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Abstract

Water bodies face severe pollution from industrial operations and other human activities, endangering biotic life worldwide.
Nitrate and phosphate contamination poses a significant challenge globally. This study focuses on developing an efficient
adsorbent, derived from Parthenium hysterophorus (P. hysterophorus), for nitrate and phosphate removal from water. Bio-
char, termed P. hysterophorus stem biochar (SBC), was prepared at 650°C and further coated with iron, creating iron-
coated stem biochar (ICSBC), to enhance adsorption potential. SEM, TEM, EDX, and FTIR analyses characterized raw and
coated biochars. Comparative adsorption studies revealed that P. hysterophorus ICSBC exhibited high adsorption capacity
(nitrate=N=77.17 mg/g, phosphate = P=83.93 mg/g) and removal efficiency (nitrate =88.19%, phosphate =95.89%). Batch
experiments explored the effects of contact time, adsorbent loading, pH, and initial concentration. Kinetic and equilibrium
models demonstrated that the pseudo-second-order kinetic and Langmuir isotherm models best fit the data (R values:
N=0.9644, P=0.98122, N=93.68, P=92.97, respectively). ICSBC’s favorable attributes, including strong adsorption,
low cost, and eco-friendliness, position it as an ideal adsorbent for nitrate and phosphate removal from contaminated water.
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1 Introduction
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Highlights

o Parthenium hysterophorus biochar was utilized as a practical and
effective biosorbent.

o Impregnating biochar with FeCl; and FeSO, enhances its ability
to adsorb nitrate and phosphate.

o Iron-coated P. hysterophorus stem biochar (ICSBC) effectively
removes nitrate and phosphate.

e A cost-effective, eco-friendly, and appealing choice for
wastewater treatment was proposed.

o ICSBC exhibited high adsorption capacity of nitrate and
phosphate.
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Freshwater bodies receive substantial amounts of plant nutri-
ents, such as nitrate and phosphate, each year due to various
geochemical processes and human activities [1]. The exces-
sive influx of nutrients into water bodies leads to eutrophica-
tion. The buildup of nutrients causes rapid growth of aquatic
plants and algae, resulting in a depletion of dissolved oxy-
gen. Eutrophication (excessive plants and algal growth) is a
common issue among water bodies that contain a high con-
centration of nutrients, especially phosphates and nitrates, as
they are essential for plants and algal growth. Eutrophication
directly affects aquatic life by lowering dissolved oxygen
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levels and can indirectly affect non-aquatic life by disturbing
the food chain [2—4]. According to the WHO, the acceptable
limits of phosphate and nitrate in surface and wastewater are
0.5 mg/L and 40 mg/L, respectively [5]. In drinkable water,
the presence of nitrate ions in excess is a potential public
health hazard and is responsible for methemoglobinemia in
infants, i.e., blue baby syndrome. According to the Envi-
ronmental Protection Agency (EPA, 1990), chronic nitrate
exposure can cause diseases like spleen hemorrhage, diu-
resis, and enhancement in the starch deposits. The toxicity
of phosphate in humans includes rhabdomyolysis, tumor
lysis syndrome, and renal function impairment [6]. To pro-
tect aquatic and terrestrial life from the adverse effects of
phosphate and nitrate pollution, its removal from wastewater
before it discharges to water bodies is mandatory.

Various biological and physicochemical processes have
been used to treat wastewater and water enriched with dis-
solved nutrients. The mechanism of biological processes is
based on the transformation of phosphate and nitrate anions
from the liquid phase into the sludge phase. The biological
process hardly shows a removal efficiency of 30%. Hence, bio-
logical process all alone is not sufficient for the treatment of
wastewater enriched with phosphate and nitrate [7-9]. Phys-
icochemical processes like chemical precipitation, membrane
filtration, and ion exchange have been reported previously,
but they also have drawbacks. Chemical precipitation is faced
with the challenge of excessive influx of a significant amount
of chemicals and issues of waste disposal. Membrane pro-
cesses, degradation of the membrane, scaling, high cost of
maintenance, and fouling are the factors that limit the use of
membrane filtration for the treatment of contaminated water
at the bulk level [10]. Similarly, besides their high costs and
lengthy operational processes, all other techniques have many
drawbacks that limit their use for removing nitrate and phos-
phate anions from water, especially at the bulk level. There-
fore, there is an urgent requirement to develop a removal tech-
nique that demonstrates high efficiency, affordability, minimal
or no waste disposal concerns, and environmental friendli-
ness. Among the various removal techniques, adsorption is
considered the most reliable method for eliminating nitrate
and phosphate from wastewater at the bulk level because of
its minimum costs, highly efficient, fast, and environmentally
friendly nature.

A wide range of adsorbents, such as carbon, graphene,
and silica-based adsorbents, are employed in the adsorp-
tion technique. However, like many removal methods, these
adsorbents tend to be costly and less effective and often
produce additional waste. Hence, the researchers focus on
developing such adsorbents for the process of adsorption
that do not possess all the above drawbacks.

Biochar is a carbonaceous, highly porous, charcoal-like
material prepared in an oxygen-deficient environment from
450 to 900 °C. Compared to other adsorbents, biochar
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possesses properties like high adsorption capacity, maximum
efficiency, and cheapness, making it the most suitable adsor-
bent for adsorption technique. Various biomasses, like peanut
shells, corn straw, rice straw, and corn cob, can be used for
biochar preparation [1]. Several procedures have previously
been employed to modify biochar, including chemical reduc-
tion, chemical oxidation, and metal impregnation, to enhance
the biochar adsorptive potential. Among them, metal impreg-
nation is considered the most effective mode of biochar modi-
fication. During this process, metal in the form of nanoparti-
cles is coated onto biochar, enhancing its adsorption capacity
and removal efficiency by improving its surface chemistry
[11]. The commonly used metals are iron, silver, zinc, and
magnesium [ 11] for metal impregnation. Among these metals,
the impregnation with iron is encouraging due to its magnetic
properties, the maximum capability of adsorption, and the
highly effectual capability of solid-liquid separation.

The spread of P. hysterophorus over Asia and its native
region, South and Central America, is serious as it aggres-
sively competes and affects the growth of other beneficial
flora [12, 13]. P. hysterophorus is a non-economic weed, so
the development of adsorbent from it is the possible solu-
tion to the problem of its effects on agro-habitats and the
high cost of conventional adsorbents. Numerous investiga-
tions revealed that P. hysterophorus burning produces severe
environmental problems that badly affect human health. The
P. hysterophorus constituent affirmed that it has good poten-
tial to be used to develop efficient adsorbents for removing
nitrate and phosphate ions from polluted water [13].

Therefore, the basic aim of this study is to use P. hystero-
phorus as a raw material for the preparation of biochar and
then impregnate it with FeCl,;-7H,0 and FeSO,-7H,0 to boost
its efficiency. The prepared modified and unmodified biochars
were examined by FTIR, EDX, SEM, TEM, and XRD for
functional group, elemental, and morphological analysis.
Batch sorption experiments were conducted to investigate
nitrate and phosphate adsorption behavior onto the biochar
surface at various pH, adsorption time, dosage of ICPBC,
and preliminary concentration of the adsorbate. Kinetics and
isotherm models were used to study nitrate and phosphate
adsorption onto ICPBC which were also investigated. The
main theme of this study is to prepare a useful adsorbent using
P. hysterophorus, impregnate it with iron, and investigate the
nitrate and phosphate adsorption from wastewater.

2 Experimental
2.1 Materials
In this study, analytical-grade chemicals and reagents

were used. Potassium nitrate and potassium phosphate
were purchased from BDH. NaOH, HCI, ferrous sulfate
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heptahydrate (FeSO,-7H,0), and ferric chloride hexahydrate
(FeCl;-6H,0) were purchased from Merck. Double-distilled
water was used for solution preparation and cleansing of
glassware. P. hysterophorus stems and roots were used as
raw materials for the preparation of biochar.

2.2 Methods
2.2.1 Preparation of biochar

Biochar preparation involved gathering P. hysterophorus
weed from Mardan, Khyber Pakhtunkhwa, Pakistan. The
weed samples were sliced into smaller pieces using a cut-
ter. To detach the dust and tacky mud, the sample was
washed several times with tap water followed by double-
distilled water. The samples were dried at 85 °C using a
hot air oven for 36 h. As the samples have dried, a por-
tion from it enclosed in the platinum foil was shifted to
the furnace chamber. The furnace chamber is designed to
provide an oxygen-deficient environment for the pyrolysis
of the sample. At a heating rate of 15 °C/min, the furnace
temperature was increased to 650 °C, and keep the furnace
temperature at this value for 1 h. After the residence time
of 1 h, the sample was shifted from the furnace chamber
to the desiccator and kept there until the sample cooled up
in the absence of air. The corresponding biochar obtained
from the pyrolysis was crushed and sieved to obtain parti-
cles of uniform diameter. The sample obtained from all the
above procedures was named P. hysterophorus stem biochar
(SBC) and P. hysterophorus root biochar (RBC).

2.2.2 Coating (modification) of P. hysterophorus biochar
(SBC and RBC) with iron

To coat the P-Stem and P-Root biochar (SBC and RBC )
with iron, we first prepared a solution by dissolving 7 g of
FeCl;-6H,0 and 7 g FeSO,-7H,0 in 80 mL of water in a
beaker, as reported in our previous work [31, 14] . Likewise,
a suspension of SBC and RBC was prepared by adding
8-10 g of each sample to separate beakers containing 500
mL of double-distilled water. These solutions and suspension
were mixed and placed on a magnetic stirrer. The mixture
was stirred at 120 rpm for 1.5 h using the magnetic stirrer.
After this duration, we adjusted the pH of the solution by
adding HC1 and NaOH until the final pH reached 7, therefore
facilitating the chemical co-precipitation of iron over the P.
hysterophorus biochar. The solution was then filtered using
filter paper, allowing the liquid to pass through the paper
while biochar residue on the paper. This biochar residue
was subsequently dried in a hot air oven at 60 °C for 24 h.

Upon completion of the drying process, they were labeled as
iron-coated P. hysterophorus stem biochar (ICSBC) and P.
hysterophorus iron-coated root biochar (ICRBC) [14].

2.3 Characterization

Functional group analysis, elemental composition,
and morphological characteristics of SBC and ICSBC
were investigated using FTIR, EDX, SEM, and TEM.
Via energy-dispersive X-ray spectroscopy (EDX) U.K,
JSM5910, INCA200/Oxford instruments), scanning electron
microscope (SEM. JSM5910 Model JEOL, Japan), and
transmission electron microscope (JEM-2100, manufactured
by JEOL Japan), the elemental composition and surface
morphology were investigated. The functional groups were
analyzed using Fourier-Transform Infrared Spectroscopy
(FTIR-650, Tianjin Gangdong Sci. & Tech. Co., Ltd.).

2.4 Batch adsorption experiment

The nitrate and phosphate 1000 mg/L of stock solution were
prepared by dissolving 0.63064 g of KNO; and 1.723 g of
KH,PO, in 1000 mL of double-distilled water. The standard
solution was diluted to 10, 15, 20, 25, 30, 35, 40, 45, 50, 55,
60, 65, and 70 mg/L using dilution factor. Utilizing a 100
mL Erlenmeyer flask, all the batch adsorption experiments
were carried out. Magnetic stirrers were used to agitate the
flasks containing 50 mL of nitrate and phosphate at a speed
of 120 rpm at a temperature of 25 +2 °C. To investigate the
effect of ICSBC dosage (0.02, 0.03, 0.04, 0.05, 0.06), time
of contact (5, 10, 20, 50, 120, 180, 240, 300, 360, 420), pH
of the solution (2, 3, 4, 5, 6, 8, 10, 12), and adsorbate initial
concentration (10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65,
and 70 mg/L) on the adsorption capability of nitrate and
phosphate, the batch adsorption experiments were carried
out. The initial pH of the solution was regulated using
0.1 M NaOH and 0.1 M HCI solutions. Using filter paper,
the mixture obtained after the completion of the adsorption
process was filtered. A UV-visible spectrometer revealed the
nitrate and phosphate total concentration in the suspended
solution. The removal efficiency and the adsorption capacity
of ICSBC and ICRBC for nitrate and phosphate at time ¢
[g; mg/g] and equilibrium [g, mg/g] are determined using
Egs. (1), (2), and (3), respectively.
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C,, C, and C, imply the nitrate and phosphate solution
concentration in mg/L at any time ¢, at commencement time,
and equilibrium, M represents the biochar mass added (g),
and V is the solution volume in L of the test sample.

2.5 Point of zero charge

The surface alkalinity and acidity of the prepared biochar
were characterized using pH,,,.. Using the pH shift method,
the pH-dependent pH,,,. was determined. In separate Erlen-
meyer flasks, 40 mL of 0.1 M NaCl solutions was taken,
and using 0.1 M HNO; and 0.1 M NaOH solutions, the pH
was adjusted according to our desired range in step size of
one. A particular amount of ICSBC was added to the NaCl
solution and subjected to stirring for 48 h. The final pH was
measured, and the differential ApH was investigated by sub-
tracting the pH; from pH;. This ApH was then plotted against

pH; and the corresponding pH,,,. was calculated.

2.6 Adsorption kinetics

Kinetic models are used to investigate the rate at which
adsorbate adsorbed onto the adsorbent during the process of
adsorption. To study the adsorption of nitrate and phosphate
onto the ICSBC, two models, namely, the pseudo-first-order
kinetic model and pseudo-second-order kinetic model, were
used. The linear form of these models is represented by Egs.
(4) and (5) [15].

In (qe - q,) =Ing, — Kt @
1,1,
a9 Kq* q. ©)

2.7 Adsorption isotherms

In aqueous media, adsorption isotherms were used to describe
the relationship between the adsorption capacity and concen-
tration at equilibrium. Adsorption isotherms play a vital role
in understanding the physiochemical essence and calculation
of the adsorption capacity. Three isotherms’ models, namely,
Freundlich, Langmuir, and Sips models, were employed to find
out the good-fit model of the adsorption process. The linear
form of the Freundlich, Langmuir, and Sips isotherm model is
represented by Egs. (6), (7), and (8), respectively [15].

logg, = logK; + 1 log C, 6)
n
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In Eq. (6), 1/n and K are adsorption intensity and Fre-
undlich constant relating to adsorption capacity, respec-
tively, while C, and ¢, are the equilibrium concentration
and adsorption capacity.

S U
qe_KL C @

qmax e qmax

In Eq. (7), K is the Langmuir constant, and q,,,, is the
maximum possible adsorption capacity of adsorbent for
adsorbate.

1

qn(bC,)"
ge=—"" 1 (3)

1+ (bC,)"

In Eq. (8), n is a fitting parameter, b is an equilibrium
constant, and ¢, is the maximum adsorption capacity.

2.8 Desorption experiment

A specific amount of ICSBC was added to the desired nitrate
and phosphate solution concentration. After the equilibrium
time, this suspension was subjected to filtration; as a result,
the adsorbent was separated from the filtrate. The filtrate
was analyzed for the remaining concentration of nitrate and
phosphate and the adsorption efficacy was measured. The
adsorbent separated as a result of the filtration process was
dried for 48 h at 55 °C in a hot air oven. This dried ICPSBC
was mixed with 70 mL of 0.2 M NaOH and stirred using
magnetic stirrers at 120 rpm. Finally, the adsorbent was
separated via filtration, and the filtrate was determined for
the desorbed amount of nitrate and phosphate [15, 16].

2.9 Analysis of data

All the experiments were examined in triplicate. Origin soft-
ware (2021) was used for analyzing the experimental data.

3 Results and discussion

3.1 Selection of efficient adsorbent by removal
efficiency and their potential of the adsorption

To achieve efficient removal of nitrate and phosphate from
contaminated water, various adsorbents’ removal efficiencies
and adsorptive capabilities were analyzed under comparable
conditions. The adsorbents used in this study were raw P.
hysterophorus stem (SBC), root (RBC), iron-coated stem
(ICSBC), and (ICRBC). Four 80-mL solutions of 40 mg/L
of nitrate and phosphate concentration were chosen for the
investigation. These four sample solutions were labeled
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according to the type of adsorbent added. The sample to
which P. hysterophorus stem biochar was added is labeled as
SBC, to which iron-coated stem biochar was added is labeled
as ICSBC, and sample solution to which P. hysterophorus
root and iron-coated root biochar was added is labeled as
RBC and ICRBC. 0.06 g of the respective adsorbent was
added to these samples using magnetic stirrers; these sam-
ples were agitated at a speed of 120 rpm for 180 min, and the
pH of the solutions was maintained between 2 and 3. After
the process of adsorption, the sample solution was analyzed
for the remaining concentration of nitrate and phosphate
using a UV-visible spectrometer. The results obtained are
summarized in Fig. 1.

From Fig. 1, we can conclude that for the effective
removal of nitrate and phosphate from polluted water, P. hiys-
terophorus iron-coated stem biochar (ICSBC) is an efficient
adsorbent with a maximum removal efficacy of 88.19% for
nitrate and 95.89% for phosphate. Similarly, the maximum
adsorption capacity for nitrate and phosphate is 77.17 mg/g
and 83.91 mg/g. Thus, among all four adsorbents prepared
from the P. hysterophorus weed, iron-coated stem biochar
(ICSBC) is selected for the rest of the studies due to its
maximum effectiveness.

3.2 Characterization of SBC and ICSBC

Different methods were used to characterize biochar, and the
findings are summarized below.

SBC and ICSBC EDX spectra are shown in Fig. 2A, B.
Figure 2A reveals that carbon (58.08%), oxygen (21.78%),
and silicon (10.48%) constitute the basic elemental composi-
tion of raw biochar by weight. The fundamental elemental
composition of impregnated biochar is carbon (29.23%),
oxygen (38%), silicon (13%), and iron (18.80%). When we
compared the EDX spectra of both raw and impregnated

90 100
801 | -90
e 180 —
@ 70+ g
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g -70 &
; 60' Qﬁ
< L60 X
50
-50
40
40
RBC SBC ICRBC ICSBC
Adsorbents

Fig.1 Comparative analysis of different adsorbents for nitrate and
phosphate removal from wastewater

biochar, we can conclude that there is a minimal amount of
iron (0.09%) present in the spectrum of raw biochar, which
may be attributed to the memory effect, while a considerable
amount of iron is present (18.03%) in impregnated biochar.
From this, we can conclude that iron in the form of iron
oxide (Fe,0;) is successfully adsorbed onto the surface of
raw stem biochar.

The SEM along with elemental mapping and TEM micro-
graphs of SBC and ICSBC are shown in Figs. 3 and 4. The
surface morphological analysis of the SBC and ICSBC
shows that the ICSBC surface is rougher and more porous
than the SBC’s morphology. This heterogeneous surface
morphology of the ICSBC is associated with the impregna-
tion of the raw biochar with iron that grasps the micropo-
res and results in macropores that enhance the adsorption
of nitrate and phosphate from contaminated water. The
presence of small particles on the surface of ICSBC is the
particles of iron oxide that are formed due to chemical co-
precipitation. The micrographs of TEM revealed that the
surface of ICSBC is covered with crystals compared to SBC,
as shown in Fig. 4. The presence of these crystals supports
that iron oxides and hydroxides are successfully deposited
onto the surface of ICSBC and the coating of SBC with iron
is successfully achieved. Figure 3B, D shows the elemental
mapping of SBC and ICSBC. From elemental mapping, it
can be seen that oxygen, carbon, silicon, and calcium are
widely distributed throughout the surface of SBC, while
oxygen, carbon, silicon, and iron are the main elements pre-
sent in the ICSBC.

The FTIR analysis (Fig. 5) identified many functional
groups on the biochar surface. The peak at 873 and
580 cm™! in the spectra of ICSBC refers to the presence of
the Fe-O group stretching vibration [17]. In the spectra of
SBC and ICSBC, the peaks that appeared at 1538 cm™' and
1413 cm™! denote the presence of the C-O-C and -COO
groups [18]. The peaks at 1627 cm™! of SBC point out
the presence of ketonic and carbonyl group bond [19, 20].
The absorption peaks present at 2892 cm™! of SBC and
2890 cm~! ICSBC signify the stretching of the aliphatic
group -(CH,) [20]. The bands at 3442 cm~! of SBC and
3440 cm™! of ICSBC refer to the existence of —OH group
stretching vibration [21]. In the FTIR spectra of P-ICSBC,
the band present at 1085 cm™! corresponds to the presence
of P-O bond stretching vibration. Moreover, in the spectra
of N-ICSBC, the peak at 1556 cm™' corresponds to the
N =0 stretching vibration and NO; symmetric and asym-
metric peaks are observed at 1384 cm™! and 825 cm™'. The
spectra of SBC, ICSBC, P-ICSBC, and N-ICSBC exhibit
differences, indicating modifications as a result of the coat-
ing process and after the adsorption process.

By comparative analysis of both the spectra, it can be
seen that peak shifts occur from 3440, 2892, 1627, and
1538 cm™! in the spectra of SBC to 3442, 2890, 1413, 873,
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Fig.2 EDS elemental analysis graphs for SBC (A) and ICSBC (B)

and 580 cm™! in the spectra of ICSBC. This shift in the
peaks value and change in the intensity of peaks confirm
the successful coating of SBC.

XRD analysis was performed to check the crystallinity
and coating of SBC and ICSBC. Figure 6 represents the
XRD diffractograms of SBC and ICSBC. The diffracto-
gram of SBC reveals that it is diffuse, which corresponds
to the amorphous nature of our prepared SBC. In the dif-
fractogram of ICSBC, a number of peaks appeared at
30.1°, 35.5°, 43.1°, 53.7°, and 57.3° that signify the suc-
cessful coating and the presence of Fe;0,.

3.3 Effect of adsorbent dosage

The selection of proper adsorbent dosage is necessary to
check the potential of adsorbent for adsorptive removal of
pollutants from aqueous solution. To study the effect of
adsorbent dosage on the removal efficiency and adsorp-
tion capacity of ICSBC for nitrate and phosphate, some
adsorbent doses (0.02 to 0.06) were applied for adsorptive

@ Springer

removal of nitrate and phosphate from aqueous solution
while keeping all other parameters fixed [22], and the
results are shown in Fig. 7. From Fig. 7, it can be seen that
the removal efficiency of ICSBC for nitrate and phosphate
increased from 54.57 to 97.15% and from 58.03 to 99.22%,
respectively, with an increase in ICSBC dosage from 0.02
to 0.06 g, because, with the increase in adsorbent dosage,
the number of active sites available for analyte adsorption
also increases leading to efficient adsorption of adsorbate
(nitrate and phosphate) which result in an increase in the
removal efficiency of ICSBC for the analyte (nitrate and
phosphate) [23]. In contrast, the adsorption capacity of
ICSBC for the analyte (nitrate and phosphate) decreased
from 95.4 to 56.6 mg/g and from 101.5 to 57.8 mg/g,
respectively, with the increase in adsorbent dosage from
0.02 to 0.06 g.

The decrease in adsorption capacity with the increase
in adsorbent dosage is due to the rise in the number of
available active sites; the ratio of available active sites to
analyte ions (nitrate and phosphate) also increases, which
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Fig.3 SEM images of SBC and ICSBC and elemental mapping

results in unsaturated active sites leading to the lower
adsorption capacity of ICSBC for nitrate and phosphate
[24].0.04 g of ICSBC was found to be the optimum adsor-
bent dosage for 70 mL of 50 mg/L solutions of nitrate as
well as of phosphate, because, at 0.04 g dosage, ICSBC
shows simultaneous maximum adsorption capacity and
removal efficiency for nitrate (¢,=77.17 mg/g, %=88.19)
as well as phosphate (¢,=83.91 mg/g, %=95.89) [15].
Similar results were also obtained from previous studies
[25].

3.4 Point of zero charge

Adsorbent point of zero charge (PZC) plays an active role
in adsorbent surface chemistry, especially adsorbent sur-
face charge. Several batch adsorption experiments were
performed to measure PZC (pHp,) for ICSBC; the analy-
sis results are shown in Fig. 8. As can be seen in Fig. §,

Cmmm e s ---
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L}
L}
[}
L}
L}
!
L}
[}
[}
[}
|

pH of 5 is found to be PZC for ICSBC, which means that
at a pH lower than 5, the surface of ICSBC is positively
charged, which would be electrostatically favorable for
the adsorption of anions (nitrate and phosphate) leading
to higher values of adsorption capacity and removal effi-
ciency of ICSBC for anions (nitrate and phosphate) [24].
In the same way at pH higher than 5, the surface of ICSBC
becomes negatively charged and electrostatically unfavora-
ble for adsorption of anions (nitrate and phosphate) result-
ing in low adsorption capacity and removal efficiency of
ICSBC for anions. For the study of the effect of pH on
the adsorption of nitrate and phosphate on ICSBC, it was
observed that the adsorption of nitrate and phosphate on
ICSBC decreases with an increase in pH; this is because
with the rise in pH, the surface of ICSBC becomes less
positively charged, and as pH increases beyond five, it
becomes negatively charged which electrostatically repels
negatively charged nitrate and phosphate ions. So, with the
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Fig.4 TEM images of SBC and
ICSBC

—— P-ICSBC
—— N-ICSBC
— ICSBC
— SBC

Transmitance (%)
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Fig.5 FTIR spectra of SBC and ICSBC (before adsorption) and
P-ICSBC and N-ICSBC (after adsorption)

rise in pH, the electrostatic attractive interaction between
adsorbate becomes an electrostatic repulsive interaction,
which decreases the adsorption of anionic adsorbate with
an increase in pH.
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Fig.6 XRD spectra of SBC and ICSBC

3.5 Effect of pH on the phosphate and nitrate
adsorption capacity

The aqueous solution pH sensitively affects the adsorption
of the analyte by the adsorbent, as pH affects the properties
of both, the analyte and adsorbent. Several batch adsorp-
tion experiments were performed to investigate the effect
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Fig. 8 Point of zero charge for ICSBC

of aqueous solution pH on the adsorption of phosphate and
nitrate on the adsorbent. The results of the pH study are
shown in Fig. 9. By measuring the final pH of the filtrate, it
was observed that the final pH of the filtrate was higher for
the initial pH lower than 6, while in contrast, the final pH
of the filtrate was found lower for the initial pH higher than
6. This kind of behavior can be the result of the protonation
and deprotonation of adsorbent surface hydroxyl groups.
From the pH study, it was found that the removal efficiency
and adsorption capacity of ICSBC for both phosphate and
nitrate decrease with an increase in pH, and the highest
adsorption capacity and removal efficiency for both nitrate
(g,=77.1, % = 88.1) and phosphate (qe =83.91, %= 95.89)
were obtained at pH 2. The decrease in removal efficiency
and adsorption capacity of ICSBC for nitrate and phosphate,
with a change in pH, can be attributed to the shift in point
of zero charge of ICSBC and to the change in the hydroxyl

D [ee]
(=} ()

qe (mg/g)
5
% Removal

[\®}
S

Fig.9 Effect of pH on ¢, and % removal of ICSBC for nitrate and
phosphate

ion concentration, which actively competes with nitrate and
phosphate for active sites present on ICSBC surface, with
the shift in aqueous solution pH [22]. From the point of
zero charge analysis, it was found that the PZC value for
ICSBC is 5, which means at pH higher than 5 the surface of
ICSBC is negatively charged, while at pH lower than 5 the
ICSBC surface is positively charged. So, it can be concluded
that at lower pH, the surface of ICSBC is positively charged
and electrostatically attracts negatively charged nitrate and
phosphate ions, resulting in high adsorption capacity and
removal efficiency of ICSBC for nitrate and phosphate. With
the increase in pH, the ICSBC surface tends to become less
positively charged, and when pH crosses 5, the adsorbent
becomes negatively charged and electrostatically repels
nitrate and phosphate ions, resulting in lower adsorption
capacity and removal efficiency of ICSBC for nitrate and
phosphate.

Similarly, with the increase in the pH, the concentration
of hydroxyl ions increases, which compete with negatively
charged phosphate and nitrate ions for active sites on the
ICSBC surface, which results in a decrease in removal effi-
ciency and adsorption capacity of ICSBC for nitrate and
phosphate with the increase in pH. From Fig. 9, it can be
seen that the removal efficiency and adsorption capacity
of ICSBC for nitrate fall uniformly with the increase in
pH, but for phosphate, it falls abruptly with the rise in pH,
significantly beyond five. This diverse behavior of ICSBC
for nitrate and phosphate with the decrease in pH could be
attributed to the change in speciation of nitrate and phos-
phate with the change in pH. The removal efficiency of
ICSBC regularly falls for nitrate with the increase in pH
because the speciation of nitrate is independent of pH and
>99% present in NO;. The phosphate speciation is highly
pH-dependent, and based on phosphate water chemistry,
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phosphate has three pKa values of 2.2, 7.2, and 12.4. In pH
2.2 to 7.2, phosphate predominantly exists in the monova-
lent form of H,PO,, while at pH range from 7.2 to 12.4,
it predominantly exists in the divalent form of HPO;2 [15,
26]. With the increase in pH, HPOZ2 become the dominant
form, which is difficult to be adsorbed on the ICSBC surface
as compared to H,PO,; this is because the adsorption-free
energy of HPO,” is higher than H,PO}, which makes HPO,>
unfavorable for adsorption; this causes an abrupt decrease
in removal efficiency and adsorption capacity of ICSBC for
phosphate [23, 27]. In the end, it was concluded that nitrate
and phosphate could be efficiently removed from wastewater
by adsorption on ICSBC at a pH range from 2 to 5; similar
results were also found by previous studies [15, 28].

3.6 Effect of initial concentration

The effect of initial adsorbate (nitrate and phosphate) concentra-
tion was investigated on the removal efficiency and adsorption
capacity of ICSBC, and the results of the analysis are shown in
Fig. 10. From Fig. 10, it can be seen that with the increase in the
initial adsorbate concentration from 10 to 70 mg/L the removal
efficiency of ICBSC decreased from 97.7 to 70.14% and from
99.20 to 75.03% for nitrate and phosphate, respectively, while
the adsorption capacity increases from 17.09 to 85.9 mg/g and
from 17.3 to 91.91 mg/g for nitrate and phosphate, respec-
tively. Initially, the removal efficiency was very high for both
adsorbates; it is because a large number of active sites were
available for a low initial concentration of adsorbate, but with
the increase in the concentration of adsorbate the active sites
became insufficient for adsorption of the initial high concentra-
tion of adsorbate [22] resulting in poor removal efficiency. In
contrast to removal efficiency, the adsorption capacity increases
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Fig. 10 Effect of initial concentration on g, and % removal of ICSBC
for nitrate and phosphate
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with the increased adsorbate (nitrate and phosphate) initial con-
centration; this is because with the increase in the adsorbate ini-
tial concentration the adsorbate load increases over the ICSBC
resulting in a high concentration gradient of adsorbate between
the adsorbent surface and bulk of solution. During the adsorp-
tion phenomenon, the adsorbent continues to adsorb until it
reaches its saturation point and 70 mL of 50 mg/L solution of
adsorbate (nitrate or phosphate) was found to be the saturation
point concentration for 0.04 g of ICSBC [15].

3.7 Adsorption isotherm study

To design an adsorption system for the adsorption of phos-
phate and nitrate on ICSBC, different adsorption isotherm
models were applied to adsorption isotherm data. Adsorption
isotherm models give a relation between the amount of adsorb-
ate adsorbed on the adsorbent and the amount of adsorbate
that remains in the bulk of the solution after equilibrium has
been established. Freundlich, Langmuir, and Sips adsorption
isotherm models were applied to experimental adsorption iso-
therm data; further details of these models are given below.

3.7.1 Freundlich adsorption isotherm model

In 1906, Freundlich put forward a model for explanation of
the adsorption process which was then known as the Fre-
undlich adsorption isotherm model [14, 29]. According to
the Freundlich adsorption isotherm model, the adsorption
energy of adsorbate ions is unequal and the surface of the
adsorbent is heterogeneous on which multilayer adsorption
occurs. The exponential decrease in the adsorption enthalpy
with the rise in the adsorbate concentration is also suggested
by this model [30]. In short, Freundlich has assumed in his
model that the adsorption of adsorbate in adsorbent is physi-
cal. Freundlich models non-linear and linear are represented
by Egs. (9) and (10), respectively [15, 31].

1
q. = K, Co ®

logg, = log K + % logC, (10)

1/n and K are adsorption intensity and Freundlich constant
relating to adsorption capacity, respectively, while C, and g,
are the equilibrium concentration and adsorption capacity.
The favorability adsorption process can be determined from
the value of n [17, 31]. For the non-linear fitting of the Freun-
dlich adsorption model to adsorption isotherm data of nitrate
as well as phosphate adsorption on ICSBC, their respective
equilibrium concentrations were plotted against adsorption
capacities. The non-linear fitting plot of the Freundlich model
for experimental data of nitrate and phosphate adsorption on
ICSBC is shown in Figs. 11 and 12, respectively.
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The values of Freundlich model parameters and R” are
listed in Table 1 for nitrate and phosphate. The favorability
of the adsorption process can be determined from the value
of n. The value of n greater than 1 reveals that the adsorption
process is chemical. In contrast, when the value of 7 is less
than 1, it indicates that the adsorption process is physical
and fits the Freundlich model [29]. From the values of R?
(N=0.90142 and for P=0.83852) and from the fitting of the
Freundlich curve to the data obtained from the adsorption of
nitrate as well as phosphate on ICSBC (Figs. 11 and 12), it
can be concluded that the Freundlich model does not fit well
to experimental data. Along with the values of R? and fitting
of the curve, the values of n (N=0.2012 and for P=0.197)
and K (N=50.2 and for P=59.03) are also not in support of
Freundlich model fitting to experimental data.

3.7.2 Langmuir adsorption isotherm model

In 1918, Irving Langmuir proposed the Langmuir adsorp-
tion isotherm model for the characterization of the adsorp-
tion process [14]. According to the Langmuir adsorption
isotherm model, the adsorption energy of adsorbate adsorp-
tion on adsorbent is uniform, and the surface of adsorbent is
homogeneous on which monolayer adsorption of adsorbate
occurs which does not interact with each other. The non-
linear and linear forms of the Langmuir model can be rep-
resented by Eqs. (11) and (12), respectively [15, 25, 29].

_ QmaxKLCe
=11k, an

1 1

qe B KLqmaxCe
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Fig. 11 Changes in the values of R; for adsorption of nitrate and
phosphate on ICSBC with the increase in concentration
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Fig. 12 Non-linear isotherm fitting for nitrate adsorption on ICSBC

K; is the Langmuir constant and g, is the maximum pos-
sible adsorption capacity of adsorbent (ICSBC) for adsorbate
(nitrate or phosphate). The Langmuir fitting curve of the data
obtained from the adsorption of nitrate as well as phosphate
on ICSBC is shown in Figs. 12 and 13, respectively. The
values of Langmuir parameters and R” are listed in Table 1.

Dimensionless separation factor (R;) can also be used to
check the applicability of the Langmuir model to obtained
data. The values of R; can be calculated using Eq. (13).

1

R = —
LT 1+k.C, (13)

The R; can have a value from 0 to > 1, but for a
favorable adsorption process, the values of R; should be
0 <R; <1 [32]. For the process of adsorption of nitrate

Table 1 Isotherm adsorption model parameters for nitrate and phos-
phate adsorption on ICSBC

Nitrate Phosphate

Freundlich

K, (mg/g) 50.27676 59.03559

n 0.2012 0.19711

R? 0.90142 0.83852
Langmuir

q,, (mg/g) 93.68153 92.97788

K, (L/mg) 0.73536 3.04488

R? 0.98811 0.9637
Sips

q,, (mg/g) 93.68153 89.92978

K 0.73536 4.16041

n 1 0.95796

R? 1 0.96522
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and phosphate over ICSBC, the values of R; were found
to be in the range from 0.119709 to 0.019057 and from
0.031798 to 0.00467, respectively, as shown in Fig. 11.

The values of R; for nitrate as well as phosphate (Fig. 11)
indicate that the process of adsorption of nitrate and phos-
phate on ICSBC is favorable. It can also be observed that with
the increase in concentration, the value of R; decreases which
suggests that the increase in the concentration of adsorbate
(nitrate and phosphate) adsorption process enhances. From
the values of R> (N=0.98811 and for P=0.9637) and gq,p,,
(N=93.68153 and for P=92.97788 ) and from the fitting of
the curve to the experimental data obtained from the adsorp-
tion of each adsorbate (nitrate and phosphate) on ICSBC,
it can be concluded that the Langmuir adsorption isotherm
model shows best fitting to obtained data.

3.7.3 Sips adsorption isotherm model

The Sips model amalgamates the Freundlich and Langmuir
adsorption isotherm model, which describes the sorbent sur-
face as homogeneous, and the adsorption of adsorbate is a
cooperative process due to adsorbate-adsorbate interaction.
It is explained in Eq. (14):

1
Qm bCE ;

9. = # (14)
1+ (bC,)"

The fitting curve of the Sips adsorption isotherm model to
isotherm data obtained from the adsorption of nitrate and phos-
phate on ICSBC is shown in Figs. 12 and 13, respectively. The
values of Sips adsorption isotherm model parameters are listed
in Table 1. From the fitting of the curve to obtained data and
from the values of R> (N=1 and for P=0.965) and q,, N=93.6

105

45 1 :
- - - Langmuire
30 - —— Freundlich
= Qe
154 " — sip
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Fig. 13 Non-linear isotherm fitting for phosphate adsorption on
ICSBC
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and for P=89.9), it can be concluded that the Sips adsorption
isotherm model shows best fitting to experimental data from the
adsorption of nitrate and phosphate over ICSBC [31].

From the values of different adsorption isotherm param-
eters and from the fitting of the curve to experimental data, it
can be concluded that both Langmuir and Sips models show
the best fitting to obtained data, which powerfully reveals the
adsorption of nitrate and phosphate over ICSBC is chemical.

3.8 Effect of time on adsorption capacity
and removal efficiency of nitrate and phosphate
adsorption on ICSBC

Contact time has a significant effect on the adsorption process,
and the time required for an adsorbent to attain equilibrium
is mostly dependent on the nature of the adsorbent [14, 33].
In the case of biochar, the time required to attain equilibrium
depends on the temperature at which the biochar is produced
[34]. The effect of time was studied on the adsorption of nitrate
and phosphate on ICSBC by changing the contact time from
5 to 420 min and keeping all other factors constant (pH=2,
adsorbent dose=0.04 g, and Co=50 mg/L). The result of
contact time on the adsorption of nitrate and phosphate on
ICSBC is shown in Fig. 14. From the figure, it can be seen
that the removal efficiency and adsorption capacity of ICSBC
for nitrate as well as phosphate increase with time. Initially,
the rate of adsorption of nitrate and phosphate is very high
because a large number of active sites were initially available
on the surface of ICSBC, which resulted in fast adsorption of
adsorbate on ICSBC. After some time (1 h), the rate of adsorp-
tion falls because most of the active sites were occupied by
adsorbate (nitrate and phosphate) and a minimal number of
active sites were available for adsorption of adsorbate which
resulted in a slow rate of adsorbate adsorption on ICSBC [35].
A contact time of 180 min was considered to be the optimum
contact (¢,) at which equilibrium is established between the
adsorbate on the surface of the adsorbent and adsorbate in the
bulk of the solution. After a contact time of 180 min, the study
was extended up to 420 min but no significant increase was
found in removal efficiency and adsorption capacity of ICSBC
for nitrate and phosphate which suggests that a contact time of
180 min is an equilibrium contact time or optimum contact for
adsorption of nitrate (% =88.19, g,=77.17 mg/L) and phos-
phate (% =83.91, g,=95.8 mg/g) on ICSBC.

3.9 Kinetic studies

The kinetic study is very helpful in investigating the dynamic
interaction between adsorbate (nitrate and phosphate)
and the surface of adsorbent (ICSBC). The kinetic study
helps design a system for adsorption and the large-scale
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Fig. 14 Effect of contact time on g, and % of ICSBC for nitrate and
phosphate

application of adsorbents in wastewater treatment plants.
For the kinetic study of nitrate and phosphate adsorption
on ICSBC, pseudo-first and second-order kinetic models
were applied to obtain kinetic data of nitrate and phosphate
adsorption on ICSBC.

3.9.1 Pseudo-first-order kinetic model

Langergren in 1898 proposed a kinetic model known as a
pseudo-first-order kinetic model [14]. The non-linear and
linear form pseudo-first-order kinetic model is given by
expressions (15) and (16), respectively [29].

q, = q,(1 — 1) (15)

In(g,—gq,) =In g, — Kt (16)

t and K, are contact times and rate constants of the
pseudo-first-order kinetic model, respectively. ¢, and g,
are adsorption capacities at equilibrium and at any time ¢,
respectively. The pseudo-first-order kinetic model was non-
linearly applied to data obtained from the adsorption of
nitrate and phosphate on ICSBC in the contact time effect
study. For the fitting of the PFO kinetic model to obtain
data, g, was plotted against respective contact time ¢ and the
fitting of the PFO kinetic model to get data from the adsorp-
tion of nitrate and phosphate can be seen in Figs. 15 and
16, respectively. The PFO kinetic modal parameter values
were calculated and listed in Table 2. From the value of R?
(N=0.83826 and for P=0.88) and from the fitting of the
curve to obtained data, it can be concluded that the PFO
kinetic model does not fit well to the kinetic data of nitrate
and phosphate adsorption onto ICSBC [31].

50_- " qt
1 —— Pseudo second order
- - - Pseudo first order

0 100 200 300 400
Time (min)

Fig. 15 Non-linear fitting of kinetic models for nitrate adsorption on
ICSBC

3.9.2 Pseudo-second-order kinetic model

Ho and McKay in 1999 proposed pseudo-second-order, also
termed as Ho kinetic model. The non-linear and linear form
of the pseudo-second-order kinetic model is given by expres-
sions (17) and (18) [14, 29].

2
q.K,t
=<2 17
4= 77 q,K,t an
f_ 11,
49 K2 q. (%)
h= kzqg

The only thing new in this equation is K, and & which
is a rate constant for the PSO kinetic model and initial
adsorption rate, respectively [22, 36]. In the same way, as
stated before, the PSO kinetic model was applied to kinetic
data obtained from the adsorption of nitrate and phosphate
on ICSBC. PSO kinetic model fitting plot for nitrate and
phosphate can be seen in Figs. 15 and 16. The values of all
PSO kinetic model parameters were calculated and listed in
Table 2. As can be seen in Figs. 15 and 16, the PSO kinetic
model curve shows best fitting to obtained kinetic data of
nitrate and phosphate adsorption on ICSBC. An excellent
value of R? (N=0.9644 and for P=0.9812) was obtained
for both data, revealing that the PSO kinetic model is com-
patible with the received data. From the values of R* and
the fitting of a curve to data, it can be concluded that the
PSO kinetic model best fits experimental data of nitrate and
phosphate adsorption on ICSBC [22].

@ Springer
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Fig. 16 Non-linear fitting of kinetic models for phosphate adsorption
on ICSBC

Table 2 Isotherm kinetic models’ parameter for nitrate and phosphate
adsorption on ICSBC

Nitrate Phosphate

Pseudo-first-order kinetic model

q,, (mg/g) 75.74661 82.31331

K, 0.11715 0.098

R, 0.83826 0.88009
Pseudo-second-order kinetic model
g, (mg/g) 78.74671 86.01302
K, 0.00248 0.00181
R, 0.96441 0.98122

By investigating the values in Table 2, it can be concluded
that the PSO kinetic model is best fitting to the data obtained
from the adsorption of nitrate and phosphate on ICSBC.
From the assumption of the PSO kinetic model, it can be
concluded the chemical phenomenon controls the rate of
adsorption of nitrate and phosphate on ICSBC. From the

adsorption isotherm studies and from the kinetic studies,
it can be concluded that the adsorption of nitrate and phos-
phate on ICSBC is chemical [37, 38]. Table 3 summarizes
the comparison of various adsorbents on the adsorption of
nitrate and phosphate.

3.10 Desorption study or ICSBC regeneration
experiment

It is economically desirable to regenerate and reuse the adsor-
bent (ICSBC) for the adsorptive removal of pollutants from
wastewater [15]. In the case of phosphate and nitrate, the
recovered phosphate and nitrate by desorption can be used as
fertilizer, which further makes the regeneration of adsorbent
desirable [44]. The remarkable decrease in the phosphate
as well as nitrate adsorption efficiency on ICSBC with the
increase in pH reveals the possibility of adsorbent (ICSBC)
regeneration by desorption of adsorbate (nitrate and phos-
phate) from spent adsorbent (ICSBC) in alkaline solution
[16]. Batch desorption experiments for both analytes were
conducted using conditions as were applied to batch adsorp-
tion experiments, using 70 mL/0.2 M NaOH solution. The
amount of analyte (nitrate or phosphate) released into the
solution per gram of ICSBC is known as the desorption per-
centage. The desorption percentage is obtained when the ¢,
of desorption to g, of adsorption is multiplied by 100. The g,
of desorption can be obtained using Eq. (18).

S
g, = V(M)“”

where C; is the concentration (mg/L) of analyte (nitrate or
phosphate) after desorption from spent adsorbent (ICSBC),
V is the volume (L) of alkaline solution used for desorp-
tion, and M is the mass (g) of spent ICSBC [15]. In the first
cycle of desorption, a desorption percentage of 91.17% and
92.57% was obtained for nitrate and phosphate, respectively
(Table 4). Four cycles of adsorption and desorption were
carried out to check for how long the adsorbent (ICSBC)
can be reused [23]. In the fourth cycle of adsorbent (ICSBC)
reuse, the adsorptive removal efficiency of 70.11% and

Table 3 Comparative analysis of the nitrate and phosphate adsorption using different agricultural wastes as adsorbents

Adsorbents Nremoval Premoval g¢,of N(mgg™) g¢,of P(mgg™') Dosage(gL™") Initial Ref.
rate in % rate in % conccentraion (mg LY
Corn stalks 82.4 96.03 24.20 20.04 4 50 [39]
Corn stalks 13.61 22.88 2 100 [40]
Wheat straw 52.8 45.07 2 500 [41]
Biochar-MgAl LDH 28.26 73.69 2.5 10-50 [42]
SWR 0.06 0.96 20 Sand 19 [43]
ICSBC 88.19 95.89 77.17 83.93 4 50 Current
studies
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75.40% was obtained for nitrate and phosphate, respectively,
which is quite excellent. These results indicate that ICSBC
can be regenerated once used and has good potential to be
reused again and again for adsorptive removal of nitrate and
phosphate from wastewater.

3.11 Proposed mechanism of the nitrate
and phosphate adsorption

The possible mechanism for the adsorption of nitrate and
phosphate on ICSBC could be proposed on the informa-
tion obtained in the current study. The mechanism of nitrate
and phosphate adsorption can be explained by chemical and
physical adsorption. From the kinetic and isotherm study, it
is concluded that the nitrate and phosphate ions are chemi-
cally adsorbed on the surface of ICSBC. The possible mech-
anisms for the adsorption of nitrate and phosphate on the
surface of ICSBC are as follows: (1) ligand exchange mecha-
nism, (2) complexation, and (3) electrostatic attraction.

Ligand exchange mechanism is based on the exchange of
nitrate and phosphate ions with the Fe hydroxyl present on
the surface of Fe oxides. The FTIR analysis of ICSBC before
and after the adsorption is presented in Fig. 5. The bands at
3440 cm™! of ICSBC are attributed to the stretching vibra-
tion of —OH group, which belongs to the Fe hydroxyl on the
Fe oxide surface. In the FTIR spectra of P-ICSBC, the band
present at 1085 cm™! corresponds to the presence P-O bond
stretching vibration. Moreover, in the spectra of N-ICSBC,
the peak at 1556 cm™! corresponds to the N =0 stretch-
ing vibration and NO; symmetric and asymmetric peaks
are observed at 1384 cm™! and 825 cm™'. From Fig. 5, we
can observed that in the spectra of P-ICSBC and N-ICSBC
the —OH peaks disappear, while the peaks of P-O and N-O
strengthen after the P and N adsorption. This indicate the
exchange of ligand through the adsorption that results in
replacing the hydroxyl groups by nitrate and phosphate ions.
From the spectra, we can observed that the Fe peaks weaken
after the adsorption of nitrate and phosphate that confirmed
that iron coating plays a crucial role in the nitrate and phos-
phate adsorption process [45, 46].

Table4 The efficiency of nitrate and phosphate desorption from
ICSBC using NaOH solution

Cycle Adsorption (%) Desorption (%)
Nitrate Phosphate Nitrate Phosphate
1 88.19 95.89 91.17 92.57
2 78.73 85.98 89.68 89.96
3 75.03 79.88 87.52 88.88
4 70.11 75.40 86.21 86.37

Electrostatic mechanism is based on the electrostatic
interaction between the negatively charged nitrate and
phosphate ions and positively charged surface functional
group on ICSBC. Electrostatic interaction plays an impor-
tant role in the removal of negatively charged nitrate and
phosphate ions which is verified by the increase in the
adsorption capacity with the decrease in the pH (Fig. 9).
The higher adsorption capacity of nitrate and phosphate
ions can be attributed to the attractive electrostatic inter-
action between negatively charged ions and positively
charged surface of biochar (ICSBC) at a pH value lower
than pHp,- (pHpyc = 5). At pH < pHpy, the surface of
the adsorbent (ICSBC) is positively charged due to the
protonation of oxygen-based functional groups and will
electrostatically attract negatively charged nitrate and
phosphate ions and result in higher adsorption capacity. At
pH > pHyp,, the surface of the adsorbent (ICSBC) is nega-
tively charged due to deprotonation of oxygen-based func-
tional groups and will electrostatically repel negatively
charged nitrate and phosphate ions resulting in lower
adsorption capacity. With the increase in the pyrolysis
temperature, the extent of carbonization enhanced result-
ing in higher electrostatic interaction between the surface
of biochar and metal ions [47].

The complexation mechanism is based on the formation
of a coordination complex between the nitrate and phosphate
ions and surface functional groups. This mechanism is more
predominant in the biochar prepared at low temperature due
to a large number of oxygen-based functional groups on the
surface of biochar prepared at low temperature as compared
to biochar prepared at high temperature. In short, biochar pre-
pared from agricultural waste shows high complexation and
ion exchange potential for the adsorption of adsorbate. The
complexation of nitrate and phosphate ions with the surface
functional groups has been considered as a significant mech-
anism for the adsorptive removal of nitrate and phosphate
ions which is further verified by kinetic and isotherm study
which also suggest that adsorption of nitrate and phosphate
ions onto ICSBC is chemisorption involving sharing and
exchange of electron. The complexation mechanism is also
verified from the FTIR spectrum of N-ICSBC and P-ICSBC
(Fig. 5). In the FTIR spectrum, the peaks for O-H, C=0,
Fe-0O, C-O-C, and C=C groups can be observed. These oxy-
gen-based functional groups can easily form complexes with
the nitrate and phosphate ions resulting in the chemisorption
of nitrate and phosphate ions on the surface of ICSBC [47].

R - OH + NOJ — R - OH ---NO;
Fe—OH+NO3_ —>Fe—OH---NO;

R-C=0+NO; »R—-C=0--NO;
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Table5 Cost analysis of various commercially available adsorbents
and ICSBC

Adsorbent Cost ($/g) Reference
Mesoporous silica 0.068 [48]
Nanozeolite 0.0300 [49]

Copper impregnated tufa 0.0066 [50]
Chitosan-calcite 0.2646 [51]
Titania/graphene oxide 0.1875 [52]

ICSBC 0.0038 Current studies

R — OH + PO, — R — OH --- PO;
Fe — OH + PO, — Fe — OH --- PO;

R-C=0+P0O; »R~-C=0--PO;

3.12 Cost analysis

Commercially available adsorbents for large-scale applica-
tions are hampered due to their high operational cost, dif-
ficulty in regeneration, and relatively high prices. Therefore,
it is necessary to introduce adsorbents that are low-cost,
renewable, and locally available materials for the treatment
of wastewater. If the adsorbents are readily available and
low-cost, it provides a feasible treatment for the adsorption
process. To compare different materials, adsorbent cost is
an important parameter. Table 5 shows the cost of our pre-
pared adsorbent and compares it with commercially avail-
able adsorbents. The cost of the adsorbents depends upon
numerous factors like their sources (agricultural/domestic/
industrial/natural/by-product or synthesized product), recy-
cling, treatment conditions, and durability.

4 Conclusion

Biochar derived from P. hysterophorus emerges as a promis-
ing biosorbent class for removing nitrate and phosphate from
municipal and industrial water sources. This work prepared
biochar from the P. hysterophorus stem to remove nitrate and
phosphate from water. The prepared biochar was then impreg-
nated with FeCl; and FeSO, to enhance its efficiency. Batch
sorption experiments were conducted to examine the optimum
adsorption conditions. The investigations revealed that opti-
mum pH of 2, contact time 180 min, the adsorbent dosage
of 0.04 g, and the adsorbate initial concentration of 50 mg/L
are the ideal parameters for the adsorptive removal of nitrate
and phosphate. The maximum removal efficacy for nitrate and
phosphate was 88.19% and 95.89%. Likewise, the optimum

@ Springer

adsorption capacity for nitrate and phosphate was 77.17 mg/g
and 83.93 mg/g. To examine the surface functional group,
FTIR analysis was carried out. SEM and EDS analysis were
carried out for surface morphology and elemental analysis.
Freundlich, Langmuir, and Sips isotherm models were used to
assess equilibrium models. Among them, the Langmuir iso-
therm model best fits the experimental data with an R? value of
0.9811 for nitrate and 0.963 for phosphate, respectively, indi-
cating that adsorption occurs via chemisorption. PFO and PSO
are used to study the kinetic models. Among them, the PSO
kinetic model shows good fitting with an R value of 0.9644
for nitrate and 0.98122 for phosphate. From this discussion,
we concluded that ICSBC is practically applicable for remov-
ing nitrate and phosphate from water. In short, this method of
impregnated biochar presents new prospects for finding eco-
nomical and efficient treatments for removing nitrate, phos-
phate, and other pollutants from water using waste materials.
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