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Abstract

Application of fertilizers over agricultural fields, domestic sewage, and livestock are major point and non-point sources
of nutrients such as phosphate and nitrate in stormwater runoff. These nutrients, specifically phosphate, is the major pol-
lutant triggering eutrophication in freshwater bodies, thus damaging both- the aquatic ecosystem and the environment.
The current study investigates the removal of phosphate using biochar-based treatment units, which can be an efficient
and cost-effective removal method. The biochar used in this study was produced by slow pyrolysis of bamboo and it was
further chemically modified with 1%, 5%, and 10% FeCl; solutions. The iron modification transformed the biochar surface
to be electro-positive. Characterization of both biochar and modified biochars was carried out using proximate analysis,
elemental analysis, Fourier transform infrared spectroscopy, and scanning electron microscopy. Furthermore, a series of
batch experiments were conducted to evaluate the phosphate and nitrate removal efficiencies from the synthetic stormwater
runoff. The removal efficiencies were found to be 29%, 49%, and 61%, with an initial phosphate concentration of 5 mg/L,
using 1%, 5% and 10% FeCl; treated biochar respectively, while the nitrate removal efficiencies (with an initial concen-
tration of 50 mg/L) were found to be 12.4%, 14.6%, and 17.0% respectively. The phosphate removal kinetics by 10%
FeCl; modified biochar indicated that the phosphate removal followed pseudo-second-order kinetics. Isotherm modelling
indicated both Langmuir and Freundlich isotherms as best fit for phosphate adsorption using 10% FeCl; modified biochar
thus representing mono-layer and multi-layer adsorption, respectively. Langmuir isotherm reported the maximum phos-
phate adsorption capacity of 11.57 mg/g by 10% FeCl; modified biochar. Additional experiments were performed using
real urban stormwater runoff from various regions of Delhi, which revealed similar phosphate removal efficiencies. The
treated stormwater runoff can be used for water capacity building and non-potable applications in water-scarce urban areas.

Highlights

e Pyrolysis of bamboo has 40% yield.

e Phosphates and nitrates in stormwater runoff can be effectively removed by biochar.

e Biochar requires its treatment with electro-negative chemical species for effective removal of nutrients.
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Introduction

The scarcity of water is becoming a challenge throughout the
world leading to the crisis of potable water (He et al. 2021).
India being the seventh largest country in the world and the
most populous country, is rapidly advancing in terms of
agricultural growth to feed its citizens (Ministry of Agricul-
ture & Farmers Welfare 2022). Agricultural advancement
also leads to the exploited application of chemical fertiliz-
ers in agricultural fields. These fertilizers consist of nutri-
ents such as phosphate (PO43‘) and nitrate (NO;™) which
when mixed with stormwater runoff degrades the quality of
the receiving waterbody. In addition, phosphate is a criti-
cal pollutant causing eutrophication of receiving freshwater
bodies (Haritash et al. 2017). The runoff from agricultural
fields is a non-point source of nutrient pollution and causes
excess nutrient loading leading to eutrophication, harmful
algal blooms, and fish kills in receiving water bodies such
as lakes and ponds (Sinha et al. 2017; Smith et al. 2020).

In addition, during dry seasons when no rainfall is being
received in urban areas, pollutants such as pet wastes and
biogenic wastes such as leaf litter and grass clippings get
deposited on roads, streets, house roofs, trees, etc. During
excess rainfall, the nutrients from the unutilized fertilizers,
excess urban waste, and overflowing and leaking sanitary
sewers get mixed with the stormwater runoff (Yang and
Lusk 2018). The runoff traverses its flow path depending on
the hydrology and imperviousness of the surface in that area
(Kleinman 2006).

Nutrients in stormwater runoff are usually treated
using several techniques such as biological treatment,
ion exchange, ultrafiltration, membrane separation, and
chemical precipitation. Employing some of these chemical
techniques removes the pollutants through redox and ion
exchange reactions, however, results in the release of harm-
ful chemical species (Romero-Gueiza et al. 2015). Wetlands
are also used to remove the nutrients from the receiving
water, however, this method requires a large area and higher
retention time moreover, the technique is not viable and effi-
cient during the winter season (Haritash et al. 2015; Nanda-
kumar et al. 2019; Pipil et al. 2021, 2023; Jain et al. 2024).
Adsorption, on the other hand, is an effective technique that
can be employed as a low-cost-efficient method to remove
nutrients (Huang et al. 2020).

Among various adsorbents available, biochar, a product
obtained from pyrolysis or gasification of biomass in the
absence of oxygen, can be an efficient low-cost adsorbent
owing to several favourable properties such as high specific
surface and internal porosity (Weber and Quicker 2018).
The adsorption capacity of biochar depends on several fac-
tors like the functional group, the surface charge, and the
specific surface area. Few studies were conducted in the past
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to explore the potential removal of nutrients from wastewa-
ter using biochar (Zhang et al. 2020; Reddy et al. 2014).
The surface of biochar is negatively charged which makes
it unsuitable for the effective removal of anionic chemical
species such as phosphate and nitrate, and thus, requires
treatment with cationic chemical species like Fe(IIl) to
effectively remove these nutrients from runoff (Mukherjee
et al. 2011). FeCl; can effectively remove phosphate from
the aqueous medium. Fe-P coprecipitate shows high stabil-
ity under high pH fluctuation (3.0 <pH < 11.0). Moreover,
FeCl; acts as an alternate terminal electron acceptor oxidis-
ing the other chemical species present in aqueous medium
(Lietal. 2019).

The characterisation of stormwater runoff is necessary
to estimate the suspended solids, pollutants, and nutrient
loading in the runoff so that the requisite and necessary
treatment can be provided for it. In previously published
studies, the stormwater runoff samples were collected from
various land uses based on associated activity in Delhi,
India, which includes commercial, industrial, institutional,
residential, and road/highways (Pipil et al. 2022a). Study
shows phosphate concentration ranges between 0.04 and
17.4 mg/L while nitrate concentrations range between 1.6
and 478.8 mg/L. The higher values of phosphates and nitrate
can be attributed to the addition from organic matter, mulch,
applied compost, etc. in lawns and parks, littering of food
waste, and the excretory waste of stray animals and pets.
Water-sensitive urban design (WSUD) such as rain gardens
and wetlands can remove pollutants such as suspended
solids, nutrients, and heavy metals when amended with an
adsorbent such as biochar (Pipil et al. 2022b).

In the present study, biochar was produced by pyroly-
sis using bamboo and was subsequently impregnated with
Fe(Ill). A detailed characterization of the biochar and
Fe(Ill)-modified biochar was performed. A series of batch
adsorption experiments were conducted using bamboo-bio-
char and Fe(Ill)-modified biochar to determine their phos-
phate removal kinetics and maximum adsorption capacity.
Synthetically prepared stormwater consisting of phosphate
and nitrate was subjected to treatment process using biochar.
Furthermore real stormwater runoff consisting of phosphate
and multiple co-existing chemicals was also treated using
the same. The experimental results helped to assess the
extent of phosphate removal and the mechanisms respon-
sible for the removal.
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Materials and methods
Preparation of biochar

Old refused bamboo was collected from the university cam-
pus which was cleaned thoroughly with Type-I water. The
pieces were cut out of it to prepare biochar in bulk quantity
to have homogeneous characteristics. The bamboo samples
were then dried in a hot air oven for 24 h at 105 °C. The
dried samples were then placed inside a muffle furnace at
500 °C for 30 min for pyrolysis in an air-tight chamber to
ensure the presence of zero oxygen. The temperature was
raised in the muffle at a rate of 16.67 °C/minute for 30 min
to attain a final pyrolysis temperature of 500 °C. The biochar
so formed was allowed to cool freely and naturally inside
the muffie. The produced biochar was crushed and passed
through IS 4.75 mm sieve but retained on the IS 2.36 mm
sieve, which was the chosen grain size range for treatment.
A solution of FeCl, of strength 1%, 5%, and 10% was pre-
pared in which an equal quantity of prepared biochar was
added. It was subjected to shaking for 24 h in a bench-top
shaker at a RPM of 150 and the temperature was set at 27
°C. This biochar impregnated with Fe(IIl) was then washed
thrice thoroughly with Type-I water. It was then dried in a
hot air oven at 105°C for 24 h. In addition, one set of experi-
ments was conducted with untreated biochar. The untreated
biochar is indicated with B0%, while biochar having 1%,
5%, and 10% FeCl; was named as B1%, B5%, and B10%,
respectively. The percentage yield and the cost associated
with the preparation of biochar were also calculated.

Characteristics of biochar
Proximate analysis

To estimate the moisture, volatile, fixed carbon, and ash con-
tent of both untreated biochar and raw bamboo, proximate
analysis was conducted following ASTM (ASTM E871-82,
ASTM E1755-01, ASTM E872-82) standard methods using
ELTRA - Thermogravimetric Analyzer (manufactured in
Germany). The temperature for moisture, volatile, fixed
carbon, and ash content was fixed at 105 °C, 915 °C, 750
°C, and 750 °C, respectively. The thermogravimetric anal-
ysis was conducted using 1100+ 10 mg of samples in the
crucibles.

Elemental analysis

Elemental analysis was performed for the determination
of carbon, hydrogen, nitrogen, and sulphur (CHNS) using
Eurovector - EuroEA3000 Series elemental analyser at 950
°C. The calibration was performed using L-Cystine as the

reference standard material in tin capsules. CHNS analysis
was conducted in duplicates using~2.5 mg samples in tin
capsules.

Fourier transform infrared (FTIR) spectroscopy

A non-destructive method was used to identify the vari-
ous functional groups present in biochar. The FTIR was
conducted for untreated biochar and Fe(IIl) modified bio-
char before and after the experiments, to characterize the
functional groups present. A Thermo Fisher Nicolet spec-
trometer enabled with a KBr beam splitter was used in the
mid-infrared region. All the samples were ground in a mor-
tar pestle which was cleaned thoroughly with an organic
solvent. Sample pellets were prepared in the ratio of 1:10
with KBr. Spectra of KBr were run initially to cancel out its
effect and its spectrum in the final results. The spectra were
collected in the range of 400 cm™! and 4000 cm™! with a

resolution of 2 cm™ .

Scanning electron microscopy (SEM)

A non-destructive method for Scanning Electron Micros-
copy was performed using Zeiss EVO 18 special (Zeiss,
Germany). The biochar samples were used to analyse their
structure before and after the adsorption in the experiment.
The samples were dried in a hot air oven for 24 h and then it
was visualised on the copper-coated grid after gold coating
between 750x and 1500x magnification.

Experimental setup

Three combinations of concentration for both phosphate
(PO43_-P) and nitrate (NO;™-N) were selected while pre-
paring the mixed synthetically prepared stormwater runoff.
Phosphate and nitrate were present in the mixed syntheti-
cally prepared stormwater having the concentration of
2.0 mg/L PO,*~-P, 25.0 mg/L NO;™-N; 5.0 mg/L PO,*~-P,
50.0 mg/L NO;™-N; and 10.0 mg/L PO,*"-P, 75.0 mg/L
NO;™-N. Initially, a dose of 1.0 g/L of biochar was intro-
duced for the treatment which was later increased to 5.0 g/L.
The experiments were conducted in triplicates in a conical
flask with 200 mL of synthetically prepared stormwater
runoff and the respective doses of biochar. The sample with
biochar was subjected to shaking at 150 RPM at 27 °C. An
aliquot of 1.0 mL was extracted at every 1-hour time inter-
val. pH, electrical conductivity, and total dissolved solids
(TDS) were noted using a Labman make (LMMP 30 model)
bench-top multiparameter before and after the experiment.
The residual concentrations of phosphate and nitrate were
analysed using single beam spectrophotometer (Labtronics
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make LT-290 Model) at A, =690 nm for phosphate, and at
Amax =220 nm for nitrate.

Removal of nutrient

The removal efficiency of nutrients from synthetically pre-
pared and real stormwater runoff were calculated using the
Eq. (1) given below:

% Removal ef ficiency = {Cj ; Ce] x 100 (1)

Where C; is the initial concentration of nutrients in storm-
water runoff in mg/L; C, is the concentration of nutrients
at equilibrium after treatment in mg/L. The removal effi-
ciency was calculated based on the extraction of samples at
an interval of 1 h which was extracted for 4 h.

Results and discussion
Characterisation of biochar
Proximate analysis

Based on thermogravimetric analysis, raw bamboo has more
moisture and volatile content while its biochar has more car-
bon and ash content as compared to raw bamboo (Table 1).
Raw bamboo has moisture, fixed carbon, volatile, and ash
content as 7.1%, 16.8%, 76.1%, and 5.1%, respectively. On
the other hand, bamboo biochar has moisture, fixed carbon,
volatile, and ash content of order 3.5%, 59.6%, 17.4%, and
16.8%, respectively. During pyrolysis, the temperature was
raised from room temperature to a peak 500 °C, resulting
in the loss of moisture and water of hydration in the form
of vapours, while the sample could have under decomposi-
tion which released complex organic compounds including
CO,, CO, H,, CH, and other hydrocarbons in the form of
syngas. This might have reduced the volatile content in bio-
char significantly. For the same reason of loss of moisture
and water of hydration, the moisture content also reduced
to half. The substantial increase in the fixed carbon content
of bamboo biochar compared to raw bamboo is a result of

Table 1 Elemental characteristics of bamboo and its biochar

the loss of other volatile organics during the pyrolysis (Sun
etal. 2014).

Elemental analysis

Based on elemental analysis, as presented in Table 1, it
was observed that pyrolysis has significantly changed the
elemental composition of biochar. The carbon content of
bamboo biochar increased to 73.2% from the 43.0% as com-
pared to raw bamboo. However, the hydrogen and oxygen
content in the biochar was reduced from 7.3 to 3.9% and
48.8-22.4%, respectively (Table 1). Nitrogen and sulphur
content remained < 1.0% for both raw bamboo and bamboo
biochar. O/C and H/C ratios reduced from 1.13 to 0.31 and
0.17 to 0.05, respectively, on the conversion of bamboo bio-
mass to biochar. The lower ratio of O/C and H/C impart
greater stability and degree of aromaticity within the bio-
char (Kumar et al. 2013).

Fourier transform infrared (FTIR) spectroscopy

As a result of pyrolysis, the increase in temperature changes
the functional groups in the biochar. Non-destructive
FTIR spectroscopy shows the peak intensity of the various
organic groups commonly observed in biochar (Table 2).
Between 3550 cm™! to 3200 cm™!, organic O-H stretch-
ing is a result of contribution from water retained in the
biochar. C-H stretching between 3000 cm™! to 2840 cm™!
corresponds to the presence of an alkane group. The peak
between 2000 cm™! to 1650 cm™! is C = O stretching which
consists of aromatic compounds, ketones, and amides for
all the types of biochar. FTIR peak from 1400 cm~! to
1000 cm™"' corresponds to C-H bending and C-O stretch-
ing that corresponds to the aldehyde and alcohol functional
groups, respectively. 1000 cm™! to 650 cm™! corresponds to
C=C stretching and C-H bending that relates to the alkene
functional group (Fig. 1).

Scanning electron microscopy (SEM)

SEM images of biochar samples show the surface morphol-
ogy of the biochar before and after treatment with FeCl;. In
both the biochar, complex surface morphology can be seen
along with macro to micropores present over the surface

Particular Proximate Analysis Elemental Analysis
Moisture  Fixed Volatile Ash (%) Carbon Hydrogen Nitrogen Sulphur  Oxygen* O/C H/C
(%) Carbon (%) (%) (%) (%) (%) (%) ratio ratio
(%)
Raw bamboo 7.1 16.8 76.1 5.1 43.0 7.3 0.9 0.01 48.8 1.13 0.17
Bamboo biochar 3.5 59.6 17.4 16.8 73.2 3.9 0.5 0.001 22.4 0.31 0.05

*Calculated on the basis of weight difference of elements during analysis assuming it consists of these elements only
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Table2 Summary of FTIR functional group present in biochar samples

Functional =~ B10%used B10% B0% used B0%
group biochar unused biochar unused
biochar biochar
FTIR peak  FTIR peak FTIR peak FTIR peak
position position position position
Intensity Intensity Intensity Intensity
O-Hstretch  3445cm™'  3413cm™' 3403 em™' 3439 cm™'
(alcohol) Intensity: Intensity:  Intensity:  Intensity:
Strong, broad Strong, Strong, Strong,
broad broad broad
C-Hstretch  2975cm™"  2917em™' 2971 em™' 2920 cm™
(alkane) Intensity: Intensity:  Intensity:  Intensity:
Medium Medium Medium Medium
C=Ostretch 1694cm™"  1620cm™" 1700 cm™" 1692 cm™'
(conjugated Intensity: Intensity:  Intensity:  Intensity:
aldehyde) Strong Strong Strong Strong
C=Cstretch 1594cm™! Peaknot 1588 cm™! Peak not
(unsaturated Intensity: observed  Intensity:  observed
ketone) Strong Strong
C-H bending Peak not 1437 cm™!  Peak not Peak not
(alkane) observed Intensity: ~ observed observed
Medium
C-Hbending 1385cm™!  1386cm™' 1386 cm™! 1383 cm™!
(aldehyde)  Intensity: Intensity:  Intensity:  Intensity:
Medium Medium Medium Medium
C-Ostretch 1151 ecm™'  Peak not 1163 cm™! 1116 cm™!
(tertiary Intensity: observed Intensity:  Intensity:
alcohol) Strong Strong Strong
C-Ostretch 1109 cm™'  Peaknot 1127 cm~' Peak not
(secondary  Intensity: observed  Intensity:  observed
alcohol) Strong Strong
C=Cstretch 961 cm™! Peaknot 952 cm~!  Peak not
(alkene) Intensity: observed  Intensity:  observed
Strong Strong
C-H bending 882 cm™! 812em™'  817cm™! 806 cm™!
Intensity: Intensity:  Intensity:  Intensity:
Strong Strong Strong Strong
X
§ BO Used /\’\,;
g
E
g B10 Unused /\,\/\ —~—
[
L~
B10 Used \/\-r\/
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™')

Fig.1 FTIR spectrum of treated and untreated biochar before and after
use

ENT=2000 XY WO = 70mm_Signl A= SE1 Mag= 100KX Phes o =366 Dt 7 Jun 2022Time :1:38:52
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Fig. 2 SEM image of the biochar (a) before and (b) after impregnated
with FeCl,
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Nutrient remoal efficiency (%)
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Fig. 3 Phosphate and nitrate removal efficiency of biochar from syn-
thetically prepared stormwater runoff having PO,*~ = 5 mg/L and
NO;™ =50 mg/L strength and biochar dose of 5.0 g/L

which are produced as a result of a vascular bundle of raw
bamboo biomass (Hernandez-Mena et al. 2014). However,
in biochar treated with FeCl,, agglomeration of this electro-
positive chemical can be seen (Fig. 2).

Removal of nutrients
Removal from synthetic stormwater runoff

For the phosphate strength of 5 mg/L, different types of
biochars have shown different removal efficiencies. B0%
biochar without any treatment was not able to remove the
phosphate from synthetically prepared stormwater runoff in
a period of 4 h. This could be attributed to the non-avail-
ability of adsorption sites on the surface of untreated and
negatively charged biochar. Negatively charged sites can-
not remove anionic species due electrostatic force of repul-
sion. However, biochar which was pre-treated with FeCl,
was able to remove phosphate. B1%, B5%, and B10%
biochars removed 29%, 49%, and 61%, respectively, from
synthetically prepared stormwater runoff when initial phos-
phate strength was 5.0 mg/L (Fig. 3). B10% treated biochar
removed phosphate almost twice the B1% treated biochar.
This could be attributed to the availability of sites having
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Fe(IIl) present on the porous surface of biochar that can
easily remove phosphate from the sample. The increase in
phosphate removal efficiency is almost 60 times for B10%
treated biochar to that of the untreated B0% biochar in the
present study. B10% biochar was further used to study its
nutrient removal efficiency for different phosphate strengths
of 2 mg/L, 5 mg/L, and 10 mg/L, and the results are pre-
sented in Fig. 4. It was observed that biochar can remove
almost 63% of phosphate for the initial phosphate strength
of 2 mg/L at a dose of 5.0 g/L absorbent and a contact period
of 4 h. At the same time, the removal efficiency of phos-
phates reduced with the increase in the initial strength of
phosphate (Fig. 4). For the same dose and contact period,
only 59% and 49% of phosphate were removed from syn-
thetically prepared stormwater runoff of strength 5 mg/L
and 10 mg/L, respectively. On the other hand, for the initial
strength of nitrate as 50 mg/L, biochar without any given
treatment was able to remove approximately 9%. Increas-
ing Fe concentration in biochar did not show significant
removal efficiency towards nitrate. The removal efficiency
of nitrate using B1%, B5%, and B10% was of order 12.4%,
14.6%, and 17.0%, respectively. The lower adsorption of
nitrate compared to phosphate can be due to the preferen-
tial adsorption of phosphate over nitrate by Fe(IlI) modified
biochar.

Removal from field stormwater runoff

Based on the observations obtained for nutrient removal
from synthetically prepared stormwater, real (field) storm-
water runoff was treated using B10% biochar, to verify its
adsorption capacity in chemically complex real stormwa-
ter runoff. The phosphate removal efficiency of biochar for
stormwater runoff collected from commercial, institutional,
industrial, and road/highway areas of the Delhi region was
of order 40.5%, 57.1%, 40.3%, and 59.1%, respectively
(Fig. 5). It shows that the removal efficiency observed is
relatively similar to that of the synthetically prepared storm-
water runoff experiments. Also, up to 67.3% of nitrate was
removed from institutional area runoff. The removal effi-
ciency depends upon the initial concentrations of the pollut-
ants. The equilibrium of the reaction shifts towards another
side that reverses and releases pollutants from the adsorbed
surface of biochar. The shift of equilibrium depends upon
the release of pollutants from the solid phase (biochar) to an
aqueous phase.

Adsorption capacity

The adsorption capacity q, (mg/g) of the biochar was calcu-
lated using the Eq. (2)

@ Springer
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Fig. 4 Phosphate removal efficiency using B10% biochar from syn-
thetically prepared stormwater runoff of varying strength for biochar
dose of 5.0 g/L
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Fig. 5 Phosphate and nitrate removal efficiency (%) from stormwater
runoff originating from different land use areas using B10% biochar
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Where q, is the adsorption capacity of biochar in mg/g; C;
is the initial concentration of nutrients in stormwater runoff
in mg/L; C, is the concentration of nutrients at equilibrium
after treatment in stormwater runoff in mg/L; V is the vol-
ume of sample used for analysis in litre; and W is the quan-
tity of absorbent in g. The adsorption capacity of biochar for
a dose of 5.0 g/L was calculated in batch experiments for
varying strength of phosphate in synthetic and real storm-
water runoff which varied from 2.0 mg/L to 10 mg/L, and
0.4 mg/L to 3.2 mg/L, respectively. The experiment was
conducted at 7.0 pH for synthetically prepared stormwa-
ter runoff at 27 °C temperature while the natural pH of real
stormwater runoff is considered for this study. The dose of
biochar was kept fixed at 5.0 g/L for Fe(IlI) treated B10%
biochar for experimentation. The adsorption capacity of
biochar increased with the increase in the concentration
of phosphate which may be attributed to the availability
of vacant sites for its adsorption which is represented by a
strong correlation value (R?> 0.99) as shown in Fig. 6.
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Fig. 6 Adsorption capacity of biochar as calculated during removal of
phosphate from synthetic and real stormwater runoff tested in a batch
experiment

Mechanism of removal

Removal of chemical species by biochar depends upon the
presence of adsorption sites over the surface which is cor-
related with the specific surface area of the biochar pro-
duced. The increase in temperature for biochar production
by pyrolysis, the specific surface area of biochar increases
that enhances the removal of phosphates (Zeng et al. 2013).
However, it was reported in earlier studies that biochar has
an electro-negative charge over its surface, and it cannot
remove anions (PO,>~ and NO;") by adsorption (Wang et
al. 2015; Zeng et al. 2013). The pyrolysis of biomass pro-
duces biochar having functional groups such as -OH and
-COOH as shown by the FTIR spectrum peak at 3400 cm™!
and 1600 cm™!, respectively (Fig. 1), which may result in
a negative surface charge. The net negative surface charge
may lead to poor electrostatic attraction of PO,’~ and
NO;™~ with biochar and thus, require treatment with electro-
positive chemical species like FeCl,. The impregnation of
FeCl; over the biochar surface has played a role in nutrient
removal. The SEM images before and after the adsorption
(Fig. 2) revealed that the surface was smooth before adsorp-
tion while, after adsorption, the surface was occupied with
adsorbed particles. This change in the surface morphology
of biochar suggests that nutrients were removed by the
action of electrostatic attraction between positively charged
Fe(Ill) ions and negatively charged phosphate ions. FTIR

Fig. 7 (a) Pseudo first order

spectrum peak at 1000 cm™! after adsorption suggests the
interaction of Fe-OH with P ions (Zhang et al. 2009).

Kinetics of nutrient removal

To find the kinetics of nutrient removal, pseudo-first-order
and pseudo-second-order models were applied. Pseudo-
first-order kinetic model is given by Eq. (3)

Kit

2.303 ®)

log (ge — q1) = logqe —

Where q, is the adsorption capacity of biochar in mg/g; q, is

the adsorption capacity of biochar in mg/g at any time t; K,

is pseudo-first order rate constant (min~1).
Pseudo-second-order kinetic model is given by Eq. (4)

t 1 t

. K2 a @
Where q, is the adsorption capacity of biochar in mg/g; K,
is pseudo-second-order rate constant (g mg~! min~') and
t is time in minutes. The plots of pseudo-first-order and
pseudo-second-order models for the adsorption capacity of
biochar are shown in Fig. 7a and b respectively. The various
parameters obtained from these models are given in Table 3.
Pseudo-first-order model fits relatively poor for the removal
of phosphates in which the R? value varied from 0.867 to
0.945. Also, the adsorption capacity calculated at equilib-
rium () and adsorption capacity from the experiments
(qe(exp)) varied significantly. Thus, it shows that adsorp-
tion kinetics does not follow the pseudo-first-order kinetic
model. On the other hand, the R? value varied between
0.999 and 0.996 for pseudo-second-order kinetics which
shows that the plot fits very well. Also, adsorption capac-
ity varied between 0.35 and 0.60 mg/g for phosphate. Thus,
the adsorption of phosphate follows pseudo-second-order
rather than pseudo-first-order kinetics as reported in another
study (Zhang et al. 2012).

elmgl M2mgL A3mgL <4mglL X5SmglL

800 *1mg/l m2mg/l 3mg/l X4 mg/lL X5mg/l
kinetics, (b) Pseudo second order 00 e 700 .
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Table 3 Comparison of parameters for pseudo-first order and pseudo-second order reaction kinetics

Order of reaction Parameter Unit Concentration
1.0 mg/1 2.0 mg/1 3.0 mg/1 4.0 mg/1 5.0 mg/1
- Qeferpy) mg/l 0.31 0.38 0.45 0.51 0.58
First Order K, min~! -0.009 -0.0059 -0.0096 -0.0047 -0.0045
Qefcal) mg/g 0.57 0.78 0.71 0.85 0.97
R? - 0.8431 0.8727 0.8724 0.9457 0.8676
Second order K, gmg™! min~! 0.73 0.35 0.31 0.31 0.27
Qetcal) mg/g 0.35 0.40 0.44 0.50 0.60
R? - 0.9991 0.9973 0.9968 0.9976 0.9981
0.40 - 1.0 4
0351 R?=0.9992.-¢ 0.9 R?=0.9933.¢
0304 e
0.25 - . 0.8
£020 ' %07 ..
0.15 4 o 06 ’
0.10 1 e
0.5
0.05 &
0.00 . . . . . . . y 0.4 T T T T T T T r "
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.8 0.9 ! 11 1.2 1.3 1.4 1.5 1.6 1.7
1/C, log C,

(@)

Fig. 8 (a) Langmuir isotherm; and (b) Freundlich isotherm fit for B10% biochar

Adsorption Isotherm

To find the adsorption isotherm, both Langmuir and Freun-
dlich isotherm models were applied. Langmuir isotherm in
its linear form is represented by Eq. (5)

1 1 1 1

qe - KLqmar Ce * (5)

Qmar

Where q, is the adsorption capacity of biochar in mg/g; q,.«
is the maximum adsorption capacity of biochar in mg/L; K|
is Langmuir’s isotherm constant (L/mg).

The separation factor R; is given by Eq. (6)

1

RL:1+OL‘XKL

(6)

Where, R; is Langmuir constant which indicates the adsorp-
tion possibility which may be either favourable (0 <R; <
1.0), unfavourable (R; > 1.0), linear (R; = 1.0) or irrevers-
ible (R, =0).

Fruendlich isotherm in its linear form is represented by
Eq. (7):

1
logg. = logKy + nlogC,{ @)

Where q, is the adsorption capacity of biochar in mg/g; K;is
the Freundlich’s constant ((mg.g™") (L.mg™H)""); C, is the

@ Springer

Table 4 Langmuir and Freundlich adsorption isotherm for B10% bio-
char

Isotherm Parameter Unit Values

Langmuir Amax (mg/g) 11.5741
K (L/mg) 0.0469
R, - 0.3473
R? - 0.9992

Freundlich K; (mg/g) (L/mg)'"™ 1.0097
I/n - 0.5531
R? - 0.9933

concentration of nutrient at equilibrium after treatment in
stormwater runoff in mg/L. In general, adsorption isotherm
distinguishes the surface properties and affinity to adsorb
the adsorbate. Isotherms corresponding to B10% biochar
were studied to understand the same. The best curve was
obtained by the Langmuir isotherm model with R?=0.9992
as against the Freundlich isotherm model with R*>=0.9933
(Fig. 8). The maximum adsorption capacity (,, Wwas
obtained as 11.57 mg/g for phosphate (Table 4). The calcu-
lated value of Langmuir constant R; was less than 1.0 which
suggests that the adsorption possibility is favourable (Ayub
et al. 2020). A brief comparison of studies done in the past
for the removal of phosphate is summarized in Table 5.

Yield of biochar

The yield of biochar produced during the experiment was
calculated as the ratio weight of carbonaceous biochar
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Table 5 Comparison of adsorption capacity of different materials in
different studies for removal of phosphate
Adsorbent material

Adsorption Reference
capacity for

PO,’~ (mg/g)

Mg corn-cob biochar 56.12 Deng et al. 2021

Al corn-cob biochar 44.79 Deng et al. 2021

Pig manure biochar 9.51 Wang et al. 2015

lanthanum (La) oak biochar 46.37 Wang et al. 2016

Coal Gangue/biochar 3.19 Qiu and Duan
2019

Fly ash/biochar 3.07 Qiu and Duan
2019

Fe(1II) Bamboo biochar 11.57 Present study

produced after pyrolysis to the weight of bamboo biomass
before pyrolysis as given by the Eq. (8)

% Biochar yield
weight of carbonaceous biochar

produced after pyrolysis 100 ®)
X
weight of bamboo biomass

before pyrolysis

Using the formula mentioned above, approximately 40%
biochar was produced from the initial bamboo biomass. The
60% of the initial mass loss can be attributed to the removal
of moisture, the production of syngas, and the production
of bio-oil during pyrolysis (Panwar and Pawar 2020). Bio-
mass with higher water content will lead to a poor yield of
biochar.

Cost of biochar production

Biochar was made through pyrolysis in a muffle furnace
having a power rating of 2.0 KW. The muffle furnace was
operated for an hour, initial 30 min for raising the tempera-
ture at a rate of 16.67 °C/minute, and the next 30 min for the
actual process of pyrolysis at 500 °C. Thus, 2.0 KW muffle
operated for 1 h implies that 2 units of electricity, i.e., 2.0
kWh was consumed in this process. The average price of
electricity units in Delhi 6.0 per kWh. Thus, electricity cost
accounts for X12.0 (Table 6). FeCl; was also used to impreg-
nate the biochar in various configurations. The cost of FeCl,

=== Removal Efficiency (%) —e— Cost of biochar (US$/kg) 35

Phosphate Removal Efficiency (%)
s 3
= - P
) n °
Cost (US$/kg)

S
7S

o
=4
=

B0% B1% B5% B10%

Biochar type used during experimentation

Fig. 9 Removal efficiency (%) and associated cost (US$) of different
types of biochar (per kg) for phosphate removal from synthetically pre-
pared stormwater runoff with initial PO,*~-P concentration is 5 mg/L

used during experimentation was 3400 per 500 g packaging.
Thus, the total cost of biochar includes the cost of electricity
used during pyrolysis and the cost of chemicals consumed.
Hence, the cost of biochar varies between X12.0 per kg for
non-impregnated biochar to 3244.0 per kg for 10% FeCl,
impregnated biochar. Considering the currency exchange
rate as US$1 equivalent to 83.17, the cost of biochar pro-
duction becomes equivalent to US$ 0.14 per kg to US$ 2.93
per kg for the present study (Fig. 9).

Conclusions

The current study aimed to evaluate the enhanced phosphate
and nitrate removal efficiency by Fe(III) modified biochar
from synthetically prepared stormwater runoff containing
phosphate and nitrate, and from actual stormwater runoff
collected from the field. The biochar used in this study
was produced by slow pyrolysis of bamboo biomass at a
yield rate of 40%. The bamboo-biochar was then treated
with 1%, 5%, and 10% FeCl; solutions to induce surface
electro-positivity. Biochar and modified biochars were then
characterized based on proximate analysis, elemental analy-
sis, Fourier Transform InfraRed (FTIR) Spectroscopy, and
Scanning Electron Microscopy (SEM). The characterization
results indicated that the Fe(Ill) modified biochars possess
favourable surface and chemical properties for phosphate

Table 6 Cost (US$) of FeCl, treated biochar production for treatment of stormwater runoff

Process Time Power Power Average electric- Cost of FeCl; treated Cost of FeCl;  Total cost Cost of
(hours)  rating of consumption ity price per unit electricity Biochar treatment (X)  of biochar biochar
muffle (KWh) (R per KWh) ®) A) (B) per kg %) per kg
(KW) (A+B) (US$)
Pyrolysis 1.0 2.0 2.0 6.0 12.0 Without 0 12.0 0.14
treatment
1% 232 352 0.42
5% 116.0 128.0 1.54
10% 232.0 244.0 2.93
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removal. Phosphate removal from synthetic stormwater was
found to be 29%, 49%, and 61% for an initial phosphate
concentration of 5 mg/L using 1%, 5%, and 10% FeCl,
treated biochar, respectively. However, the nitrate removal
efficiency was found to be 9%, 12.4%, 14.6%, and 17.0%
for B0%, B1%, B5%, and B10% respectively, at an initial
nitrate concentration of 50 mg/L. This is possibly due to
the preferential adsorption of phosphate instead of nitrate
by Fe modified biochar, and the high initial concentration of
nitrate. The removal efficiencies were found to reduce with
increasing phosphate concentration, while no such trends
were observed in the case of nitrate. The phosphate removal
efficiency of modified biochar (B10%) for stormwater run-
off collected from commercial, institutional, industrial, and
road/highway areas of the Delhi region was 40.5%, 57.1%,
40.3%, and 59.1%, respectively, with the variations effected
by the initial phosphate loading. A study of the kinetics of
phosphate adsorption by B10% biochar showed that the
adsorption of phosphate removal follows pseudo-second-
order rather than pseudo-first-order kinetics. Both Langmuir
and Freundlich isotherm models, which indicate mono-layer
and multi-layered heterogeneous adsorption respectively,
were found to be well fit for the phosphate adsorption by
B10% biochar. The maximum adsorption capacity, obtained
from Langmuir isotherm, was 11.57 mg/g for phosphate
removal by B10%. Lastly, an analysis of production and
modification costs of bamboo-biochar indicated that modi-
fication of biochar is economically feasible.
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