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ABSTRACT

Purpose crop wastes are underused as organic resources due to low heating value and slow decomposition rates.
Conversion of organic wastes into value added material like biochar through pyrolysis could offer agronomic and
environmental benefits. Present study detailing about biochar synthesis from tapioca stem waste, assessing its
physicochemical, morphological properties, and application of modified material to improve soil fertility and
productivity. Biochar (BC) synthesized by kiln method using tapioca stalk wastes as feedstock, and enriched with ferrous
sulphate into Fe enriched BC. Biochar and Iron enriched biochar (FeEBC) were characterized through XRD (X-ray
diffraction), FT-IR (Fourier Transformation Infrared Spectroscopy SEM (Scanning electron microscopy) and SEM - EDS.
XRD studies of synthesized BC and FeEBC proved that biochars have amorphous and non crystalline structure. The FT-IR
results confirmed the presence of functional groups between 3,000 to 6000 cm-1.The SEM image of BC and FeEBC
confirm the presence of pores in ellipsoidal and elongated shapes. SEM - EDS characterization of BC and FeBC has been
classified with, C (63.34% and 65.09%), O (24.85% and 22.02%), Mg (1.82% and 2.22%), Al(1.21% and 1.24%), K
(4.89% and 4.96%), Ca(3.23% and 2.99%), Fe (0.40% and 1.01%) and S (0.22% and 0.49%) on weight basis,
respectively. The elemental composition from SEM-EDS have confirmed that higher iron percentage in FeEBC than BC. BC
and FeEBC were studied for their Fe release pattern through incubation experiment. Incubation results revealed that
FeEBC significant DTPA extractable Fe up to the period of 120 days of incubation in acidic sandy loam soil. Also at 90 DAI
(9.75 mg Kg-1) and 120 DAI (9.47 mg Kg-1) higher DTPA - Fe was observed with FeEBC when compared to all other
treatments tested including control.
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INTRODUCTION

The productivity of agricultural soil must be increased globally due to the rapid increase in global
population. One of the most crucial management techniques for the sustainability of agricultural output is
to increase, protect, and preserve soil fertility [44]. Besides sustainable crop production, producing
nutrient-rich food is vital one in concern with malnutrition and undernourishment of human beings “as it
acts as a living bridge between soil and human health” [63]. The nutritional value of a crop is determined
by how it accumulates the necessary nutrients. Using various ways of fortification it can be achieved in
food crops [1].Worldwide by natural soils are formed with problems and it is aggravated by
anthropogenic activities and one of its kind is acidic soils that includes cultivated and uncultivated lands
[2, 3]. One-third of India's cultivated land become acidic conditions due to acidic parent materials, humid
environment, heavy rainfall, and excessive drainage. Which are mostly contains silica, aluminum, and iron
in high amounts, have lighter textured, low in organic content, low water holding capacity and high
permeability [11].Unbalanced use of different inorganic fertilizers by farmers to maintain or improve the
productivity of agricultural soils make them unsustainable and less productive thus causes environmental
and groundwater degradation [5, 6]. Further, excessive improper use of fertilizers led to accumulation of
potential toxic heavy metals in soils (Nikita and Chauhan,2020). Therefore, it is necessary to recognize a
suitable soil management approach that should decrease the requirement of inorganic fertilizers that
augments soil fertility and productivity. Over the past two decades, biochar usage has attracted growing
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interest in sustainable agriculture [10, 4]. Bio-char’s chelation properties enhancing the use efficiency of
added inputs and helps to increase productivity of crop plants and also have added advantages in soil
health [6, 43].

Tapioca (Manihot esculenta Crantz) is one of the most significant dietary energy sources, native of South
America. The worldwide output of tapioca climbed from 226 million tonnes in 2007 to 292 million tonnes
in 2017, according to the World Federation of Food and Agriculture Organization [44] statistics. During
tapioca processing, a vast amount of trash consisting mostly of tapioca stem is wasted are often disposed
of by landfilling and/or open burning, which not only consumes land resources but also pollutes the
environment. Whilst transform these waste into goods with additional value a simple and eco-friendly
method is required. Open burning of biomass often results in the emission of gases such as CO, CHs, CO,
N0, NHj3, SO, volatile organic compounds, and particulate matter into the atmosphere, which contributes
to environmental changes and global warming [45]. In addition, ash, the byproduct of full combustion,
includes extremely a small number of nutritional components, such as P, K, Ca, Mg, and few
micronutrients. Because of this, burning cannot be considered as a significant and practical technique for
handling bio wastes [46]. However, biowastes can be efficiently recycled by making into 'biochar,' a
comparatively green technology management tool, via pyrolysis process in which organic material is
thermally combusted in the absence of oxygen and at a relatively low temperature [47]. This technique is,
in reality, the modernized form of an old pre-Columbian technique developed by Amazonian natives to
enhance soil fertility [48]. It can retain carbon for extended periods of time since it is more chemically and
biologically stable in soil (100-1000 years). The production of biochar and its storage in soils has been
proposed as a potential method for minimizing the CO; concentration in the atmosphere [80]. The ability
of biochar to mitigate climate change is largely attributable to its extremely resistant nature, which
reduces the pace at which photo synthetically fixed carbon is returned to the atmosphere. Chemically
reactive groups in biochar (such as carboxyl, hydroxyl, and ketones) assist to adsorb hazardous chemicals
such as Al and Mn from acid soils, hence enabling biochar to improve degraded soils and reduce soil
acidity (Lin et al., 2018). Due to the predominance of aromatic carbon, biochar becomes biochemically
resistant compared to the use of raw materials as such [79].The expanded surface area of biochar grasp
greater capacity to retain water and nutrients,soil pH reduction and augmentation of CEC [14]. Biochar
amended soils enhanced the nutrient availability to crop plants by augmenting the nutrient supply
mechanism of soil pool significantly. Further fortified biochar as organic manure as well as amendment
improves the soil quality [40].

Acid soils have many issues in nutrient availability thus affects the soil productivity. Hence, acid soils
must be properly managed to make them productive using apt amendments. Amending acid soils with
various sources like lime may results stabilizing the pH towards neutral but it is not sufficient to make
them high productive. Where supplementing amendments like biochar plays key role in managing soil pH,
improving nutrient availability via improved cation exchange capacity and adding soil organic carbon
greatly. For this purpose, the present work was taken to produce biochar from tapioca stem waste.
Characterization of biochar and FeEBC were under taken for ultimate analysis, XRD, SEM, SEM-EDS and
FT-IR investigations. And perhaps most substantially, this research focuses on the biochar enriched with
iron and evaluation of the Fe release pattern in acid soil using produce biochar and FeEBC compared with
FeSO4 and FYM.

MATERIAL AND METHODS

Preparation of Biochar and Iron enriched Biochar

Collection and processing of tapioca stalk waste

The leftover tapioca stalks were gathered from the farmers in Narippalli village in Dharmapuri district,
Tamil Nadu, India is located at 12° 06’ N latitude and 78° 68’ with an altitude of +297 m above mean sea
level. The collected stalk wastes were chopped into smaller pieces sized between 5 and 10 centimeters
using country chopper. After that, the stalk wastes were left in the shade for ten days to dry.
Biocharproduction and processing

Equipment: The production of biochar was carried out in kiln designed and fabricated exclusively for the
purpose, using cylindrical metallic drum of 90 cm height and 60 cm diameter and the capacity of 200
litre(Plate 1). An opening was provided at the top to load the inputs and also collect the final product of
biochar. Air entry into the kiln was regulated by giving ten rectangular holes at the bottom. By attaching a
5 mm wire mesh at the bottom just above the base, which enables separation of biochar and ash was
enabled. A vent of 115 cm height was attached at the top to exhaust the smoke [21].
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Plate 1. Biochar production by using Plate 2.Raw material
Country Kiln (Tapioca stemwaste)

(Model adopted from ICRIDA, 2018)
Dried tapioca stalk wastes were fed into the inlet, and a PVC pipe was placed in the centre of the kiln to
provide a central vent. After the drum had reached capacity, the pipe was taken out. The biomass was
burned by smearing a little amount of fuel on tapioca stems. As demonstrated by the thinning of the
smoke, seal the intake to limit the flow of air, so decreasing the likelihood that the stalk will be turned to
ash. When the flame turned blue, plug all of the openings in the kiln with mud to keep the smoke
contained entirely inside the drum. Initially, the time required for biochar production was fixed. After 2-
2.5 hours, the kiln was permitted to cool and 'biochar' was collected (CRIDA -NICRA research
bulletin,2018). Using an infrared thermometer, the pyrolysis temperature was determined to range
between 350 and 400°C during the process. A known quantity of tapioca stem waste undergone pyrolysis
and weight of biochar obtained was recorded. Nearly 15 Kg of tapioca stalk waste was filled in drum kiln
at a time and at the end of the pyrolysis process it yields 4 to 4.5 Kg of biochar. Recovery of biochar was
calculated and found to be 25-30 per cent. The biochar was crushed initially by tractor (plate 3&4) and
using wooden mallet. At last, the powdered biochar is s:ieved through 2mm sieve for further use.
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Plate 3. Crushing of biochar by tractor Plate 4.Crushed tapioca stem waste biochar (TSWBC)
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Preparation of Fe enriched biochar (FeEBC)using FeSO,

Fe enriched biochar was produced by mixing 250 kg of tapioca stems waste biochar (TSWBC) with 1.25
kg of ferrous sulphate. It was planned towards evaluation of biochar, and Fe enriched biochar to fortify
iron availability in acidic soil. Layer of biochar was laid at the base of the heap, and allowing the ferrous
sulphate solution to adhere readily as it was sprinkled gently on top using sprayer for even distribution.
Then a second layer of biochar was applied on top of the first layer, followed by the addition of ferrous
sulphate solution. Similarly, the third and fourth layers followed the same procedure. The top section of
the material was blended manually. The bed was sprinkled with water to keep wet. The biochar and
ferrous sulphate were then properly mixed by 2-3 turns. At each rotation, the whole material is fully
mixed. Further, the heaped biochar and iron sulphate mixture was filled in a pit and it was plastered with
a 2-3 cm layer of mud and cattle dung mixture (plate 4). The materials are allowed to remain without
turning and watering for 45 days. After completion of incubation period the mixture of iron enriched
biochar collected, shade dried sieved and stored (plate 5 and 6) and involved for different physico-
chemical properties and morphological characterization analysis.

Plat5. Incubating Fe nriche biochar Plate 6. Sieving of biochar
(mudding process during incubation)

Plate 6. Final product iron enriched biochar
(FeEBC)

Characterization of biochar

Physically, biochar has a low bulk density owing to its porous structure, which results in a high specific
surface area ranging from 50 to 900 m2 g1 and a high water-holding capacity [24, 6]. From a chemical
standpoint, the most notable characteristic of biochar is its polycondensations aromatic structure [56],
which is the result of dehydration during thermo-chemical conversion [57] and it is responsible for dark
colour. This structure also accounts for its greater resistance relative to all other organic materials in the
environment. Furthermore, compartments of basic ash result in a high pH value.

Recent studies have showed that the feedstock quality and production circumstances, such as pyrolysis
temperature and residence time, have a substantial effect on the amount, quality, and elemental
compositions of biochar [58, 59, 60]. Consequently, the selection of acceptable feedstock and the
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appropriate pyrolysis technique are critical for biochar manufacturers in order to produce a biochar
amendment that is tailored to solve a particular agricultural soil problem. The amount of volatile matter
in low temperature biochar is high, but the amount of fixed carbon (FC) and ash is lower than in high
temperature biochar [61]. Total C, fixed carbon (FC), and ash content of biochar are more reliant to
feedstock than pyrolysis temperature, although volatile matter and biochar output are temperature-
dependent [62]. Following the methodology proposed by Rajkovich et al., [55] the pH and EC of biochar
were determined by using a modified dilution of 1:10 (biochar: deionized water) it was agitated and
equilibrated with deionized water for one hour.The structural and surface analyses were also
investigated with the help of Fourier Transformed Infrared spectroscopy (FT-IR), Scanning Electron
Microscopy (SEM), Energy Dispersive X-ray Spectroscopy (EDS), and X-ray diffraction spectroscopy
(XRD)tests were carried out at Department of Physics, Faculty of Science, Annamalai University,and Tamil
Nadu.
Determination iron release pattern
Incubation experiment
An incubation experiment was carried out to investigate the Fe release pattern of biochar, FeEBC, FYM,
FeEFYM and FeSO4 in acidic sandy clay loam soil in the PhD laboratory, Department of Soil Science and
Agricultural Chemistry. Surface soil sample was taken from a farmers holding in the Narippalli hamlet of
the Harur block in Dharmapuri District,Tamil Nadu, and India. The findings of soil properties are
presented in table 1. The soil was air-dried and sieved through 2 mm mesh screen. The treatments were
applied as per treatment schedule planned.Gravimetric water content of the soil was brought up to the
field capacity level by adding measured quantity of distilled water. The treatments used are as follows,
Absolute control (T1), FeSO4 (T2), Biochar (T3), Iron Enriched Biochar (T4), Farm Yard Manure (T5), and
Iron Enriched Farm Yard Manure (T6). The study material was used in accordance with the amount of Fe
present in the various iron sources. In particular, the amount of iron contained in ferrous sulphate @ Fe
25 kg ha'l equivalent iron enhanced biochar (548 kg ha!) and FYM (521 kg ha!) were applied. The
experiment was carried out in a completely Randomized Design, replicated four times. The outcomes of
investigations into the physico-chemical characteristics of biochar and iron enriched biochar are
presented in table 1.

Table 1. Physico-chemical properties of experimental soil, Biochar and iron enriched biochar

Content values of
Properties Experimental Soil |Tapioca Stem Waste| Iron enriched
Biochar (TSWBC) biochar (FeEBC)
Fine Sand (%) 36.07 - -

Tg Coarse Sand (%) 28.0 - -

g | Silt (%) 16.43 - -

< Clay (%) 19.08 - -

é Soil textural class Sandy loam - -
Taxonomic class Fluventic Haplustalf - -
Bulk density (Mg m-3) 1.53 0.35 0.34
Particle density (Mg m-3) 2.22 0.82 0.85

'S | Total porosity (%) 31.08 57.31 60.0

i Available moisture content (%) 1.37 1.40 1.41

= Recovery (%) - 30.25 30.25
Ash (ww1) - 1.25 1.25
pH (1:2:5) / (1:20) 4.86 9.18 9.06
EC (dSm-1) / (1:10) 0.08 1.44 1.42

_§ CEC [cmol (p) Kg'1] 3.55 15.69 14.98

3| Organic Carbon (g kg1) 25 737.6 738.1

& Available N (kg hat) / Total N (gkg) 182 1.11 1.13

2| Available P (kg ha1) / Total P (gkg1) 36.50 1.18 1.19

_§ Available K (kg ha-1) / Total K (g kg1) 100.7 14.96 14.96

§ Available S (mg kg1) / Total S (mg kg1) 7.49 4.92 7.58

© ﬁ;ellilable Fe (mg kg1) / Total Fe (mg 3.37 8660 3760
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Application of iron sources

For this incubation investigation, it was intended to fill each pot with 200 g of soil. At first, 190 g of soil
was weighed and placed in each container. Subsequently, for this incubation study, each treatment will be
replicated four times, and five soil samples will be collected at intervals. A total of 20 pots will be used for
each treatment. The estimated amounts of BC, FeEBC, FYM, and FeEFYM are added to 200g of soil and
well mixed in preparation for the evenly spread of iron sources in soil. 10g of the soil and Fe source blend
was weighed and transferred to a designated container, followed by a thorough mixing of the soil with the
various iron sources. The application of ferrous sulphate to 20 containers was estimated according to the
treatment schedule. In order to make a solution, 200 ml of distilled water was added to the calculated
FeSO4. Thereafter, 10 ml of aqueous aliquots of FeSO4 solution were pipetted and placed to the treatment-
appropriate pots. Table 3 displays the iron content and amendment application per hectare for various
iron sources utilized in the incubation experiment analyzed in AAS as per the standard procedure. The
soil was incubated at field capacity for four months (120 days), with distilled water supplied every two
days to maintain constant moisture content during the incubation period. After incubation, samples were
taken at certain intervals, viz 0, 30, 60, 90, and 120 days, and assessed for iron release pattern. DTPA
technique was applied to analyze DTPA-extractable iron [62-67]

Table 2. Different iron sources used for incubation study for determining Fe release in acidic pH

soil
Sources applied based
Sources Iron content (%) on iron content
ot1
Kgha' gP
(200 g of soil)
Ferrous sulphate (FeS0.7H>0) 19 25 0.0025
Biochar alone (TSWBC(C) 0.37 1263 0.126
Iron enriched biochar (FeEBC) 0.87 548.49 0.054
Farm yard manure (FYM) 0.49 975.35 0.097
Iron enriched Farm yard manure
FeEFYM) 0.91 520.83 0.052

Statistical analysis

Each dataset was summarized through calculating average and standard deviation. The data collected
were statistically analyzed using SPSS statistical package version 11.0. One-way analysis of variance
(ANOVA) was used to test the differences between control and other treatments. The interpretation of
treatment effects was made on the basis of critical difference at (P=0.05) probability level. The Duncan’s
multiple range tests was used to segregate the significance of difference among the mean values obtained
for observed parameters.

RESULTS AND DISCUSSION

Characterization of Tapioca stem waste biochar (TSWBC) and iron enriched biochar (FeEBC)

SEM (Scanning Electron Microscopy) with EDS

Using SEM and SEM-EDS micrographs, the surface morphology of tapioca stem waste biochar (TSWBC)
was investigated. The SEM (Fig. 1a) and SEM-EDS (Fig. 1b) micrographs illustrate the various
magnifications of synthesized TSWBC. The TSWBC picture showed dispersed pores of tiny size, a circular,
ellipsoidal, and elongated structure, and a compartmental, rectangular pattern of varying size. The SEM
EDS analysis of tapioca stalk waste BC revealed the following elemental compositions on a weight basis: C
(63.34%), O (24.85%), Mg (1.82%), Al(1.21%), K (4.89%), Ca(3.23%), Fe (0.40%), and S (0.22%).
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Element Line Mass% Atom%
C K 63.34+0.29 72.95+0.34
0 K 24.85+0.36 22.59+0.30
Mg K 1.82+0.05 0.93+0.03
Al K 1.21+0.04 0.61+0.02
K K 4.89+0.04 1.68+0.01
Ca K 3.23+0.07 1.09+0.02
Fe K 0.40+0.04 0.10+0.01
S K 0.22+0.10 0.05+0.01

Total 100.00 100.00

Spc_002 Fitting ratio 0.3947

Fig. 1b SEM-EDS image for TSW biochar

By using SEM and SEM-EDS micrographs, we were able to analyse the surface morphology of iron-
enriched biochar prepared in this study [61-64]. The varied levels of magnification can be seen in the
scanning electron micrographs (Fig. 1c) and scanning electron micrographs with energy dispersive
spectroscopy (Fig. 1d). The image of the FeEBC looked to be of a lesser magnitude. Pores were seen to be
distributed, and the structure was found to be round, ellipsoidal, and elongated [64-68]. Compartmental
rectangular patterns of varying sizes were also seen. The iron-enriched biochar was analyzed by scanning
electron microscopy and energy dispersive spectroscopy (SEM EDS), which indicated the elemental
compositions on a weight basis as follows: C (65.09%), O (22.02%), Mg (2.22%), Al(1.24%), K (4.96%),
Ca(2.99%), and S (0.49%). When compared to BC on its own, the FeEBC had a much greater amount of

both iron and sulphur.
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Element Line Mass% Atom%
C K 65.09+0.20 73.49+0.23
0 K 22.02+0.53 20.98+0.46
Mg K 2.22+0.09 1.26+0.05
Al K 1.24+0.31 0.75+0.15
K K 4.96+0.27 1.80+0.05
Ca K 2.99+0.15 1.02+0.09
Fe K 1.01+0.04 0.56+0.01
S K 0.49+0.04 0.09+0.02
Total 100.00 100.00
Spc_003 Fitting ratio 0.4894

Fig. 1d SEM-EDS image for Fe enriched biochar
XRD (X-ray diffraction Spectroscopy)

1400

002

1200 -
BC
1000

800 —

500 —

Intensity (a.u)

200

311
400

400 —

200

10 20 30 40 S0 €0 T0 BQ 90
2Theta (Degree)

Fig. 2a XRD image for biochar
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The diffract grams produced for each of the biochar considered in this investigation are shown in (Fig.
2a). This study has been used to establish that biochar is amorphous in nature. The XRD patterns reveal
comparable materials, as is to be anticipated, and they point to a long-range amorphous material. The
graphitic basal plan in biochar has a major wide peak that is indexed as (002). 26 values of 24, 29, 43 and
57 corresponding to the plans of 002, 311, 100, and 101respectively. The values are well matched with
JCPDS Card No0.83-1764.
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1200 _ FeEBC

1000

800 +
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—== 100
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200

10 20 30 40 50 60 70 80
2theta (Degree)
Fig. 2b XRD image for Fe enriched biochar

The diffraction peaks in the XRD spectra for the Fe-biochar preparations are faint, as illustrated in (Fig.
2b). The distinctive peaks of the FeEBC (23, 30, 44 and 48) is attributed to the plane of (002,311, 100 and
101) its well matched with JCPDS Card number (JCPDS No. 26-1136) [9].These findings show that biochar
affects mechanical performance as well as pozzolanic reactions since this sort of phase allows for stability
and durability. Despite the absence of crystalline phases in the sample, it contained a high number of
atoms that favoured a high number of electrons in the unit under investigation, which may have
contributed to this effect [10]. However, as was already indicated, TSWBC and Fe enriched biochar are
entirely amorphous, which poses no challenges for the studies since they lack any crystalline phases that
would interfere with their reaction against acidic condition [67, 68].

FT-IR (Fourier Transformed Infrared Spectroscopy)
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Fig. 3a FTIR image for biochar
The surface functional groups of biochar have a significant role in the adsorption of heavy metals. (Fig.
3a) depicts the FT-IR spectra of BC, which were used to determine the surface functional groups
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identified by FT-IR spectroscopy. The shoulder in the vicinity of 1015 cm corresponds to the C=0, C=C
stretching vibration [16]. Attributed the peaks at 1167 cm? and 1564 cm! to the C=0 stretching vibration
in CO32 and the C-O stretching vibration, respectively. The peak at 662 and 854 cm! was attributable to
the aromatic C-H bonding vibration [28].
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Fig. 3b FTIR image for Fe enriched biochar

Biochar surface functional groups play an important role in the adsorption of heavy metals and essential
nutrient. As seen in (Fig. 3b) the surface functional groups discovered by FT-IR spectroscopy are depicted
for iron enriched biochar. The C=0, C=C stretching vibration is felt in the shoulder about 1350 cm-1 [29-
32]. C=0 stretching vibration in CO32. The aromatic C-H bonding vibration was responsible for the peaks
at 735 cmL. It showed strong intensity of hydroxyl group presenting in enriched biochar ]72-76].
Iron Release Pattern (IRP) study in acidic soil
Study results showed that, application of different iron sources of iron enriched organic sources, without
iron enriched organic sources and ferrous sulphate, there is a significant net changes in DTPA extractable
iron in Alfisol soil is presented in table 3 [30, 35, 36].Ferrous sulphate alone (T) applied soil recorded
significantly higher iron release of 19.69 mg Kg1, 14.97 mg Kg! and 11.38 mg Kg* at 0, 30 and 60 DAI,
respectively. Even though, DTPA extractable iron of ferrous sulphate shows the decreasing trend
especially when compared to iron enriched biochar (T4) and FYM (Te) at all the days after incubation [33-
36]. At 90 and 120 DAI the application of ferrous sulphate micro nutrient treated soil showed drastically
lower (8.87 mg Kg! and 7.03 mg Kg!) DTPA extractable iron which was on par with Fe enriched with
FYM and recorded higher DTPA Fe content when compared with Biochar without enriched with iron and
FYM and absolute control, except Fe enriched with biochar.

Table 3. DTPA extractable iron (mg Kg1) from different sources

Treatments Days of incubation
0th DOI 30th DAI 60th DAI 90th DAI 120th DAI
Control 3.40f 3.11f 2.35e 1.73e 1.51f
FeSO4 19.69a 14.97a 11.38a 8.87p 7.03c
BC 6.59¢ 6.08¢ 5.924 5.04¢ 4.53d
FeEBC 11.58¢ 11.07¢ 10.43b 9.753 9.47a
FYM 7.864 6.98d 5.794d 4.45d 4.15¢
FeEFYM 12.30p 11.63b 9.44¢ 8.80b 8.22b
S.Ed 0.23 0.18 0.20 0.15 0.14
CD (p=0.05) 0.48 0.37 0.42 0.31 0.28
CV% 3.20 2.79 3.75 3.28 3.31

[DOI- Days of incubation ; C - Control, FeSOs - Ferrous sulphate; BC - Biochar; FeEBC - Iron
enriched biochar ; FYM - Farmyard manure; FEEFYM - Iron enriched farmyard manure ; DAI -
Days after Incubation ; CV-Coefficient of variation; Mean (+standard deviation, n =3) with the same
letters are not significantly different at p < 0.05; p values were determined by ANOVA]
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Initially at 0, 30 and 60 DAI the iron enriched with biochar (T4) treated soils recorded iron release or
availability was lower (11.58 mg Kg%, 11.07 mg Kg-* and 10.43 mg Kg'1) but not markedly decrease in iron
availability in soil when brought into comparison with all other treatments. The Fe enriched with biochar
(T4) treated soil recorded substantially higher (9.75 mg Kg-land 9.47 mg Kg1) DTPA extractable iron at 90
and 120 days of incubation when compared to all the other treatments [48, 49]. The second highest DTPA
extractable iron (8.22 mg Kg1) was recorded by iron enriched with FYM (Ts) at 120 DAI at 90 DAI the
iron availability of Fe enriched FYM (8.80 mg Kg1)was close with Ferrous sulphate applied treatment
(T2).Further Biochar and FYM without iron enriched organic sources shows sustained iron release
pattern at all the days after incubation when compared to ferrous sulphate and absolute control
treatment they were not reach sustainability or continuous supply of Fe like Bc and FeEBC [47-50]. The
biochar application to acidic soil also shows a controversial effect in micronutrient availability. A
congruous result was reported by Akanji et al, [10]; Demirkaya et al,[17]. They applied the biochar
obtained from poultry manure to the calcareous sandy soil in an acidified and non-acidified form. At the
end of the incubation period (30 days), the increasing of the iron content was observed from acidified
biochar treated soil for calcareous soil [10] and the result are vice versa for acidic soil. Most of the
literatures on the effect of biochar addition on different soil improved iron availability was observed and
supported this present investigation.

Itis clear that iron enriched with biochar (T4) was observed the most effective iron source in maintain the
highest amount of extractable iron up to 120 days of incubation in acidic soil. Particularly after 60 DA,
DTPA extractable iron availability has been increased greatly by the application of Fe enriched with
biochar. According to Demirkaya et al [17] the iron availability in soil is mostly pH dependent and also the
organic matter content in the soil. The application of iron biochar enriched biochar might have propelled
the Fe supply due to pores presence with higher surface area, cation exchange capacity and modulated
the release of said element. In addition to, the biochar sources are mostly higher pH in alkaline condition.
Therefore, the enriched biochar combined with soil, equilibrate the soil pH, which aids to made more iron
availability acidic conditions.

The mechanism behind the iron release may be that functional groups present in the biochar get
participated in adsorption and complexation of iron impregnated. When organic carbon content
increased in the soil through biochar addition may stimulate the hydroxyl and carboxyl groups when
hydrated. Consequently iron adsorbed and complexed on the surface of biochar might have undergone
dissolution to increase iron mobility and availability in soil by increased cation exchange.

CONCLUSIONS

Tapioca stem waste biochar produced by country kiln method adopted from CRIDA andiron enriched
biochar was prepared by mixing biochar with ferrous sulphate at the ratio of 200:1(w/w
basis).Characterization of biochar and iron enriched biochar by SEM and SEM-EDS revealed that surface
morphology and presence of various elements (C, O, Mg, Al ,K, Ca, Fe & S), XRD analysis proved
amorphous structures of BC and FeEBC, and FTIR analysis confirmed the presence functional groups
(C=0,C=C,C-H)on BC and FeEBC. So, microstructural analysis reveals a porous biochar structure being
surrounded by layers of mineral, organo-complexes. From the incubation study results, DTPA extractable
iron in soil was significantly increased by all the sources tested compared to control. Particularly,
application of iron-enriched biochar was more effective than all other sources used. Iron enriched biochar
(FeEBC) application showed higher iron availability and sustainable nutrient release in acidic pH soil.The
findings of the study can bring lights on iron fortification in food crops via waste based biochar from
tapioca stem waste and pave a new path of iron fortification in acidic soil pH conditions where iron
present more in soil pool but not to plants.
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