal biomasses of Closteriopsis acicularis
(BM1) and Tetradesmus nygaardi (BM2) on the growth of Chickpea (Cicer arietinum) and
Fenugreek (Trigonella foenum-graecum) crop assessed in a pot experiment over a two crop
(Chickpea - Fenugreek) cycle in Pakistan. Results depict that the pine needle biochar with additives
has increased plant height by 104.1+2.76 cm and fresh biomass by 49.9+1.02g, buffered the soil
pH to 6.5 for optimum growth of crops and enhance carbon retention by 36%. This study highlights
the valorization of sewage sludge and pine needle into biochar and the effect of biochar
augmentation, its impact on soil nutrients and plant biomass enhancement. The greener approach
also mitigates and helps in the sustainable management of solid wastes.

Keywords: Biochar; Microalgae; Chemical and structural characterization; Crop rotation; Soil;

Organic additives
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Table of abbreviations:

Sr. No.

1

2

10

11

12

13

14

15

16

Abbreviation
BPN 400
BSS 400
W2
W1

C biomass
C biochar
BM1
BM2
TDS
EC
HHV
SL

RL

FL

FW

WHC

Definition

Pine needle biochar produced at 400°C
Sewage sludge biochar produced at 400°C
Biochar weight in g

Biomass weight in g

Carbon content of biomass

Carbon content of biochar

Biomass of Closteriopsis acicularis
Biomass of Tetradesmus nygaardi
Total dissolve solids

Electrical conductivity

High heating value

Shoot length

Root length

Full length

Fresh weight

Water holding capacity
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1. Introduction

The continuous use of synthetic fertilizer and cultivation practices results in soil nutrient loss and
makes it unfertile (Suhag, 2016)(Turan et al., 2019)(Wang et al., 2018). Unfertile soil can be
compensated for by applying fertilizer however the hazardous effects of chemical and synthetic
fertilizer are long-lasting as it decreases the organic content and is not eco-friendly (Li et al.,
2022)(Turan, 2022). Synthetic fertilizer contains a high amount of nitrogen which damages green
leaves to turn yellow or sometime pale-brownish color causing permanent wilting and death of
plants thus reducing the overall crop production (Kolmanic et al., 2022)(Bilen and Turan, 2022).
Nitrogen and phosphate-based fertilizer cause groundwater contamination, pH disturbance of soil,
and increased phosphorus content in the soil thus highly resulting in phosphorous contaminated
agricultural runoff. There are various synthetic fertilizers being used that include urea, ammonium
sulphate, di-ammonium phosphate, ammonium chloride, calcium ammonium nitrate and
anhydrous ammonia (Hossain et al., 2022)(Sonmez et al 2016)(S6nmez et al., 2018). They are
reported to contain lead, mercury and dioxin which spread in the atmosphere and accumulate in

water and soil thus disturbing the whole ecosystem (Abdulsalam et al., 2022).

To avoid losses of soil function, infertility, and crop diseases, there is a need to opt for organic
farming as it is more eco-friendly in creating a sustainable and economical environment. Soil
fertility problems can be addressed by using compositing, green manure, crop rotation, inter-
cropping, and vermi-compositing (Crystal-Ornelas et al, 2021). With the increase in the human
population, opting for these strategies can bring sustainability to the food system by increasing the

crop yield up to the required levels.

To attain socio-economic sustainability, underdeveloped countries need proper guidelines and a

model of production and consumption that is covered by the term “circular economy” (Lampridi



74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

et al, 2019). Natural resources can be preserved and increase dependency on planetary resources
in a way that an eco-friendly environment can be created along with socioeconomic profits, long-

span value construction, and waste management through end-use of products (Ashraf et al, 2020).

Availability of biomass is unlimited with an annual rate worldwide which is estimated at 146
billion metric t a year and comparatively in Pakistan, specifically in its rural region, the capacity
of biomass reserves like manure, sludge, and agricultural waste is approximately 12 cubic metric
tons energy production that is sufficient for 0.028 billion rural population (Turan, 2021) (Tareen
et al., 2019). Awvailability of required land is problematic to account for higher feedstock
production. However, in Pakistan, there are abundant lands to grow biomass and use its waste for
energy and other byproducts production amongest them is black charcoal material known as
biochar (Munir et al. 2021; Mumtaz et al. 2019; Selvarajoo et al., 2022). The physical and chemical
nature of feedstock significantly affects the properties of biochar (Li et al., 2016; Mubashir et al.
2015). There exist several categories of waste residue that are potential feedstocks for biochar

production through pyrolysis.

Sewage sludge is generally left unattended as residual waste coming from wastewater treatment
streams as it needs expansive discarding strategies, better to be considered as a sustainable energy
resource (Khoo et al., 2021). It would be in acquiescence with the European Union environmental
plan to implement a circular economy supported by waste to energy production. Disposal strategies
are badly needed for environmental safety because otherwise, they may result in the accumulation
of hazardous pollutants aggregation, horizontal gene transfer and release of carcinogenic heavy

metals (Shiels et al., 2019).

To address greenhouse gas emissions, agricultural biomass is potentially the best option to be used

as feedstock for its carbon storage capacity and bulk nutrient release when applied as a soil
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conditioner (Khanmohammadi et al., 2015; Rajendran et al., 2022). In Himalayan timberlands,
waste like pine needles is abundantly found with a production rate of 6.3 tonnes per year in Asia
(Kala and Subbarao, 2018). The decay process of pine needles is very slow ,during decomposition
most of times when they dries out openly in forest results in wildfires on large scales which are
major contributors to environmental pollution. Sidewise, soil erosion, stunted growth of crops and
soil pH alteration are major demerits of forest fires caused by pine needles. Loss of soil water
retention, fertile soil and seed germination are also linked with huge fires caused by solid and

heavy sheets of pine needles (Brantley et al., 2015).

Biochar origin has been reported over 2000 years ago in the Amazonian Forest of Brazil and since
then it is in use for soil nutrition and water retention (Turan, 2022) (Gonzaga et al., 2019) (Sizmur
et al., 2016). It is a black charcoal-like substance that can be produced from pyrolysis of organic
waste including agricultural, domestic and municipal solid waste with a temperature range from
300 to 1000 °C and above utilizing natural flames and innovative pyrolysis techniques. Pyrolysis
is a process that results in designed biochar production which is specifically designed for its
application (Granatstein et al., 2009) (Turan, 2021). Biochar can sequester carbon and neutralize
greenhouse gas emissions (Selvarajoo et al., 2022)(Turan, 2020). The generation of side products

like bio-oils is beneficial for providing socioeconomic renewable energy resources.

Certain additives have been added along with biochar to supplement nutritional sources for soil
conditioning and plant growth (Irshad et al., 2022)(Turan, 2019). Biochar can act as a sink to store
nutrients coming from the source which are organic fertilizer, compost, and microalgae in the
present research. The additives to be used for crop production are termed ‘slow-release’ fertilizers
(Colla and Rouphael, 2020). The degraded, organic, and stable material produced by the

microbiological breakdown of organic substances under proper oxygen supply is termed compost
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(Di et al., 2019; Pandit et al., 2019). These noxious sources can be converted into valuable and
stabilized forms like compost that can enhance crop yield (Rasa et al., 2018). Large-scale
production of crops and improvement in healthy agricultural practices can be achieved by opting
for compost application to soil’s health profile depends upon organic contents for being fertile by
sustaining all nutrients in it (Toan et al., 2021). Microalgal biomass has been reported for soil
conditioning and promoting plant growth-promoting hormones, antibacterial composites, plant
growth-enhancing metabolites (Bibi et al., 2021; Giorcelli et al., 2019). The adaptable nature of
unicellular microalgae, being photosynthetic, heterotrophic in origin, feasibility to adopt in waste
watercourses along with yielding significant byproducts makes it the focus of research in the

agricultural sector (Alvarez et al., 2021; Chew et al., 2021).

The objective of this research article is to estimate the impact of sewage sludge and pine needle-
based biochar produced by thermal decomposition at 400°C, with the combination of organic
additives that comprised of compost, manure fertilizer and microalgal biomass on chickpea-
fenugreek 10 months crop rotation experiment. Plant height, fresh weight and soil parameters such
as pH, total dissolved solids, water holding capacity and nutrients were estimated throughout the
experiment. The novelty of this work lies in avoiding inorganic chemical fertilizer, co-application
of two different low temperature produced biochar and use of microalgal biomass in addition to
other additives. Soil nutrients and plant biomass production vary with soil texture, crop type,
nature of feedstock selected for biochar production and biochar application rate. To best of authors
knowledge, no studies have reported the combined impacts of pine needle-derived and sewage
sludge-derived biochar along with compost, organic fertilizer and microalgal biomass on soil-plant

system.
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2. Materials and methods

2.1 Sample collection

2.1.1 Collection of feedstock, soil and additives.

The pine needles and sewage sludge as feedstock for biochar production were collected from
matured pine trees and a nearby wastewater treatment plant at Quaid-I1-Azam University located
at 33°44°50” N 73°08°20” E Islamabad, Pakistan. It receives 94.76 millimeters (3.73 inches) of
precipitation and has 125.05 rainy days (34.26% of the time) annually. The soil type of this area
is majorly clay loam. The microalgal biomass of Closteriopsis acicularis (BM1 accession no.
MT858355) and Tetradesmus nygaardi (BM2 accession no. MT858750) were collected from the
already established microalgal bulk production unit in Bold Basal media with pH 7, temperature
25 to 30°C and compost made by animal manure and kitchen waste in composting reactor installed
at a greenhouse station at Environmental microbiology Lab, Quaid-I-Azam University, Islamabad.
Organic fertilizer with poultry and cow manure source of origin, produced by mixing cow and
poultry manure with lukewarm water in a jar and experimental clay soil sample was collected

using a sharp spade from nearby farmland in the residential area of the university.

2.1.2 Production of biochar
Biochar was prepared from sewage sludge and pine needles by pyrolysis in a biochar Retort kiln
gasifier at 400°C for 1 hour shown in Figure 1. Biochar produced by this gasifier was designated

as sewage sludge biochar or BSS400 and pine needle biochar or BPN4oo.

The biochar was ground and passed through a sieve to save samples with particle size less than 2

mm for further use. Biochar yield was calculated by Equation 1:
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Biochar yield, BY (%) = =~ x 100% Eqn (1)

W1 is dry biomass weight in grams and W2 is biochar weight in grams.

Carbon retention (%) of biomass to biochar production is calculated by following formula in

Equation 2:

Carbon retention (%) = <kiechar i gy Eqn (2)

biomass

Chiochar 1S carbon content in biochar, Chiomass IS carbon content in biomass used and BY is biochar

yield.

2.2 Characterization of biochar, additives and soil samples.

The biochar samples were characterized through proximate and ultimate analysis. The pH and
electrical conductivity were determined by mixing the samples with distilled water at a ratio of
1:5. The proximate analysis was carried out using a thermogravimetric analyzer (TGA analyzer
prepASH229). For heavy metals and micro-macro nutrients in biochar and crop rotation pot soil,
samples were digested by aqua regia and hyper-chloric acid and evaluated by atomic absorption
spectroscopy (AA240FS Fast Sequential Atomic Absorption Spectrophotometer). XRD imaging
for aromaticity of biochar has been detected using X’Pert® MRD. Thermogravimetric analysis was
done to observe the thermal stability of the biochar in N2 with a thermogravimetric analyzer (TGA
analyzer prepASH229).

The nitrogen, phosphorous and potassium content of organic fertilizer, compost and microalgal

biomass was measured by using an agricultural test kit (HI-3896). Total dissolved solids and
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electrical conductivity of soil were estimated using gravimetric analysis. Water holding capacity
of soil samples was calculated using the following formula
Equation 3:

Water holding capacity (WHC) = Y-Z/initial soil weight x 100 (Eqn) 3
Y is the quantity of water in ml, Z is the weight of collected water and (Y-Z) is the amount of
water retained in the soil.
Soil texture was determined using the Jar method and percentages of particles were calculated
individually through United States Department of Agriculture (USDA). Soil texture triangle was

used to determine soil type as shown in Figure 2.

Individual layer percentage is calculated as follow:

% % Sand = Sand layer/ overall height x 100 (Egn 4)
%+ % Silt = Silt layer/ overall height x 100 (Egn 5)
% % Clay = Clay layer/ overall height x 100 (Egn 6)

The elemental composition of the biochar and additives were determined with a Micro Elemental
Analyzer UNICUBE. BET surface area and pore size analysis were conducted with TriStar 3000

V6.07 A.

2.3 Greenhouse experiment
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For agricultural purposes, the biochar was applied at a rate of 50g/kg to soil in pots placed at a
greenhouse work station situated 33°44°50” N 73°08°20” E in Islamabad, Pakistan. Two
leguminous crops were grown in a Chickpea-Fenugreek rotation manner from November 2019 to
August 2020 to determine the long-term impact on soil texture. Chickpea (Desi channa) and
fenugreek (Kasuri meethi) crops are leguminous plants, major pulse crops and protein-rich sources
of Pakistan, they are cultivated at about 2.2 million ha. These crops need an optimized dose of
fertilizers and nutrients for optimum growth. Chemical fertilizers have hazardous impacts on fertile
land affecting the production rate of these major crops. Microalgal biomass was selected in this
study as a source of nutrients for soil due to its high carbohydrate content. A study has been
designed to avoid the impact of synthetic fertilizer using biochar in combination with certain
additives. Garden soil was taken and mechanically homogenized using a hammer. For the pot
experiment, organic fertilizer, compost and microalgal biomass were collected and prepared by
grinding them into fine powder form. Microalgal biomass was selected due to its abundant
availability and being a source of nitrogen, carbon and potassium, plant growth-promoting
hormone, tested in combination with biochar to soil to estimate its impact on plant growth. A novel
combination of sewage sludge and pine needles biochar along with organic fertilizer, compost and
microalgae were organized in a specific ratio and mixed with soil in replicates. A total of 13
treatments of soil including 1 control (without amendments) were run in triplicates as presented in

Table 1
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Chickpea seeds were soaked in a hydrogen peroxide solution (3% v/v) for 20 minutes. The seeds
were sequentially washed with 3% ethanol and deionized water before drying in an oven at 60°C
for 8 h. In each pot, 4 seeds were sown 3 cm below the soil surface. The pots were placed in the
greenhouse workstation under natural conditions. Weather conditions were monitored during the
f6 months. The smaller and weak plants were removed from pots to allow the optimized growth
of healthy ones for chickpea plants. Soil samples were collected at a depth of 5 cm to determine
EC, pH, TDS, micro-nutrient, and macronutrients. Heavy metals estimation were performed upon
harvest. Chickpeas were harvested at the end of the season. The fenugreek was planted in the same
manner, except for a period of 3 months. During the greenhouse experiment, the height and weight

of fresh biomass of both crops were measured after every 5 days.

2.4 Statistical analysis
The effect of biochar and additives on plant parameters of two crops was evaluated by using two-
way ANOVA. Data were collected and subjected to statistics by using R version 4.1.3 and

compared with the least significant difference (LSD) at a value of 0.05.

3. Results and discussions

3.1 Characterization of biochar

The physicochemical characterization of BSSs0 and BPNaoo has shown significant differences
because they were affected by the nature of feedstocks used in biochar production as shown in
Table 2. The ash content of BSS400 Was recorded at 60% which is slightly higher because of less
weight loss observed in TGA proximate analysis as compared to BPNago which is 9%. Woody
biomass is reported to contain low ash content and low moisture content while non-woody biomass

like animal waste and industrial solid waste has high moisture content and high ash content
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(Tomczyk et al., 2020). The ash content of sewage sludge biochar is higher because it contains
higher inorganic compounds. Higher ash content in manure, poultry and industrial waste is due to
the presence of silica, sewage sludge-based biochar is categorized by its higher ash content range
from 64.2 to 79.5 %. (Zielinska and Oleszczuk, 2015) Sewage sludge biochar is alkaline in nature
and pine needle is slightly acidic. The pH of biochar is usually alkaline with few exceptions and
ranges from 7.0 to 10.2 (Inyang et al., 2010). Biochar shows differences in pH depending upon
the nature of feedstock used. For wood-based biochar has an average pH of 2 units lower than
other feedstocks-based biochar produced at the same temperature. (Tag et al., 2016). The pH value
of biochar depends directly on carbonates and inorganic alkalis formation during pyrolysis (Ding,
2014). Sewage sludge biochar has carbonates and alkali which are responsible for alkaline pH
(Yuan et al., 2011). Higher ash content and increased formation of oxygen functional groups are
related to higher pH (Ronsse et al., 2013). The carbon content percentage of BPNago is higher than
BSSa400 Which is recorded to be 67.75% as compared to 15.97%, because of higher lignin content
in pine needle feedstock which determines the carbon content of biochar (Shariff et al., 2016).
Biochar derived from pine needles contains a higher percentage of carbon, has a longer life span
and is more stable in the soil as compared to sewage sludge derived biochar due to the
lignocellulosic composition of pine needle feedstock carbonization, carbon content and ash content
of biochar is co-related with a higher lignin content of feedstock chosen (Sohi et al., 2010)
Nitrogen values are recorded to me almost same in both samples of biochar. The C/N ratio
indicates that BPNago has a higher value of 26.7:1 as compared to BSSa00 which is 6.8:1. Mineral
elements concentration in biochar varies with the nature of feedstock and pyrolysis temperature
(De la rosa et al., 2016) The surface area and pore size of BSS00 and BPNaoo are 1.43 M?g, 10.61

nm and 429.99 M?g, 2.16 nm, respectively, shows that BPN has a higher surface area and lower
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pore size (Raj et al., 2021). Biochar surface area and porosity increased at higher pyrolytic
temperatures (Bonelli et al., 2012). Development of porosity is related to organic matter
decomposition in the substrate (Katyal et al., 2003). Biochar produced at 400°C is reported to have
a high surface area and porosity responsible for significant contaminant sorption. (Uchimiya et al.,
2011) The heavy metals including Mg, Ca, Cu, Cr, Mn, Ni, values observed by atomic adsorption
spectroscopy have shown a higher concentration in BSS400 mg/L as shown in Table 2. Heavy
metal content is higher in sewage sludge biochar because of its origin in a wastewater treatment
plant that allows the mixing of several waste lines making it less organic (Liu et al., 2014).
Biochar-derived from different feedstocks have abundant mineral composition like sodium,
calcium and magnesium and iron (Jha et al., 2010). Electrical conductivity is higher in BSSaqo
depicts the salinity in the substance, pH of sewage sludge biochar is alkaline showing co-relation
with its high salinity and ash content. It can be observed that pine needle biochar is more
carbonaceous, less alkaline, high BET area and have less heavy metal toxicity as found in the
literature (Askeland et al., 2019). The yield of biochar is 52.4 % in the case of BSSaq and 38.7%

for BPNuago.
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3.2 Carbon sequestration potential

Biomass-derived biochar has the ability to sequester carbon in soil owing to its organic properties
and thereby greenhouse gas emissions can be reduced. The carbon retention percentage according
to Equation 2 for BPNaoo is observed to be higher at 56.38% as compared to BSSa0o which is
26.37%. Pine needle based biochar is observed to be able to sequester 67.75% of carbon content
of pine needle biomass feedstock to soil by avoiding its open burning. This carbon sequestration
ability significantly minimizes CO> release of the high heating value containing pine needle
feedstock which is 21.61Mj/kg. Higher carbon retention, thermal stability in soil, longevity,
nutrient leaching reduction, and enhancement of soil aggregation abilities of BPN4g make it a
favorable option for carbon sequestration (Varma and Mondal, 2018). Biochar has been proven to
be efficient source of plant production sustainability, global warming mitigation, soil conditioning,
and various applications in soil including chemical sorption. (Tauqgeer et al., 2022). BSSa0 carbon
retention percentage is comparatively lower than the value of 26.37% and HHV of sewage sludge
feedstock is 14.4 Mj/kg. The result indicates that BPNasgo being potentially stable with a high

heating value can retain more carbon in soil (Filipe dos Santos Viana et al., 2018).

3.3 Structural analysis

3.3.1 Thermogravimetric analysis (TGA)

Thermogravimetric analysis was performed to determine the thermal stability of BPNago and
BSSa00 at a temperature ranging from 100-900°C at continuous heat flow from 100 — 400[mW] as
shown in Figure 3 and Figure 4. The graphs illustrating the first slope in the temperature range of
54 — 200°C for BPNago in Figure 3 (B) and 48 — 127°C for BSSa00, from Figure 4 (B) determined

thermal stability of biochar and moisture loss, which is favorable as it uplifts fixed carbon
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availability, ultimately enhance soil fertility. After that, the slope becomes downward at 350°C
for BPN4oo and 299°C for BSSso0 showing secondary pyrolysis and decomposition phase,
illustrating hemicellulose and cellulose degradation followed by a decline in slope with a total
weight loss of 91% for BPN4oo and 36% for BSS400 above 400°C followed by lignin degradation
indicating thermostability of sample before this temperature (Varma and Mondal, 2018). The
weight loss in BSSa4oo is less as compared to BPN4oo because of its higher ash contents. It can be
concluded that the low-temperature biochar tends to have more mass reduction during thermal
analysis as they are unstable to a temperature above their pyrolysis conditions (Nagvi et al., 2018).
A slope can be observed in the TGA curve until the temperature reaches up to 800°C and after
which the rate of degradation gets slower and almost constant. This stage is passive pyrolysis and
here very low percentage of biomass residue is left over. Previous literature shows that the
temperature ranges from 200 °C to 400 °C is for cellulosic and hemicellulose degradation while
210 °C to 900 °C is for lignin decomposition (Ratnasari et al., 2019). By increase of pyrolysis
temperature, biochar becomes more stable thermally due to the formation of a more carbonized
product. So, the TGA clearly shows that mass reduction in biochar samples in 91% and 36% is
due to high ash content and less stability in the case of sewage sludge biochar while pine needle

produced at the same temperature would be more stable in soil comparatively (Ali et al., 2021).

3.3.2 X-ray Diffraction analysis (XRD)

XRD result of BSSa00 and BPNago shows comparative peaks to depict the aromaticity and
crystallinity in their structures as shown in Figure 5 (A) and (B). By comparison of biochar from
two different feedstocks, the degree of orientation can be observed. Peaks in the case of BPNago

are in the region between 15° — 45° represented numerous planes of (S) Struvite, (Q) Quartz, (C)
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Calcite and (D) Dolomite. Whereas the condensed aromatic carbonized, and Quartz plane can be
observed along 20° to 30°. orBSSaao the region between 20° to 65° shows peaks of S, Q, C and D
planes. The condensed aromaticity in this case lies in 25°to 30°. The difference in intensity of peak
condensation in higher in case of BSSa0 biochar because it contains impurities as its origin is
sewage sludge that contains impurities from all streams and secondly at temperature 400°C the
sewage sludge has not been converted into carbonaceous organic compound it is amorphous in
that sense, but aromatic based on crystalline structure presented by impurities in its structure which
gives it higher ash content as well.

Sewage sludge and pine needle-derived biochar show variation in aromaticity because of the
different chemistry of feedstocks used. In the case of BPNaoo sharp peaks can be observed at 2theta
around 20° to 30° which depicts the crystalline structure of the sample. The formation of peaks at
20-30° are a result of pyrolytic treatment carried out at 400° that has decreased the peak intensity
in other regions, otherwise, these peaks can be observed at 16 to 20° showing cellulose and
hemicellulose in untreated feedstock as reported in the literature Jiang et al., 2007. The pine needle
biochar XRD diffractogram has a prominent peak of quartz at 30° while calcite and struvite can be
observed in structure, but their peaks are comparatively less intense. In the case of sewage sludge
biochar, a very sharp peak of calcite can be seen around 30°, it also contains quartz and struvite
abundantly justifying impurities in its structure linked to its origin from multiple waste streams.
development of quartz and calcite structure in pine needle biochar and sewage sludge biochar can

be evidenced by X-Ray diffraction analysis as reported in the literature (Ren et al., 2018).

3.4 Additives
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The additives like microalgal biomass of Closteriopsis acicularis (BM1) and Tetradesmus
nygaardi (BM2), organic fertilizer and compost has shown variation in their elemental
compositions (refer to Supporting Information Table SI-1). The value of C=46 +1 % in
microalgal biomass, 1.60 £ 0.03 % in organic fertilizer 10 £ 0.5 % in case of compost which shows
that microalgal biomass is a rich source of carbon (Nappa et al., 2015). While the pH observed to
be 7+0.2, N%= 5.2+0.2 and P% = 5.1+0.05 and K% = 0.6£0.05 in Microalgal biomass and pH =
6.5+0.05, N%= 1.60£0.01 %, K % = 1.76+0.005 in organic fertilizer. It can be concluded that
Microalgal biomass has higher carbon and nitrogen contents as found in the literature that protein
and phytochemical contents of microalgal biomass makes it a nutrient rich source (Ho et al., 2013)
Growth condition alter the nitrogen and carbon content and overall chemical composition of
microalgae (Shrestha et al., 2022), pH of three additives is in neutral range and K content of
organic fertilizer and compost is almost similar. The trend of Carbon %, P % and pH is Microalgae
> Compost> organic fertilizer, while for N% is Microalgae> Organic fertilizer> Compost and for
K% is organic fertilizer> Compost> Microalgae.

Soil fertility and crop production depend upon the availability of nutrients as per required levels.
Its important to maintain the suitable levels of organic matter in soils , that supports crop
production and mantains total nutrient cycling in it (Taugeer et al., 2022). Adding biochar solely
is not significant for that purpose, organic fertilizer, compost and microalgal biomass. The
microalgal biomass is an efficient source of nitrogen and carbon for the soil because it has a
significant concentration of carbohydrates, lipids, proteins, vitamins, and essential minerals as
found in the literature (Machado Sierra et al., 2021). Organic fertilizer comprises various sources
of carbon, nitrogen, phosphorous and potassium for crop production as evidenced by literature. It

has low K content and balance K and conductivity in soil (Chauhan, 2012) Manure has nitrogen,
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potassium and phosphorous for plant tissues and affects plant production. (Sakhonwasee, 2015)
Manure applied in field studies showed that it has a source of ammonium ion most available form
of nitrogen and contributes majorly to protein synthesis, ion transportation and osmoregulation in
plants. (EI-Sawy et al 2005). Compost supports plant production and soil structure by buffering
soil pH, providing N, P and K for root and shoot development (M Al-Eraky et al., 2016). It can be
concluded that the effects of organic fertilizer, microalgal biomass and compost depend upon the
type of soil, crop, and physicochemical nature of these amendments themselves.

3.5 Soil Analyses

The soil texture is determined to be clay using soil textural table which shows that it is 10% sandy-
loam, almost 47 % loam and 43% clay loam.

Parameters like electrical conductivity, pH, water holding capacity, TDS, macro-micro nutrients
and heavy metals are explained below:

3.5.1 Electrical conductivity and pH

The salinity of soil varies with EC and pH value and with the type of crop being grown. The value
of EC for soil as control is recorded to be 1.56 ppm which has increased up to 6.3 with crop rotation
of chickpea and fenugreek plants and pH from 7 to 9 as given in Table 5. BPN400 and BSS400
have affected soil EC very significantly by 49.5 ppm and 27.6 ppm values in T3 and T4 and
BPN400 decreased pH in start and kept it neutral at 7 while BSS400 being alkaline increased pH
= 8.5 as compared to BPN400. Organic fertilizer and compost T1 and T2 have not much affected
the EC value and it remained around 7.9 and 14.8 while Organic fertilizer increased and then
neutralized soil pH to 7.3 and compost increased pH to 7.9. The collective effect of biochar with
compost and organic fertilizer is observed to impact negatively the EC value to 3.8 ppm in T10

and pH 7.5. The trend of EC near harvesting time in treatments is observed as T3> T4> T2> T8>
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T6> T1> S> TMB>T9>T10=TMS>T7>T5 and for pH
iIST9>T3>T5>T2>T10>T1>T4>TMB>TMS, T7>T8. The electrical conductivity of soil was
significantly increased by BSSa00 and BPNaoo. The highest electrical conductivity value for BSSaoo,
BPN4oo and compost added soil was because of salinity and pH value which lies in the optimum

range in case of T8 which has BPN4oo added to pot.

Previous study reported that pine needle biochar optimizes pH and EC value by increasing it to
those levels because of Ca, Mg and Na in their structure and ability to release hydroxyl ion soil
(Masto et al., 2013). The effect of biochar on pH and EC depends upon soil type (Katterer et al.,

2019), biochar can be used to buffer pH to avoid any synthetic buffer use in soil.
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3.5.2 Water holding capacity and TDS.

BPNaoo in presence of compost has significantly elevated soil water holding capacity because both
compost and biochar were highly porous thereby positively increasing the adsorption capacity of
soil and enhancing the water holding capacity. BSSa400 lowered this value that causes drought
because of unavailability of water in pores as soil moisture for the roots while Compost in the
presence of fertilizer has raised the water holding capacity to its maximum that is beyond the safe
limit for healthy growth of crop as shown in Table 3 . BSSa00, BPNa4oo, organic fertilizer and
compost supported the overall increase in water holding capacity of experimental soil. Water
holding capacity of soil with different treatments represents trend as T7> T6> T10> T4, T1>
T3>T2, T9 > T8> T5> TMB, TMS. The water retention of soil has been determined by numerous
field experimentations using different types of biochar (Tsuji et al 1975). The soil's chemical and
physical texture has been reported to show maximized water holding capacity upon biochar
addition to soil (Lefroy and Wijnhoud, 2001). Majorly, micro and mesopore take part in the water
retention ability of soil. Inter and intra-pore space in biochar structure provides a cavity for water
storage. Pine needle biochar in crop rotation experiment of 10m, with an application rate 10 t h!
in treatment T7 is observed to show the highest water retention values which are justified by a
study reported by Kattere et al. (2019) which claimed that longevity of biochar in soil significantly
increase water retention of experimental soil (Katterer et al., 2019).

Total dissolved solids (TDS) are defined as all inorganic and organic substances contained that
can pass through a 2-micron filter. The trend followed in this experiment is
T10>T9>s>T1>T2>T8>T5>T3>T7>T4 given in Table 3. Soil organic matter compounds such as
humic/fulvic acids are also included in TDS, and levels between 30 and 60 ppm are considered

optimum for most plants, Initial TDS of soil was 774 but at time of harvest it is observed to be 173
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showing consumption of inorganic and organic matter (Yu et al., 2019). Compost lower TDS to
74 initially as compared to organic fertilizer and raised to 160 at the end similar as described by
Lehmann et al in 2009. Organic fertilizer and compost-maintained TDS 111 initially and 102 near
harvesting time. BPN4oo balanced TDS to 91. BSS400 lower TDS initially to 77 and increased to
126. Compost, two types of biochar and organic fertilizer showed 133 TDS initially and 184.
Compost and BSSaqo increased TDS to 137. Compost manure and BPNaoo increased TDS initially
but lowered to 148. Compost, organic fertilizer and BSSaoo were lower initially but raised to 180.
Microalgal biomass showed TDS to 86. Microalgal biomass in combination with biochar,

fertilizer-maintained TDS to 162.

3.5.3 Macro — Micronutrients and Heavy metals

The macro and micronutrients have been altered significantly by different types of biochar and
treatments with certain additives. Table 4 shows that the concentration of Fe has decreased in all
treatments as compared to control but increased among the group of treatments, highest values
recorded using T5, TMS and T8 by values of 111.32 mg/kg, 104.68 mg/kg and 100.16 mg/kg as
compared to other treatments. While increased concentrations of Mn (in T4 = 118.12 mg/kg), Zn
(in TMB= 63.11 mg/kg, T8=63.06 mg/kg), Co (in T5 =7.08 mg/kg, T4=7.36 mg/kg) and Na (in
TMS = 38.76 mg/kg) has been observed and decrease in values of Mn (in T8 =47.2 mg/kg), Zn
(TMS=53.55 mg/kg and T3= 53.88 mg/kg), Co (in TMB=3.32 mg/kg) and Na (in T2= 28.96
mg/kg) has been recorded as compared to control. The Macronutrients including Ca increased in
concentration by 874.24 mg/kg in T9 and decreased in T7 by 287.36 mg/kg value. K and Mg
increased in their quantity with the higher value in T1 and T8 which are 95 mg/kg and

205.87mg/kg, Mg concentration increased within treatment but remain lower as compared to
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control which was 233.4 soil with organic fertilizer and BPN4oo with compost and organic fertilizer
supported highest possible concentration of K and Mg. Biochar formation directly controls Fe and
Mn concentrations (M Al-Eraky et al., 2016). Study conducted in 2008 showed that the Iron
concentration in pine needle biochar is lower than other biochar samples (Novak et al., 2009).
Novak et al in 2009 suggested that biochar application increase Zn and Co and justify, Zn and Co
increased concentration in pots contain Pine needle biochar added with organic additives (Di et
al., 2019). It can be concluded that BPN4oo has optimized Fe, Mn, Zn, Ca, K, Mg concentration
solely and in combination with additives. Microalgal biomass has optimized Fe, Mn, Zn, Na
concentrations only but its impact is lower than BPNaoo. While BSSas00 decreased Zn, Ca and
increased Co. Combination of two biochar with all additives have positively enhanced ca
concentration which depicts that BPN4oo concentration should be adjusted so to nullify effect of

BSSa00.

The concentration of Cd and Cr is observed to be higher in control Zn in T8 is highest by 63.06
mg/kg and TMB by 63.10 mg/kg as given in Table 4. Ni increased supported by TMS by 28.28
mg/kg and Cu value recorded higher in T5 that is 77.64 mg/kg. Heavy metals like mercury are
known to be removed completely during slow pyrolysis, while the concentration and
bioavailability of overall heavy metals are reported to be increased (Yue et al., 2017). Sewage
sludge biochar has increased Zn and Cu while decreased Cd concentration in soil which is justified
by literature which shows that acid-soluble heavy metals like Zn and Cu concentration increase
while Cd decreased on sewage sludge biochar application in soil. it makes Zn and Cu bioavailable
to plant root uptake (Dong et al., 2011). The reason for such bioavailability enhancement might
be negative charge of biochar, which allows electrostatic exchange of heavy metals. But there

exists a dilemma regarding biochar effects on heavy metal release in soil (Beesley et al., 2014).
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The consumption of vegetables containing heavy metals is one of the most pressing issues in recent
years as it has a detrimental effect on human health. Toxic heavy metals accumulated in vegetables
after being released into the ecosystem by various natural and man-made activities. Continued use
of synthetic pesticides, irrigation of agricultural land with untreated urban and industrial
wastewater, improper landfill of solid waste, and various other industrial activities are major
causes of heavey metal accumulation in productive soils (Taugeer et al., 2022). In a study it is
stated that precipitation of heavy metal is result of presence of functional groups like certain oxides
and carbonates (Ameloot et al., 2013). Though impact of negative charges presents on surface of
biochar due to OH and -COOH groups, on heavy metal concentration is known but it needs further
understanding of how heavy metals are kept bioavailable to soil microorganisms. The mobility of
heavy metals in soil and its accumulation in vegetables are significantly affected by several soil
and plant factors that control their bioavailability. The main symptoms of metal toxicity after being
absorbed by vegetables are growth, biomass, low yield and low nutritional value. Human health
risks from ingesting metal contaminated vegetables have been assessed by a variety of risk

assessment equations (Taugeer et al., 2022)

3.6 Plant analyses

3.6.1 Effect on plant growth parameters

Chickpea plant shown variation in growth pattern on application of biochar in different
combinations presented in Figure 5 and Table 6. The highest value of plant total length and
fresh weight was recorded in T8 containing (BPNa4oo + Compost + fertilizer) as compared to S
(control) TL and FW and lowest values recorded in T6 that did not enhance plant growth at all

(M Al-Eraky et al., 2016). Addition of biochar in soil has shown promoted seed growth, biomass
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yield, nutrients in soil and crops grown in conditioned soils. Alongwith these profits, biochar
provides space and porosity for microbial growth and activity, nutrients for microbial
populations (Taugeer et al., 2022). This is because in T6 (BPN4go + Compost), porous nature
and low N: P: K ratio of compost that is 0.7:1.02:1.37 along with BPNaoo ability to absorb
nutrients supplied by compost owing to its highly porous structure has caused unavailability of
nutrients to plants root, and thereby damaged the crop. While trend of plant length and fresh
weight followed by certain treatment was TMB> T3> T1> T5 possibly due to nitrogen fixing
ability and production of certain plant promoting hormones from microalgal biomass in TMB
that promoted plant growth (Khan et al., 2018), T3 contains BSSa00 which is unstable in soil
alkaline in nature and source of heavy metals T5 and T1. Meanwhile BSSao0 proves best for
plant growth when applied in combination with fertilizer and compost. Sewage sludge is source
of heavy metal and minerals, but its adsorption efficiency gets enhanced in presence of nutrient
source such as organic fertilizer and compost thereby increased crop productivity. The
combination of two biochar proves favorable for crop growth in presence of all nutrient sources
that were organic fertilizer and compost, because buffering property of biochar and their variable
porosity along with adsorption capacity stabilized the rhizobium and remarkably optimized crop
production (Saletnik et al., 2019). After sowing fenugreek plant seeds in already established soil
experimental combinations, the behavior of biochar varied as shown in Figure 5 and Table 6. T4
with just BPNaoo has enhanced TL ad FW compared to control, most probably because biochar
has initially absorbed nutrients on its surface during first crop growth and then slowly released
into soil during crop rotation which enhanced soil fertility for long term and significantly
increased crop production (de Araujo et al., 2019). TMS with microalgal biomass in soil showed

increase in TL and FW and T1 with BSS400 and organic fertilizer have shown minimum values
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but almost same in impact. Possibly, previous crop of chickpea plant may have extracted all
available minerals provided by BSSa00 and organic fertilizer .Sewage sludge derived biochar in
combination with fertilizer, compost and microalgae does not support plant growth that is
because high nutrients supply created survival of fittest competition and made conditions non-
feasible for microorganisms in the rhizosphere (Gajera et al., 2020). It can be observed from the
above output of two-way ANOVA that both treatment and parameters are significantly different

for Cicer plant and Trigonella plant growth ##L.SD Test for different treatments

Conclusions

Application of sewage sludge and pine needles derived low temperature biochar to chickpea and
fenugreek crops grown on infertile land has shown a significant increase.in crop productivity and
soil nutrients. Applying biochar without synthetic fertilizer has greatly increased crop length and
fresh weight as well as did soil nutrient optimisation. The use of organic fertilizers and compost
has an impact on root development, aeration texture and water retention, but to optimize soil
profile and texture, they need a sink to optimize and cushion the exchange of soil-plant
root nutrients, which was well done by using Pine needle biochar. The biomass of
microalgae acted as organic fertilizer because it is huge source
of nitrogen, stabilising the pH at neutral, high carbon content and has optimized the levels of
phosphorous and calcium in soil. Based on our information, this research is novel to explore the
effect of agricultural and municipal waste derived biochar with compost, manure fertilizer and
microalgae on chickpea-fenugreek crop rotation. In future, application of this novel combination
should be considered on routine basis as improvement policy when exploring issues related to soil

fertility and crop cultivation practices.

26



554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

Acknowledgement
This work was also supported by the UCSI University Research and Innovation Grant under
project code REIG-FAS-2022/003. Authors are also thankful to Asia Pacific University of

Technology & innovation, Malaysia for the technical support.

References

Abdulsalam, A., Ramli, M. F., Jamil, N. R., Ashaari, Z. H.,, & Umar, D. U. A. (2022).
Hydrochemical characteristics and identification of groundwater pollution sources in tropical

savanna. Environmental Science and Pollution Research, 29(25), 37384-37398.

Ali, L, Palamanit, A, Techato, K, Chowdhury, M S, Phoungthong, K (2021) Characteristics and
agrarian properties of biochar derived from pyrolysis and co-pyrolysis of rubberwood sawdust and

sewage sludge for further application to soil improvement.

Alvarez, A L, Weyers, S L, Goemann, H M, Peyton, B M, Gardner, R D (2021) Microalgae, soil
and plants: a critical review of microalgae as renewable resources for agriculture. Algal Res.

54:102200

Ameloot, N, De Neve, S, Jegajeevagan, K, Yildiz, G, Buchan, D, Funkuin, Y N, Prins, W,
Bouckaert, L, Sleutel, S (2013) Short-term CO2 and N20 emissions and microbial properties of

biochar amended sandy loam soils. Soil Biol. Biochem 57:401-410

27



573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

Askeland, M, Clarke, B, Paz-Ferreiro, J (2019) Comparative characterization of biochars produced
at three selected pyrolysis temperatures from common woody and herbaceous waste streams. PeerJ

7:e6784

Ashraf, S., Rizvi, N. B., Rasool, A., Mahmud, T., Huang, G. G., & Zulfajri, M. (2020). Evaluation
of heavy metal ions in the groundwater samples from selected automobile workshop areas in

northern Pakistan. Groundwater for sustainable development, 11, 100428.

Beesley, L, Inneh, O S, Norton, G J, Moreno-Jimenez, E, Pardo, T, Clemente, R, Dawson, J J
(2014) Assessing the influence of compost and biochar amendments on the mobility and toxicity

of metals and arsenic in a naturally contaminated mine soil. Environ. Pollut. 186:195-202

Bibi, F, Yasmin, H, Jamal, A, Al-Harbi, M S, Ahmad, M, Zafar, M, Ahmad, B, Samra, B N,
Ahmed, A F, Ali, M | (2021) Deciphering role of technical bioprocess parameters for bioethanol

production using microalgae. Saudi J. Biol. Sci. 28:7595-7606

Bilen, S., & Turan, V. (2022). Enzymatic analyses in soils. In Practical Handbook on Agricultural

Microbiology (pp. 377-385). Humana, New York, NY.

Bonelli, P. R., Nunell, G., Fernandez, M. E., Buonomo, E. L., & Cukierman, A. L. (2012). The
Potential Applications of the Bio-char Derived from the Pyrolysis of an Agro-industrial Waste.
Effects of Temperature and Acid-pretreatment. Energy Sources, Part A: Recovery, Utilization, and

Environmental Effects, 34(8), 746-755.

Brantley, K E, Savin, M C, Brye, K R, Longer, D E (2015) Pine woodchip biochar impact on soil

nutrient concentrations and corn yield in a silt loam in the Mid-Southern US. Agriculture 5:30-47

28



593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

Chew, KW, Khoo, K S, Foo, H T, Chia, SR, Walvekar, R, Lim, S S (2021) Algae utilization and

its role in the development of green cities. Chemosphere 268:129322

Colla, G, Rouphael, Y, 2020. Microalgae: new source of plant biostimulants. Multidisciplinary

Digital Publishing Institute, p. 1240.

Chauhan, P. S., Singh, A., Singh, R. P., & lbrahim, M. H. (2012). Environmental impacts of
organic fertilizer usage in agriculture. Organic Fertilizers: Types, Production and Environmental

Impact, ed RP Singh (Hauppauge, NY: Nova Science Publisher), 63-84.

Crystal-Ornelas, R., Thapa, R., & Tully, K. L. (2021). Soil organic carbon is affected by organic
amendments, conservation tillage, and cover cropping in organic farming systems: A meta-

analysis. Agriculture, Ecosystems & Environment, 312, 107356.

de Araujo, A S, Blum, L E B, de Figueiredo, C C (2019) The synergistic effect of sewage sludge

biochar and'Trichoderma harzianum'on soybean yield. Aust. J. Crop Sci. 13:1183-1187

De la Rosa, J. M., Paneque, M., Hilber, I., Blum, F., Knicker, H. E., & Bucheli, T. D. (2016).
Assessment of polycyclic aromatic hydrocarbons in biochar and biochar-amended agricultural soil

from Southern Spain. Journal of Soils and Sediments, 16(2), 557-565.

Di, W, Yanfang, F, Lihong, X, Mangiang, L, Bei, Y, Feng, H, Linzhang, Y (2019) Biochar
combined with vermicompost increases crop production while reducing ammonia and nitrous

oxide emissions from a paddy soil. Pedosphere 29:82-94

Ding, W., Dong, X., Ime, I. M., Gao, B., & Ma, L. Q. (2014). Pyrolytic temperatures impact lead

sorption mechanisms by bagasse biochars. Chemosphere, 105, 68-74.

29



613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

Dong, X, Ma, L Q, Li, Y (2011) Characteristics and mechanisms of hexavalent chromium removal

by biochar from sugar beet tailing. J. Hazard. Mater. 190:909-915

El-Sawy, Y.A.E., 2005. Studies on the effect of some organic fertilizers, ammonium nitrate
and the bio-fertilizers (Algae extract) on growth and productivity of Williams banana (Musa

cavendishii L), M.Sc. Thesis Fac. Agric. Qena, South Valley Univ. Egypt

Filipe dos Santos Viana, H, Martins Rodrigues, A, Godina, R, Carlos de Oliveira Matias, J, Jorge
Ribeiro Nunes, L (2018) Evaluation of the physical, chemical and thermal properties of Portuguese

maritime pine biomass. Sustainability 10:2877

Gajera, Z R, Verma, K, Tekade, S P, Sawarkar, A N (2020) Kinetics of co-gasification of rice husk
biomass and high sulphur petroleum coke with oxygen as gasifying medium via TGA. Bioresour.

Technol. Rep. 11:100479

Giorcelli, M, Khan, A, Pugno, N M, Rosso, C, Tagliaferro, A (2019) Biochar as a cheap and
environmental friendly filler able to improve polymer mechanical properties. Biomass Bioenerg.

120:219-223

Gonzaga, M. I. S., da Silva, P. S. O., de Jesus Santos, J. C., & de Oliveira Junior, L. F. G. (2019).
Biochar increases plant water use efficiency and biomass production while reducing Cu
concentration in Brassica juncea L. in a Cu-contaminated soil. Ecotoxicology and Environmental

Safety, 183, 109557.

Granatstein, D, Kruger, C, Collins, H, Garcia-Perez, M, Yoder, J, 2009. Use of biochar from the

pyrolysis of waste organic material as a soil amendment. Washington State University.

30



633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

Ho, S. H., Huang, S. W., Chen, C. Y., Hasunuma, T., Kondo, A., & Chang, J. S. (2013). Bioethanol
production using carbohydrate-rich  microalgae biomass as feedstock. Bioresource

technology, 135, 191-198.

Hossain, M., Islam, M., Sujan, M., Khan, H., Tuhin, M., & Bekun, F. V. (2022). Towards a clean
production by exploring the nexus between agricultural ecosystem and environmental degradation
using novel dynamic ARDL simulations approach. Environmental Science and Pollution

Research, 1-17.

Irshad, M K, Ibrahim, M, Noman, A, Shang, J, Mahmood, A, Mubashir, M, Khoo, K S, Ng, H S,
Show, P L (2022) Elucidating the impact of goethite-modified biochar on arsenic mobility,
bioaccumulation in paddy rice (Oryza sativa L.) along with soil enzyme activities. Process Saf.

Environ. Prot.

Inyang, M., Gao, B., Pullammanappallil, P., Ding, W., & Zimmerman, A. R. (2010). Biochar from

anaerobically digested sugarcane bagasse. Bioresource technology, 101(22), 8868-8872.

Jha, P., Biswas, A. K., Lakaria, B. L., & Rao, A. S. (2010). Biochar in agriculture—prospects and

related implications. Current science, 1218-1225.

Jiang, Z-H, Yang, Z, So, C-L, Hse, C-Y (2007) Rapid prediction of wood crystallinity in Pinus

elliotii plantation wood by near-infrared spectroscopy. J. Wood Sci. 53:449-453

Katterer, T, Roobroeck, D, Andrén, O, Kimutai, G, Karltun, E, Kirchmann, H, Nyberg, G,
Vanlauwe, B, de Nowina, K R (2019) Biochar addition persistently increased soil fertility and
yields in maize-soybean rotations over 10 years in sub-humid regions of Kenya. Field Crops Res.

235:18-26

31



654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

Kaytal, S., Thambimuthu, K., § Valix, M. (2003). Carbonization of bagasse in a fixed bed reactor:
influence of process variables on char yield and characteristics. Renewable Energy,28,5, (April

2003), pp. 713-725.

Khan, N, Bano, A, Zandi, P (2018) Effects of exogenously applied plant growth regulators in
combination with PGPR on the physiology and root growth of chickpea (Cicer arietinum) and their

role in drought tolerance. J. Plant Interact. 13:239-247

Khanmohammadi, Z, Afyuni, M, Mosaddeghi, M R (2015) Effect of pyrolysis temperature on

chemical and physical properties of sewage sludge biochar. Waste Manag. Res. 33:275-283

Khoo, K S, Chia, W Y, Chew, K W, Show, P L (2021) Microalgal-bacterial consortia as future
prospect in wastewater bioremediation, environmental management and bioenergy production.

Indian J. Microbiol. 61:262-269

Kala, L. D., & Subbarao, P. M. V. (2018). Estimation of pine needle availability in the Central

Himalayan state of Uttarakhand, India for use as energy feedstock. Renewable Energy, 128, 9-19.

Kolmani¢, A., Sinkovi¢, L., Necemer, M., Ogrinc, N., & Megli¢, V. (2022). The Effect of
Cultivation Practices on Agronomic Performance, Elemental Composition and Isotopic Signature

of Spring Oat (Avena sativa L.). Plants, 11(2), 169.

Lefroy, R D, Wijnhoud, J, 2001. Nutrient balance studies: General use and perspectives for SE
Asia, International Workshop on Nutrient Balances for Sustainable Agricultural Production and
Natural Resource Management in Southeast Asia (20-22 February 2001, Bangkok, Thailand):

Selected Papers and Presentations. CIAT, Vientiane, Laos PR/IWMI, Bangkok, Thailand.

32



674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

Li, X,, Li, B., Chen, L., Liang, J., Huang, R., Tang, X., ... & Wang, C. (2022). Partial substitution
of chemical fertilizer with organic fertilizer over seven years increases yields and restores soil
bacterial community diversity in wheat-rice rotation. European Journal of Agronomy, 133,

126445.

Liu, T, Liu, B, Zhang, W (2014) Nutrients and heavy metals in biochar produced by sewage sludge

pyrolysis: its application in soil amendment. Pol. J. Environ. Stud. 23:271-275

Lampridi, M. G., Sgrensen, C. G., & Bochtis, D. (2019). Agricultural sustainability: A review of

concepts and methods. Sustainability, 11(18), 5120.

Mumtaz, Z Majeed, Z Ajab, B Ahmad, K Khurshid, M Mubashir (2019) Optimized tuning of rosin
adduct with maleic anhydride for smart applications in controlled and targeted delivery of urea for

higher plant’s uptake and growth efficiency, Industrial Crops and Products 133, 395-408.

M Al-Eraky, M, Mohamed Fouad Kamel, N, Al-Qahtani, A, Abu Madini, M, Hussin, A (2016)
Teaching Professionalism by Vignettes in Psychiatry for Nursing Students. Egypt. J. Health Care

7:136-148

Machado Sierra, E, Serrano, M C, Manares, A, Guerra, A, Aranguren Diaz, Y (2021) Microalgae:

Potential for Bioeconomy in Food Systems. Appl. Sci. 11:11316

Masto, R E, Kumar, S, Rout, T, Sarkar, P, George, J, Ram, L (2013) Biochar from water hyacinth

(Eichornia crassipes) and its impact on soil biological activity. Catena 111:64-71

33



692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

Mubashir, YF Yeong, NSBM Nazri, KK Lau, (2015), Accelerated synthesis of deca-dodecasil 3
rhombohedral (DDR3) zeolite crystals via hydrothermal growth coupled with ultrasonic irradiation

method, RSC advances 5 (29), 22658-22664

M Munir, M Ahmad, M Mubashir, S Asif, A Waseem, A Mukhtar, (2021) A practical approach
for synthesis of biodiesel via non-edible seeds oils using trimetallic based montmorillonite nano-

catalyst, Bioresource Technology 328, 124859

Nappa, M, Karinen, P, Hytonen, E (2015) Producing lipids, biogas and fertilizer from microalgae—
conceptual design and techno-economic analysis. Carbon Capture and Storage Program (CCSP):

Deliverable D 605:

Nagvi, S R, Tariqg, R, Hameed, Z, Ali, I, Tagvi, S A, Nagvi, M, Niazi, M, Noor, T, Farooq, W
(2018) Pyrolysis of high-ash sewage sludge: Thermo-kinetic study using TGA and artificial neural

networks. Fuel 233:529-538

Novak, J M, Busscher, W J, Laird, D L, Ahmedna, M, Watts, D W, Niandou, M A (2009) Impact

of biochar amendment on fertility of a southeastern coastal plain soil. Soil Sci. 174:105-112

Pandit, N R, Schmidt, H P, Mulder, J, Hale, S E, Husson, O, Cornelissen, G (2019) Nutrient effect
of various composting methods with and without biochar on soil fertility and maize growth. Arch.

Agron. Soil Sci.

Raj, A, Yadav, A, Arya, S, Sirohi, R, Kumar, S, Rawat, A P, Thakur, R S, Patel, D K, Bahadur, L,
Pandey, A (2021) Preparation, characterization and agri applications of biochar produced by

pyrolysis of sewage sludge at different temperatures. Sci. Total Environ. 795:148722

34



712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

Rajendran, S, Priya, T, Khoo, K S, Hoang, T K, Ng, H-S, Munawaroh, H S H, Karaman, C, Orooji,
Y, Show, P L (2022) A critical review on various remediation approaches for heavy metal

contaminants removal from contaminated soils. Chemosphere 287:132369

Rasa, K, Heikkinen, J, Hannula, M, Arstila, K, Kulju, S, Hyvaluoma, J (2018) How and why does

willow biochar increase a clay soil water retention capacity? Biomass Bioenerg. 119:346-353

Ren, N, Tang, Y, Li, M (2018) Mineral additive enhanced carbon retention and stabilization in

sewage sludge-derived biochar. Process Saf. Environ. Prot. 115:70-78

Ratnasari, D. K., Horn, A., Brunner, T., Yang, W., & Jonsson, P. G. (2019). The thermal
degradation of lignocellulose biomass with an acid leaching pre-treatment using a H-ZSM-5/Al-

MCM-41 catalyst mixture. Fuel, 257, 116086.

Ronsse, F., Van Hecke, S., Dickinson, D., & Prins, W. (2013). Production and characterization of
slow pyrolysis biochar: influence of feedstock type and pyrolysis conditions. Gecb Bioenergy, 5(2),

104-115.

Saletnik, B, Bajcar, M, Zaguta, G, Saletnik, A, Tarapatskyy, M, Puchalski, C (2019) biochar as a
stimulator for germination capacity in seeds of Virginia mallow (Sida hermaphrodita (L.) Rusby).

Appl. Sci. 9:3213

Sénmez, O. S. M. A. N., Turan, V., & Kaya, C. (2016). The effects of sulfur, cattle, and poultry

manure addition on soil phosphorus. Turkish Journal of Agriculture and Forestry, 40(4), 536-541.

35



730

731

732

733
734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

Sonmez, C. (2018). Effect of phosphorus fertilizer on some yield components and quality of
different anise (Pimpinella anisum L.) populations. Turkish Journal of Field Crops, 23(2), 100-

106.

Sakhonwasee, S. (2015). The effect of organic fertilizers on growth and yield of broccoli (Brassica

oleracea L. var. italica Plenck cv. Top Green). Journal of organic systems, 10, 1.

Selvarajoo, A, Wong, Y L, Khoo, K S, Chen, W-H, Show, P L (2022) Biochar production via

pyrolysis of citrus peel fruit waste as a potential usage as solid biofuel. Chemosphere 133671

Shariff, A., Mohamad Aziz, N. S., Ismail, N. I., & Abdullah, N. (2016). Corn Caob as a Potential

Feedstock for Slow Pyrolysis of Biomass. Journal of Physical Science, 27(2).

Shiels, K, Murray, P, Saha, S K (2019) Marine cyanobacteria as potential alternative source for

GABA production. Bioresour. Technol. Rep. 8:100342

Shrestha, R. C., Ghazaryan, L., Poodiack, B., Zorin, B., Gross, A., Gillor, O., ... & Gelfand, 1.
(2022). The effects of microalgae-based fertilization of wheat on yield, soil microbiome and

nitrogen oxides emissions. Science of The Total Environment, 806, 151320.

Sizmur, T, Quilliam, R, Puga, A P, Moreno-Jiménez, E, Beesley, L, Gomez-Eyles, J L (2016)
Application of biochar for soil remediation. Agricultural and environmental applications of

biochar: Advances and barriers 63:295-324

Suhag, M. (2016). Potential of biofertilizers to replace chemical fertilizers. Int Adv Res J Sci Eng

Technol, 3(5), 163-167.

Sohi, S. P., Krull, E., Lopez-Capel, E., & Bol, R. (2010). A review of biochar and its use and

function in soil. Advances in agronomy, 105, 47-82.

36



751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

Tag, A. T., Duman, G., Ucar, S., & Yanik, J. (2016). Effects of feedstock type and pyrolysis
temperature on potential applications of biochar. Journal of Analytical and Applied Pyrolysis, 120,

200-206.

Tareen, W U K, Dilbar, M T, Farhan, M, Ali Nawaz, M, Durrani, A W, Memon, K A, Mekhilef,
S, Seyedmahmoudian, M, Horan, B, Amir, M (2019) Present status and potential of biomass

energy in Pakistan based on existing and future renewable resources. Sustainability 12:249

Taugeer, H.M., Turan, V., Farhad, M., Igbal, M, 2022. Sustainable agriculture and plant
production by virtue of biochar in the Era of climate change. In: Hasanuzzaman, M., Ahammed,
G.J., Nahar, K. (eds) Managing Plant Production Under Changing Environment. Springer,

Singapore, pp. 21-42. doi: 10.1007/978-981-16-5059-8_2

Taugeer, H. M., Turan, V., & Igbal, M. (2022). Production of safer vegetables from heavy metals
contaminated soils: the current situation, concerns associated with human health and novel
management strategies. In Advances in Bioremediation and Phytoremediation for Sustainable Soil

Management (pp. 301-312). Springer, Cham.

Tomczyk, A., Sokotowska, Z., & Boguta, P. (2020). Biochar physicochemical properties:
pyrolysis temperature and feedstock kind effects. Reviews in Environmental Science and

Bio/Technology, 19(1), 191-215.

Toan, N-S, Tan, X, Phuong, N T D, Aron, N S M, Chew, KW, Khoo, K'S, Thu, TTN, Lim,D T,
Dong, P D, Ang, W L (2021) Advanced green bioprocess of soil carbohydrate extraction from

long-term conversion of forest soil to paddy field. J. Environ. Chem. Eng. 9:106021

37



771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

Turan, V. (2021). Arbuscular mycorrhizal fungi and pistachio husk biochar combination reduces
Ni distribution in mungbean plant and improves plant antioxidants and soil enzymes. Physiologia

Plantarum, 173(1), 418-429.

Turan, V., Schroder, P., Bilen, S., Insam, H., & Fernandez-Delgado Juarez, M. (2019). Co-
inoculation effect of Rhizobium and Achillea millefolium L. oil extracts on growth of common

bean (Phaseolus vulgaris L.) and soil microbial-chemical properties. Scientific reports, 9(1), 1-10.

Turan, V. (2019). Confident performance of chitosan and pistachio shell biochar on reducing Ni
bioavailability in soil and plant plus improved the soil enzymatic activities, antioxidant defense

system and nutritional quality of lettuce. Ecotoxicology and environmental safety, 183, 109594.

Turan, V. (2022). Calcite in combination with olive pulp biochar reduces Ni mobility in soil and

its distribution in chili plant. International Journal of Phytoremediation, 24(2), 166-176.

Turan, V. (2020). Potential of pistachio shell biochar and dicalcium phosphate combination to
reduce Pb speciation in spinach, improved soil enzymatic activities, plant nutritional quality, and

antioxidant defense system. Chemosphere, 245, 125611.

Tsuji, G, Watanabe, R, Sakai, W BIBLIOGRAPHIC INPUT SHEET.

Uchimiya, M., Klasson, K. T., Wartelle, L. H., & Lima, I. M. (2011). Influence of soil properties
on heavy metal sequestration by biochar amendment: 1. Copper sorption isotherms and the release

of cations. Chemosphere, 82(10), 1431-1437.

Varma, A K, Mondal, P (2018) Pyrolysis of pine needles: effects of process parameters on products

yield and analysis of products. J. Therm. Anal. Calorim. 131:2057-2072

38



791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

Wang, C., Alidoust, D., Yang, X., & Isoda, A. (2018). Effects of bamboo biochar on soybean root
nodulation in multi-elements contaminated soils. Ecotoxicology and Environmental Safety, 150,

62-609.

Yu, H, Zou, W, Chen, J, Chen, H, Yu, Z, Huang, J, Tang, H, Wei, X, Gao, B (2019) Biochar
amendment improves crop production in problem soils: A review. Journal of environmental

management 232:8-21

Yue, Y, Cui, L, Lin, Q, Li, G, Zhao, X (2017) Efficiency of sewage sludge biochar in improving

urban soil properties and promoting grass growth. Chemosphere 173:551-556

Yuan, J. H., Xu, R. K., Qian, W., & Wang, R. H. (2011). Comparison of the ameliorating effects
on an acidic ultisol between four crop straws and their biochars. Journal of soils and

sediments, 11(5), 741-750.

Zielinska, A., & Oleszczuk, P. (2015). Evaluation of sewage sludge and slow pyrolyzed sewage
sludge-derived biochar for adsorption of phenanthrene and pyrene. Bioresource technology, 192,

618-626.

List of figures

Figure 1: Retort kiln gasifier for biochar production operates at 400 °C.

Figure 2: Soil texture triangle for soil texture analysis

Figure 3. Thermogravimetric analysis of BPNsoo (A) TGA curve (B) Proximate analysis

Figure 4: Thermogravimetric analysis of BSSa00 (A) TGA curve (B) Proximate analysis

39



811  Figure 5: X-Ray Diffraction diffractogram peaks for (A) BPNago (B) BSSaoo.
812  Figure 6: Two way ANOVA for Cicer arietinum (A) and Trigonella foenum-graecum plants
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835  Table 1: Treatments applied to soil for crop rotation experiment

Biochar Compost Organic Microalgae
Treatments Names g/kg g/kg fertilizer a/kg
BSS400 BPNaoo g/kg
T1 Soil+  Organic 0 0 0 50 0
Fertilizer
T2 Soil + Compost 0 0 25 0 0
T3 Soil + BSSa00 50 0 0 0 0
T4 Soil + BPN4oo 0 50 0 0 0
T5 Soil+ BSSa00+ 50 0 25 0 0
Compost
T6 Soil+ BPNawo + 0 50 25
Compost
T7 Soil + Compost 0 0 25 50 0
+Fertilizer
T8 Soil+  BPNaoot 0 50 25 50 0
Compost +
Fertilizer
T9 Soil+ BSSa00+ 50 0 25 50 0
Compost+
Fertilizer
T10 Soil+ BPNaw + 50 50 25 50 0
BSS400 +
Compost
+Fertilizer
TMB Soil+ BPNawo + 50 50 25 50 10
BSS400 +
Compost
+Fertilizer +
Microalgae
TMS Soil +Microalgae 0 0 0 0 10
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837  Table 2: Physicochemical characterization of biochar produced from sewage sludge and pine

838  needle at 400°C.

Pyrolyzed sludge biochar

Pine needles biochar

Variables Dry base Dry base
Total Carbon % 15.97 67.75
Ashes % 60 9
C/N ratio w/w 6.8:1 26.7:1
Total Nitrogen % 2.32 2.53
pH 10 6.1
BET Surface area (M%) 1.44 429.99
Pore size (hm) 10.61 2.16
Mg (mg/kg) 4.21 -
Ca (mg/kg) 3.13 -
Cu (mg/kg) 0.03 0.04
Cr (mg/kg) 1.75 1.53
Mn (mg/kg) 0.05 0.07
Ni (mg/kg) 0.09 0.07
EC (dSm™) 1.9 1.1
yield 52.4 38.7
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840  Table 3: Water holding capacity (WHC), Electrical conductivity (EC), Total dissolved solids

841  (ppm) and pH of soil recorded before and after plant harvesting.

Treatments  Water holding EC pS/m TDS (ppm) pH
capacity of soil  Before  After Before After Before  After
(%)

S 50 1.56 6.3 774 173 7.0 9.0
T1 70 4.9 7.9 100 168 1.4 7.3
T2 60 14.9 14.8 74 160 6.8 7.9
T3 62 4.3 49.5 77 126 6.0 8.5
T4 70 8.6 27.6 91 91 4.6 7.0
T5 30 15.3 3.1 84 137 6.9 8.0
T6 82 14 10.4 0 0 0 0
T7 9 1.7 3.5 111 102 6.0 6.6
T8 50 1.7 145 160 148 7.0 6.5
T9 60 1.2 4.1 130 180 7.5 13
T10 78 13 3.8 133 184 5.3 7.5

TMB 25 0 4.5 0 162 0 6.7
TMS 25 0 3.8 0 86 0 6.6

842

49



843

844

Table 4: Effect on Micro and Macronutrients initially and after harvestation crop rotation

Micronutrients (mg/kg)

Macronutrients(mg/kg)

Heavy metals (mg/kg)

Treatments  Fe Mn Zn Co Na K Ca Mg Zn Cd Cr Ni Cu

S 129.08 60.24 55.78 560 32.02 4857 42252 23340 55.78 19.28 32.84 27.80 65.32
T1 99.68 49.08 5556 5.72 31.00 95.00 455.36 156.68 55.56 16.96 28.12 19.68 63.76
T2 99.40 50.60 57.08 6.24 28.96 94.68 49156 155.8 57.08 17.04 27.72 22.84 63.72
T3 96.68 50.36 53.88 6.68 29.00 86.24 37424 186.92 53.88 16.68 31.56 23.48 63.40
T4 97.04 118.12 51.76 7.36 33.00 7132 409.80 127.40 51.76 17.08 30.44 19.92 68.52
T5 111.32 50.84 5832 7.08 354 8496 565.84 197.88 58.32 17.00 31.40 22.84 77.64

T6 0 0 0 0 0 0 0 0 0 0 0 0 0
T7 96.96 49.04 5194 76 3548 65.02 287.36 13553 51.94 1844 3228 19.40 60.68
T8 100.16 47.20 63.06 6.88 29.70 81.24 37284 20587 63.06 17.12 28.44 27.08 60.36
T9 83.04 4956 5452 528 29.21 93.23 87424 19230 5452 1652 28.84 20.76 63.28
T10 98.68 49.64 51.12 6.96 3156 86.60 518.08 189.12 51.12 16.84 31.32 20.92 59.04
TMB 99.20 49.24 63.11 3.32 2957 4285 461.68 11557 63.11 16.44 31.76 24.84 64.96
TMS 10468 54.36 5355 6.48 38.76 65.62 498.16 38.76 53,55 14.72 29.24 28.28 65.32
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845  Table 5 showing output of two way ANOVA for Trigonella foenum-graecum plant after 90 days

846  of cultivation.

Fenugreek crop Df Sum sq Mean sq F value Pr (>F)
Treatments 11 28323 2575 28.28 <2e — 16 ***
Parameters 3 20739 6913 75.92 <2e-—-16***
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848

849

Table 6 showing output of two way ANOVA for Cicer arietinum plant after 182 days

Chickpea Df Sum sq Mean sq F value Pr (>F)
crop

Treatments 11 13722 1247 26.82 <2e-16™**
Parameters 3 61548 20516 434.52 <2e-16***
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