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Abstract

Excessive nitrate and phosphate in water pose serious environmental and health risks, requiring effective and sustainable
removal methods. This study investigates the efficiency of iron-modified biochar derived from barley straw (Fe-BSBC)
for removing these pollutants from water. The influence of contact time, pH, adsorbent dosage, and competing anions on
adsorption performance was tested in batch experiments. At pH 6 and 23 + 1 °C, with an initial adsorbate concentration
of 15 mg/L and adsorbent dosages of 5 g/L for phosphate and 15 g/L for nitrate, equilibrium was achieved within 8 h for
phosphate and 24 h for nitrate. Fe-BSBC demonstrated adsorption capacities of 13.7 mg/g for phosphate and 2.0 mg/g for
nitrate, outperforming most of the previously reported biochar adsorbents. Isotherm modelling indicated that the Sips model
best described the adsorption process, suggesting multilayer and heterogeneous adsorption. Predicted maximum adsorp-
tion capacities were 22.0 mg/g for phosphate and 4.07 mg/g for nitrate. Kinetic data aligned with the pseudo-second-order
model, indicating chemisorption as the primary mechanism. Electrostatic attraction was identified as the main mechanism
for nitrate adsorption, evidenced by a decrease in zeta potential after nitrate uptake and supported by FTIR, EDS, and XRD
characterisation. Conversely, phosphate removal was mainly driven by ligand exchange, leading to the formation of Fe—O—
P complexes, alongside electrostatic interactions. Overall, Fe-BSBC presents a cost-effective and scalable water treatment
solution that supports the Sustainable Development Goals.
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Introduction

Water quality degradation caused by excessive nutrients
(nitrate and phosphate) in water bodies due to discharges
of inadequately treated runoff and wastewater has become
a global problem. This issue negatively impacts ecosys-
tems, biodiversity, drinking water security, and ultimately,
the well-being of people (Hashemi et al. 2016; Cai and
Ye 2022). Excessive phosphate concentrations lead to
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eutrophication, which reduces dissolved oxygen levels in
water bodies (Nijboer and Verdonschot 2004). Likewise,
elevated nitrate concentrations in drinking water can cause
methemoglobinemia (or blue baby syndrome), various types
of cancers, enlargement of the thyroid gland, diabetes, and
adverse reproductive outcomes (Ward 2009). Effective and
practical treatment methods are needed to address this water
pollution problem.

Adsorption is one of the most promising methods for
nutrient removal from water due to its low cost, high effi-
ciency, and ease of operation and maintenance (Anasto-
poulos et al. 2017). Recently, the use of biochar produced
from biowaste and agricultural residues as an adsorbent has
attracted the attention of researchers and practitioners. Bio-
char has exceptional adsorption and ion-exchange capacities
due to its porous structure, extensive specific surface area,
and carboxyl functional groups (Inyang et al. 2016). In many
parts of the world, agricultural waste is burned at source,
causing air pollution and chronic health effects (Jones et al.
2023). Converting these waste materials into biochar not
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only adds commercial value but also helps mitigate the sig-
nificant disposal challenges associated with them. However,
most biochar types possess a net negative surface charge,
which limits their effectiveness in adsorbing anionic pollut-
ants (Deng et al. 2021).

Incorporating iron (Fe) onto the biochar surface can
increase its positive surface charge, thereby improving its
electrostatic attraction and anion exchange capacity (Ou
et al. 2023). The Fe ions attached to the biochar surface
can efficiently interact with anions such as NO;~ and PO43‘,
thereby enhancing the removal of these anionic pollutants
(Inyang et al. 2010). Iron (hydr)oxide adsorbents have been
investigated for phosphate removal from aqueous solutions
due to their abundance, chemical stability in oxygenated
waters, cost-effectiveness, and environmentally friendly
nature (Liu et al. 2018). Perera et al. (2024) synthesized
iron-functionalized pine woodchips and iron-functionalized
commercial biochar derived from woodchips for phosphate
removal from agricultural drainage, demonstrating high
phosphate adsorption. Similarly, Long et al. (2019) uti-
lized FeCls to modify corncob biochar, thereby enhancing
its positively charged surface for nitrate removal. Batch
experiments showed that nitrate adsorption on iron-modi-
fied biochar remained stable across a range of pH and tem-
perature values, with a maximum adsorption capacity of
32.33 mg/g. Other studies have investigated iron-modified
biochar derived from various biowaste sources, such as corn
straw (Liu et al. 2015), bamboo (Ou et al. 2023), and reed
waste (Kuang et al. 2023), waste Douglas fir (Dewage et al.
2018) and mangrove green waste (Usman et al. 2016) for
either nitrate or phosphate removal. The evaluation of iron-
modified biochar’s efficiency in removing both phosphate
and nitrate remains largely unaddressed in the literature,
despite these two pollutants being commonly found together
in impacted water bodies or in wastewater.

Among the various biowaste resources used to produce
biochar, barley straw (BS) remains unexplored for nitrate
and phosphate removal despite its promising characteristics
and abundance. According to the FAO (2023), barley (Hor-
deum vulgare L..) was among the five most produced cereal
species globally in 2022, with 155 million tonnes produced
that year. Barley is primarily used to produce malt, in animal
feed, and in human nutrition. The growing and processing
of barley generates a significant amount of waste, mainly
comprising straw (Garcia-Garcia and Rahimifard 2019).
Barley straw is used for energy production and as fodder,
but a significant amount is not utilized and is discarded as
waste (Zhu et al. 2015). Therefore, using barley straw as a
promising renewable resource for producing adsorbents for
nutrient removal would be advantageous from both environ-
mental and economic perspectives.

The effectiveness of barley straw as an adsorbent in var-
ious forms for removing contaminants from water has been
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investigated due to its abundance, renewable nature, active
functional groups, and high cellulosic composition (46%
cellulose, 23% hemicellulose, and 15% lignin) (Ahmed
et al. 2024; Zhu et al. 2015). The most widely studied
pollutants treated with it include heavy metals such as cad-
mium and lead (Jazini et al. 2018); dyes such as methylene
blue (Yue et al. 2024; Farouk et al. 2021) and malachite
green (Ghasemi et al. 2020); antibiotics like levofloxacin
(Yan et al. 2017) and norfloxacin (Yan and Niu 2018); and
organic pollutants such as phenol (Maleki et al. 2010),
oil (Ibrahim et al. 2010) and salicylic acid (Ahmed and
Hameed 2018). In most of these studies, carbonaceous
adsorbents derived from barley straw (biochar and acti-
vated carbon) or chemically modified barley straw were
used. This is because most raw agricultural wastes, includ-
ing raw barley straws, cannot be used in their original form
(Mo et al. 2018) due to their inherently low mechanical
stability. Therefore, thermal or chemical modifications
(e.g., pyrolysis, crosslinking, and functionalization) are
necessary to improve porosity, surface area, and functional
groups, enhancing their adsorption capacity.

Despite considerable prior research, no studies have
explored the potential use of biochar derived from bar-
ley straw for phosphate and nitrate removal from aqueous
solutions. Also, as noted before, research on the use of
iron-modified biochar from different agricultural wastes
has focused on either phosphate or nitrate removal, even
though these two pollutants are often found together in
contaminated water. Furthermore, the nutrient adsorption
capacity of biochar remains relatively low. For example,
the highest phosphate adsorption capacity reported is
58.24 mg/g for bamboo-derived biochar modified with Fe
and Ca and used to treat industrial wastewater (Ou et al.
2023). Phosphate concentrations as high as 200 mg/L were
used, which doesn’t reflect the concentrations found in
most municipal wastewater or in the environment. A phos-
phate adsorption capacity of 23.33 mg/g was reported for
iron-modified carbon at pH 2 (Delgadillo-Velasco et al.
2021). Still, the low pH requirement limits the adsorbent
to low-scale applications, where the use of acids for pH
control could be feasible.

Therefore, this study aims to produce iron-treated bar-
ley straw biochar (Fe-BSBC) and evaluate its effectiveness
in simultaneously removing nitrate (NO;™) and phosphate
(PO43') from water at concentrations and pH levels closer
to those of most wastewater and contaminated water bodies.
The nutrient removal capacity of the Fe-BSBC was exam-
ined through a series of batch adsorption experiments con-
ducted under varying contact times, pH levels, adsorbent
dosages, and in the presence of competing anions. The kinet-
ics and isotherm characteristics of nitrate and phosphate
uptake were analyzed, and the adsorbent was characterized
using standard microscopic and spectroscopic techniques.
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Materials and methods
Chemicals and materials

Ferric chloride (FeCls-6H,0), sodium chloride (NaCl),
ammonium hydroxide (NH+«OH), sodium nitrate (NaNO3),
and sodium dihydrogen orthophosphate dihydrate
(NaH,PO+-2H,0) were purchased from Merck and used
without further purification. Barley straw was obtained from
the Topflite Company in Christchurch, New Zealand.

Preparation of iron-treated barley straw biochar
(Fe-BSBC)

The untreated barley straw was washed and dried in an oven
at 60 °C for 24 h. Then, the dried samples were ground and
sieved to a particle size of 0.6—1.18 mm. To prepare barley
straw biochar (BSBC), the samples were pyrolyzed under
oxygen-limited conditions at 600 °C for 2 h. This tempera-
ture was selected based on the findings of Sedmihradskéa
et al. (2020), who identified 600 °C as the optimal tempera-
ture for producing biochar from barley straw, enhancing its
stability and adsorption properties.

The Fe-BSBC composites were prepared using a method
similar to that outlined in a previous study by Perera et al.
(2024), which demonstrated excellent performance for phos-
phate removal. Still, its effectiveness for nitrate removal was
not explored. Briefly, the prepared biochar was immersed in
1 M Fe (III) chloride dissolved in a saturated sodium chlo-
ride (NaCl) solution. The suspension was placed under a
vacuum while stirring for up to 2 h. The iron (III) chloride
solution was decanted, and the treated biochar was dried at
60 °C for 24 h. The treated material was then immersed in
a 5 M ammonium hydroxide (NH+«OH) solution. The pH of
the solution was adjusted to 9—10 while stirring, and then
left for 3 h to allow the formation of iron (III) hydroxide.
The suspension was left to settle overnight, and the treated
biochar was then washed extensively with DI water until the
pH of the wash water reached 7. The treated biochar sample
was subsequently dried at 60 °C for 24 h.

Characterization of Fe-BSBC

Surface functional groups on Fe-BSBC were identified using
Fourier transform infrared (FTIR) spectroscopy, covering a
range of 400 to 4000 cm™!, with a L1600300 Spectrum TWO
LiTA system (UK). Scanning electron microscopy (SEM)
with a JEOL JSM IT-300LV was employed to examine the
surface morphology of the adsorbent. EDS analysis was con-
ducted to investigate the elemental composition of Fe-BSBC
before and after adsorption, using an Oxford X-Max 50 from

Oxford Instruments. Crystallinity was assessed with a Rigaku
Smartlab 3 kW X-ray diffractometer employing CuK(a) radia-
tion. The zeta potential of the adsorbent was measured using a
Zetasizer Nano (Malvern Panalytical) and analyzed with Zeta-
sizer Software version 8.01.4906. The specific surface area of
Fe-BSBC was determined by the Brunauer—-Emmett—Teller
(BET) multipoint method, while pore size distribution was
analyzed using the Barrett-Joyner-Halenda (BJH) method,
with an Autosorb iQ instrument from Anton Paar Ltd., Austria.

Effect of operational factors on adsorption (contact
time, adsorbent dosage, adsorbate concentration,
pH, competing anions)

Batch adsorption experiments were conducted by adding Fe-
BSBC up to a final concentration of 5 g/L. to 100 mL of a
solution of either nitrate or phosphate with a concentration of
15 g/L in 120-mL plastic test tubes. The dosages were selected
based on preliminary experiments, which showed that a high
adsorbent dosage is required for effective nitrate removal com-
pared to phosphate. The test tubes were placed in an orbital
shaker at 220 rpm for 48 h to ensure equilibrium was reached,
as indicated by the stabilized pollutant concentrations in the
solution. Afterwards, the samples were filtered through 0.45-
pm PTFE membrane filters, and the nitrate and phosphate con-
centrations were measured using a Dionex ICS-3000 Reagent-
Free™ Jon Chromatography (RFIC™) system.

Various adsorption experiments were performed to inves-
tigate the impact of different adsorbent dosages, pH levels,
and competing anions, along with kinetic and isotherm analy-
ses. The experimental conditions are summarized in Table 1.
All experiments were conducted in triplicate at a pH of 6 and
a temperature of 23 +1 °C, with the mean values + standard
deviation reported. The pH of the solution was adjusted to
2-9 using NaOH and HCI to evaluate the impact of pH on
adsorbent performance. The adsorption efficiency (R, %) and
capacity (qe, mg/g) of NOs~ and PO4>~ by Fe-BSBC were deter-
mined using Eqs. 1 and 2, respectively.

R(%) = (Cy — C,)/Cy x 100 (1)

ge =(Cy—C)xV/m @

where V (L) is the volume of the solution, C, and C. (mg/L)
are the initial and equilibrium concentrations of NO;~ and
PO43‘, respectively, and m is the Fe-BSBC mass.

Kinetic and isotherm model fitting
To investigate the mechanisms governing the adsorption
process and identify the potential rate-limiting steps, two

non-linear kinetic models, the pseudo-first-order (PFO) and
pseudo-second-order (PSO) models, were applied to fit the
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Table 1 Experimental parameters for adsorption experiments

Adsorption experiment Initial concentration, mg/L

Fe-BSBC mass, g/100 mL Sampling time, h pH

Effect of contact time and kinetic study ~NO;~ or PO,*~ =15

Effect of adsorbate concentration and NO,~ or PO,*~=15-250
Isotherm study

Effect of solution pH NO;™ or PO, =15

Effect of competing anions

Effect of adsorbent dosage NO,~ or PO =15

NO,~, PO,*, SO,*, and CI"=15

NO,"=1.5 NO,~, PO,>=0.02-48 6
PO/~ =0.5

NO;"=1.5 NO," =24 6
PO~ =05 PO =8

NO;"=1.5 NO;"=24 2-9
PO, =05 PO =8

NO;"=1.5 NO;" =24 6
PO/~ =0.5 PO, =8

NO;"=0.1,0.5, 1.0, 1.5,2.0 NO;" =24 6
PO,’>~=0.05,0.1,0.25,0.5,0.7 PO, =8

experimental data. Meanwhile, three non-linear adsorption
isotherm models, including Langmuir, Freundlich and Sips,
were used to analyze the adsorption results of NO;™ and
PO,*" onto Fe-BSBC. These models are widely used in
adsorption kinetics and isotherm studies (Ghaedi 2021).
The experimental conditions for kinetic and isotherm stud-
ies are presented in Table 1. The equations for the kinetic
and isotherm models are shown in Table 2.

Statistical analysis

All adsorption experiments were performed in triplicate, and
results are reported as mean values + standard deviation. The
appropriateness of the kinetic and isotherm models in fitting
the experimental data was evaluated using the coefficient of
determination (R?) and the mean squared error (MSE). A
two-sample #-test (p <0.05) was performed to statistically
evaluate the effect of competing anions on the removal effi-
ciency of nitrate and phosphate. Data analysis, including
calculation of means, standard deviations, and non-linear
regression, was carried out using Microsoft Excel version
2403.

Results and discussion
Impact of contact time

The identification of the contact time required for the
adsorbent to reach equilibrium under a given condition
is a critical part of adsorption studies. Figure 1 illustrates
the impact of contact time on NO;~ and PO,*~ removal
efficiency (R, %) and adsorption capacity (q, mg/g) using
Fe-BSBC. As shown in Fig. 1, PO,*~ removal occurred
considerably faster than NO;™ removal. Phosphate adsorp-
tion equilibrium was achieved within 8 h, with its removal
efficiency rising rapidly from 59% at 10 min to a maxi-
mum of 98% at equilibrium. The PO43_ adsorption capac-
ity also showed a rapid increase, stabilizing at 2.61 mg/g,
almost three times that of NO;™. The quick attainment of
equilibrium indicates that Fe-BSBC exhibits a high affin-
ity for PO43' ions. In contrast, NO;~ removal was slower,
reaching equilibrium after 24 h (Fig. 1). Nitrate removal
efficiency increased from 6% at 10 min to a maximum
of 81% at equilibrium time. The corresponding adsorp-
tion capacity rose steadily, stabilizing at 0.79 mg/g. The
longer contact time required for NO;™ adsorption to reach

Table 2 Kinetic and isotherm
model equations

Models

Equations Nomenclature

Kinetic
Pseudo-first order (PFO)
Pseudo-second order (PSO)

Isotherms

Langmuir
Freundlich
Sips

q, = q.(1 —exp(—k;1)) q, (mg/g), adsorption capacity at time t; g,

) (mg/g), adsorption capacity at equilibrium;
9= Thoqs k, (h™"), PFO rate constant; k, (g/mg/h), PSO
rate constant
q, = ’Z'"K_KLC‘ q. (mg/g), adsorption capacity at equilibrium;
* 9 i C, (mg/L), NO;~ and PO~ concentration at
9. = K;C, equilibrium; K, (L/mg), Langmuir isotherm
— aab G constant; q,,,, (mg/g) maximum adsorption
de = 1+4b,C" capacity; Ky, Freundlich isotherm constant; n

(dimensionless), Freundlich exponent; bs (L/
mg), affinity constant
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Fig. 1 Impact of contact time on removal efficiency (R%) and adsorp-
tion capacity (q) of (a) nitrate and (b) phosphate by Fe-BSBC

equilibrium could be attributed to weaker interactions
between NO;~ ions and the adsorbent or higher mass
transfer resistance. These distinct adsorption kinetics
underscore the importance of tailoring the contact time
to the target contaminant to optimize treatment efficiency.
In general, Fe-BSBC demonstrated excellent performance
in removing both nitrate and phosphate, with phosphate
removal being more effective. This difference is likely due
to the multi-charged nature of PO4>~ ions, which results
in stronger electrostatic interactions with the positively
charged active sites on Fe-BSBC (Baidas et al. 2023).
Phosphate’s ability to form complexes, along with the
stronger binding affinity of iron (II) (Fe**) for phosphate
anions compared to nitrate, results in stronger binding
and higher phosphate removal (Min et al. 2020). A high
porosity, a large specific surface area, and the presence
of various functional groups have been demonstrated to
be crucial for nitrate removal (Parker et al. 2012). How-
ever, the reduction in the biochar's surface area after iron
treatment, as described later in the “Adsorbent characteri-
zation” section, could also contribute to its lower nitrate
removal capacity compared to phosphate. Based on these
results, equilibrium contact times of 8 h for PO43_ and
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Fig.2 Impact of adsorbent mass on (a) nitrate and (b) phosphate
removal efficiency (R %) and adsorption capacity (q,)

24 h for NO;~ were established for subsequent adsorption
experiments.

Impact of adsorbent mass

The relative percentage removal efficiency of both pollut-
ants increased with the Fe-BSBC dosage, reaching a plateau
at a dosage of 15 g/L for nitrate and 5 g/L for phosphate,
with higher dosages yielding only a slight improvement
in removal performance (Fig. 2). A significant improve-
ment was observed in nitrate removal (from 10 to 81%) as
the adsorbent mass increased from 1 to 20 g/L (Fig. 2a).
The phosphate removal followed the same trend, with
the removal efficiency improving from 32 to 98% as the
adsorbent mass increased from 0.5 to 7 g/L (Fig. 2b). The
observed increase in removal efficiency can be attributed
to the greater number of cationic sorption sites available
for ionic attraction, resulting from a higher concentration of
Fe-BSBC. At the same time, the nitrate adsorption capac-
ity decreased from 1.53 to 0.79 mg/g, and the phosphate
adsorption capacity diminished from 9.90 to 2.63 mg/g as
the adsorbent dosage increased, suggesting an excessive
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number of sorption sites available. Therefore, dosages of
15 g/L for nitrate and 5 g/L for phosphate were selected
for subsequent adsorption experiments. The lower dosage
of Fe-BSBC required to effectively remove PO,*>~ compared
to NO;™ ions is related to the higher affinity of the adsorbent
for phosphate, as discussed above.

Impact of pH

The Fe-BSBC exhibited high nitrate adsorption across a
broad pH range of 2 to 8 (Fig. 3-left(a)). Nitrate removal
remained at 80% or higher throughout this entire pH range.
The highest removal efficiency, 86%, was observed at pH
2. As the pH increased, the removal efficiency slightly
decreased, reaching 80% at pH 10. The adsorption capacity
followed a similar trend, with the highest value of 0.85 mg/g
at pH 2. Adsorption capacity gradually declined as the pH
increased, stabilizing at 0.79 mg/g between pH 6 and pH
10. The results demonstrate that nitrate adsorption by Fe-
BSBC is somewhat pH-dependent, with acidic conditions
and a higher concentration of protons (H' cations) being
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the most favourable for nitrate removal. At lower pH values,
increased protonation of the adsorbent surface functional
groups enhances electrostatic interactions with negatively
charged nitrate ions, resulting in higher adsorption perfor-
mance (Haghighi Mood et al. 2024). At higher pH levels,
reduced protonation and increased competition from hydrox-
ide ions (OH™) likely contribute to the slightly reduced
nitrate removal efficiency (Khoshkalam et al. 2023). Further-
more, NO;™ ions can also form hydrogen bonds with proto-
nated surface hydroxyl groups on iron oxides (Dewage et al.
2018). A similar trend was reported by Dewage et al. (2018),
Usman et al. (2016), and Haghighi Mood et al. (2024).
Figure 3-left(b) also shows that a high phosphate removal
efficiency was maintained in the pH range of 2—6, with a
maximum value of 98% observed at pH 6. A decline in
removal efficiency occurred at higher pH levels, with values
decreasing to 88% at pH 8 and 86% at pH 10. The adsorp-
tion capacity followed a similar trend, peaking at 2.61 mg/g
at pH 6. At pH levels of 8 and 10, the adsorption capacity
decreased to 2.37 mg/g and 2.33 mg/g, respectively. Optimal
removal performance at lower pH values can be attributed
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Fig.3 Impact of pH (left column) and competing anions (right column) on removal efficiency (R%) and adsorption capacity (q,) of (a) nitrate

and (b) phosphate
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to the increased positive charge on the adsorbent surface
due to the higher availability of H* ions, which leads to
electrostatic attraction between the active adsorption sites
on the adsorbent and phosphate. At higher pH values, the
concentration of hydroxide ions (OH™), which compete
with phosphate ions for sorption sites, increased (Wang
et al. 2012). Additionally, at low pH values, H,PO4™ is the
dominant species and is more readily adsorbed on metal
hydroxide adsorbents than HPO.>~ due to the formation of
hydrogen bonds between the adsorbent surface and one of
its protons (Chubar et al. 2005). The efficient phosphate
adsorption onto iron-modified biochar has been linked to the
electrostatic attraction between the adsorbent's active sites
and the H,POa4™ species (Yang et al. 2018). A similar pattern
was observed by Ou et al. (2023), Delgadillo-Velasco et al.
(2021) and Wang et al. (2012), who used iron-modified car-
bon and iron-doped activated carbon for phosphate adsorp-
tion from water. Their findings indicated that phosphate
removal is more effective in acidic conditions and declines
at alkaline pH levels (pH> 7).

Impact of competing anions

Typical anions commonly found in groundwater and natural
water, such as chloride and sulphate, compete with nitrate
and phosphate ions for the adsorbent's cationic sites (Banu
et al. 2019). The competing effect of these ions was exam-
ined by adding 1.5 g and 0.5 g of the Fe-BSBC composite
for nitrate and phosphate uptake, respectively, to 100 mL
of a 15 mg/L solution containing the competing ion mixed
with the corresponding adsorbate anions (with a blank con-
trol with no competing ions). The results, illustrating the
influence of these ions on nitrate and phosphate uptake, are
shown in Fig. 3-right. They indicate that sulphate, phos-
phate, and chloride ions have minimal impact on nitrate
removal by Fe-BSBC (Fig. 3-right(a)). A paired two-sam-
ple t-test (p <0.05) was conducted to assess performance
variations, confirming no significant difference in nitrate
removal in the presence of competing anions (p > 0.05). This
demonstrates the material's selectivity for nitrate over other
common anions in water, making it a promising adsorbent
for nitrate removal in polluted waters typically containing
competing ions. However, the presence of sulphate, nitrate,
and chloride ions interfered with phosphate removal by Fe-
BSBC (Fig. 3-right(b)), with a p-value < 0.05. Despite this,
the material retains relatively high phosphate removal effi-
ciency (above 89%), demonstrating its potential for phos-
phate removal in water containing multiple competing ani-
ons. Nevertheless, the different impact of competing cations
on phosphate and nitrate adsorption could be the result of
differences in the molarity of the test solutions, in which
nitrate molarity was the highest, meaning more NO;™ ions
were available to adsorb onto Fe-BSBC.

Adsorption kinetic models

Figure 4-left shows the kinetic profiles of nitrate and phos-
phate removal by Fe-BSBC, modelled using PFO and PSO
equations. The experimental data for both nitrate and phos-
phate more closely follow the PSO model, both during the
initial rapid adsorption phase and in the subsequent equi-
librium, as evidenced by the higher R? values. Table 3 pre-
sents the kinetic model parameters for nitrate and phosphate
adsorption. The PSO model has a higher R? value (0.9893)
compared to the PFO model (0.9619) for nitrate, indicat-
ing a slightly better fit. Phosphate adsorption is much better
described by the PSO model, with an R? value of 0.9799
compared to 0.8983 for the PFO model. Furthermore, the
similarity between the calculated and experimental q, val-
ues suggests that the PSO model effectively describes the
adsorption of both nitrate and phosphate onto Fe-BSBC.
This suggests that chemisorption likely governs the adsorp-
tion mechanism of Fe-BSBC. This is consistent with the
studies of Kuang et al. (2023), Delgadillo-Velasco et al.
(2021), Usman et al. (2016), and Wang et al. (2012). The
first two studies focused on the use of iron-modified reed
waste biochar and iron-modified Conocarpus biochar for
nitrate removal from aqueous solutions, respectively, while
the latter two examined iron-modified carbon and iron-doped
activated carbon for phosphate adsorption.

Adsorption isotherm models

Nitrate and phosphate concentrations ranging from 15 to
250 mg/L were used to generate isotherm data. As shown in
Fig. 4-right, while the nitrate and phosphate concentration
increased from 15 to 250 mg/L, the experimental nitrate
adsorption capacity rose from 0.79 to 2.04, and for phos-
phate increased from 2.61 to 13.73, suggesting the presence
of numerous unsaturated adsorption sites. The Langmuir,
Freundlich, and Sips models were fitted to experimental
adsorption data (Fig. 4-right). The experimental data align
well with the Freundlich and Sips isotherm model for both
adsorbates, particularly at higher concentrations. Table 4
summarizes the parameters of the isotherm models. For both
nitrate and phosphate adsorption, the Freundlich and Sips
models exhibit the highest R? values (close to 1), suggesting
that the adsorption data fit these models well. These results
suggest that Fe-BSBC has a strong affinity for both nitrate
and phosphate, with adsorption occurring predominantly
through a heterogeneous mechanism.

Table 5 shows a comparative analysis of nitrate and
phosphate adsorption capacities among various iron-
modified adsorbents. The maximum adsorption capacities
of Fe-BSBC derived from the Sips model for nitrate and
phosphate in the studies reported here were found to be
4.07 mg/g and 22.0 mg/g, respectively. However, the highest
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Fig.4 Adsorption kinetics (left column) and isotherms (right column) for (a) nitrate and (b) phosphate removal using Fe-BSBC

adsorption capacities experimentally measured were about
half of the theoretical values predicted by the Sips model,
i.e. 2.0 mg/g for nitrate and 13.7 mg/g for phosphate. Still,
the Fe-BSBC’s adsorption capacity compares well to other
adsorbents. For instance, iron-modified Conocarpu biochar

Table 3 Parameters of kinetic models for nitrate and phosphate

adsorption by Fe-BSBC

Model Parameters NO;~ PO43 B

Pseudo-first-order (PFO) k, (h™h 0.541 23.58
q. (mg/g) 0.745 242
R? 0.9619 0.8983
MSE 0.004 0.022

Pseudo-second-order (PSO) k, (g/mg h™h 0.936 15.19
q. (mg/g) 0.803 2.53
R? 0.9893 0.9799
MSE 0.001 0.004

@ Springer

exhibited a nitrate adsorption capacity of only 1.924 mg/g
(Usman et al. 2016), and iron-functionalized commercial

Table 4 Parameters of isotherm models for nitrate and phosphate

adsorption by Fe-BSBC

Model Parameter NO;~ PO~
Langmuir Qmax, Mg/ 1.91 14.06
K;, L/mg 0.19 0.11
R? 0.8816 0.9784
MSE 0.025 1.07
Freundlich K, (mg/g) (L/mg)'" 0.68 4.26
n 4.82 429
R? 0.9893 0.9856
MSE 0.002 0.259
Sips Qmax, M/ 4.07 22
b, L/mg 0.17 0.21
n 3.07 243
R? 0.993 0.9986
MSE 0.001 0.023
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Table 5 Comparison of nitrate and phosphate uptake capacities among various iron-modified adsorbents

Adsorbent Adsorbate Maximum adsorption ~ Reference
capacity, mg/g

Iron-functionalized pine woodchips PO~ 8.17 Perera et al. 2024
(Fe-WC)
Iron-functionalized commercial biochar (Fe- PyOM) 6.27
Iron/calcium oxide-modified bamboo biochar (ZFCO-BC) 58.24 Ou et al. 2023
Iron-doped activated carbon 8.73 Wang et al. 2012
Iron-modified carbon 23.33 Delgadillo-Velasco et al. 2021
Iron-loaded Okara 16.39 Nguyen et al. 2014
FeCl;-modified waste Douglas fir biochar NO;~ 20.67 Haghighi Mood et al. 2024
FeCl;-Modified Reed 272.024 Kuang et al. 2023
Waste Biochar
FeCl;- modified corncob biochar 32.33 Long et al. 2019
a-Fe,0;/Fe;04 waste Douglas fir biochar 15 Dewage et al. 2018
Iron-modified 1.924 Usman et al. 2016
conocarpu biochar
Fe-BSBC NOs~ 4.07 This study

PO.* 22

biochar (Fe-PyOM) had a phosphate adsorption capacity
of 6.27 mg/g. Similarly, iron-functionalized pine wood-
chips (Fe-WC) showed a phosphate adsorption capacity of
8.17 mg/g (Perera et al. 2024). Although some other studies,
such as those by Kuang et al. (2023) and Long et al. (2019),
report higher nitrate adsorption capacities of 272 mg/g and
32.3 mg/g, respectively, Fe-BSBC remains a promising
candidate, particularly for phosphate removal. Fe-BSBC
phosphate adsorption capacity of 13.7 mg/g is particularly
notable, surpassing that of several other iron-modified
adsorbents listed in Table 5. These findings demonstrate
that Fe-BSBC is a viable and competitive option for nitrate
and phosphate removal, making it a promising candidate for
environmental remediation applications.

Fig.5 SEM image of (a) BSBC, and (b) Fe-BSBC

Adsorbent characterization

The Fe-BSBC exhibited a BET surface area of 221.6 m?/g,
which was lower than the 372.7 m?/g observed for BSBC
without Fe-activation, likely due to the presence of iron
oxides (FeOy), which generally possess relatively low sur-
face areas and may block some of the pores of the biochar
(Chen et al. 2011). However, the average pore diameter of
Fe-BSBC (4.055 nm) was slightly larger than that of BSBC
(3.858 nm), suggesting the presence of a mesoporous struc-
ture. Similarly, the pore volume of Fe-BSBC (0.081 cm®/g)
exceeded that of BSBC (0.011 cm?/ 2).

The morphological properties and microstructure of the
BSBC and Fe-BSBC were examined using SEM analysis.
As shown in Fig. 5a, BSBC exhibited an aggregated and
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interconnected structure, with noticeable roughness and
porosity. The SEM images of Fe-BSBC (Fig. 5b) confirmed
the successful incorporation of Fe onto both the surface and
within the pore structure of the biochar. Figure 5b clearly
shows that fine and aggregated particles are uniformly dis-
tributed across the surface of Fe-BSBC. These particles
exhibit some clustered aggregation, which is possibly due
to the formation of FeO, crystal on the biochar surface,
confirming that the surface of the functionalized media was
coated with iron hydroxide deposits (Perera et al. 2024).
Furthermore, while some of the pore structure of the biochar
is obstructed by iron, a thin iron oxide layer forms on the
biochar surface, enhancing the adsorption and immobiliza-
tion of anions (Min et al. 2020). These findings align with
previous studies on iron-modified biochar, indicating that
iron oxide particles can integrate with the carbon matrix
during the iron functionalization process (Kuang et al. 2023;
Usman et al. 2016).

The EDS spectra provide insights into the elemental com-
position of Fe-BSBC before and after pollutant adsorption,
revealing changes in surface chemistry due to adsorption
processes. Figure 6 shows that carbon (C) is the main ele-
ment in the biochar structure, as expected with a cellulosic
material. A substantial increase in iron content (Fe: 36%)
was observed after Fe treatment, confirming successful iron
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functionalization. Although EDS signals for N and P were
not clearly detected, possibly due to their low concentra-
tions or distribution across the surface in non-crystalline
forms, indirect evidence suggests their adsorption. After
nitrate adsorption (Fe-BSBC-N) (Fig. 6), the iron content
decreased, which may suggest partial surface coverage of
Fe sites by nitrate ions or changes in the local environment
around Fe atoms, reducing their EDS signal. A further
decrease in Fe signal after phosphate adsorption (Fe-BSBC-
P) (to 6.8 wt%) supports the formation of Fe—~O-P complexes
through ligand exchange, where phosphate likely displaced
hydroxyl groups on Fe (OH)s. An increase in relative oxygen
content after nitrate adsorption and the high oxygen content
remaining after phosphate adsorption suggest surface inter-
actions with Fe(OH)s sites.

The role of electrostatic attraction in nitrate and phos-
phate adsorption was further confirmed by zeta potential
analysis. Fe-BSBC initially exhibited a zeta potential of
0.584 +0.22 mV, indicating a near-neutral to slightly posi-
tive surface charge due to the presence of iron hydroxides.
After nitrate adsorption, the zeta potential dropped to
—0.1+0.02 mV, suggesting the attachment of negatively
charged NOs™ ions through electrostatic interactions. Fol-
lowing phosphate adsorption, the zeta potential decreased
further to —0.2+0.01 mV, reflecting the stronger binding
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Fig.6 EDS image of (a) BSBC, (b) Fe-BSBC, (¢) Fe-BSBC-N, and (d) Fe-BSBC-P
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of highly negatively charged PO.>~ ions. This likely happens
through both electrostatic attraction and inner-sphere compl-
exation with Fe-OH groups via ligand exchange.

Fe-BSBC exhibited various functional groups before
and after adsorption of nitrate and phosphate, as illus-
trated in Fig. 7(a). Both the pristine and post-adsorption
Fe-BSBC samples (after nitrate (Fe-BSBC-N) and phos-
phate (Fe-BSBC-P) removal) exhibited a broad O-H peak
at around 3660 cm™!, suggesting the existence of hydroxyl
groups on the surface (Kuang et al. 2023; Perera et al. 2018).
The peak at 2932 cm™! corresponds to C—H stretching of
aliphatic groups (methyl and methylene) commonly found
in organic compounds (Ramirez-Montoya et al. 2014; Wang
et al. 2016). The peak at 1687 cm™! is attributable to the
O-H deformation and bending vibrations in Fe-BSBC (Fu
and Quan 2006). The peak at 1106 cm™! is indicative of
various stretching vibrations of C-O and O-C-O (Vaughn
et al. 2017). The aromatic C-H bending was identified by the
band at 834 cm™!, which suggests the presence of aromatic
rings (Guo et al. 2017). The peak around 1076 cm™! could
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Fig.7 Fe-BSBC adsorbent characterisation using (a) FTIR, and (b)
XRD

be attributed to C—OH groups (Lu and Oza 2013). The peaks
observed at 439.05 cm™ and 618 cm™' were identified as
Fe—O adsorption peaks, suggesting that iron was success-
fully incorporated into the biochar (Xie et al. 2014).

The appearance of the 1379 cm™! peak after nitrate
adsorption corresponds to N-O stretching vibrations, con-
firming the adsorption of nitrate ions onto Fe-BSBC (Sem-
biring et al. 2014; Choe et al. 2010). The bands at 666 cm ™!
and 424.5 cm™! may be associated with changes in Fe-related
vibrations due to interaction with nitrate ions. After phos-
phate adsorption, the peak at 1018 cm™' was identified as
covalent-like Fe—O-P bonds (Xie et al. 2014), indicating
the formation of iron-phosphate complexes upon phosphate
adsorption. The shift in Fe-related peaks (671 cm™! and
423 cm™') suggests structural modifications due to phos-
phate binding.

The diffraction patterns of the Fe-BSBC before and after
nitrate and phosphorus adsorption were examined using
XRD, as illustrated in Fig. 7(b). Clearly, the Fe-BSBC has
a mainly amorphous structure, as indicated by the XRD
patterns, which do not exhibit sharp peaks. A broad peak
between 20° and 25° is observed, which corresponds to
amorphous carbon and modified cellulose structures (Perera
et al. 2024; Min et al. 2020; Zheng et al. 2020). The peak
at 36° is associated with Fe—O bonds, confirming the pres-
ence of iron hydroxide or iron oxide species (Mohan et al.
2014), which was confirmed by the peaks of 439.05 cm™!
and 618 cm™! in FTIR spectra (Fig. 7(a)). The peak at 47°
further supports the presence of iron hydroxide (Fe (OH))).

The peak at 44° emerges after nitrate adsorption, sug-
gesting a structural rearrangement of iron species, possibly
indicating the partial transformation of Fe(OH)s to FesOa
(magnetite) (Perera et al. 2024). The XRD results indicate
that NO;™ adsorption does not cause significant changes
in peak locations, implying that the structure of Fe-BSBC
remains largely unaffected (Fig. 7). This finding also sug-
gests that electrostatic attraction is the primary mechanism
behind NO;™ adsorption (Haghighi Mood et al. 2024). Fol-
lowing phosphorus adsorption, a new peak observed at
57° confirmed the formation of Fes(PO,),(OH); (Liu et al.
2015) and phosphate complexation with iron hydroxide. The
appearance of the 44° peak (which was not present before
adsorption) suggests a structural modification of iron phases,
potentially forming magnetite-like structures or Fe—O-P
complexes, as confirmed by the peak at 1018 cm™ in the
FTIR analysis.

Possible adsorption mechanisms of nitrate
and phosphate by Fe-BSBC

Results from this study suggest that the adsorption of

nitrate and phosphate onto Fe-BSBC is primarily governed
by electrostatic interaction and surface complexation. The
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solution pH plays a critical role in the electrostatic inter-
action between the adsorbent’s surfaces and the adsorbate
and, consequently, on adsorption performance. Nguyen
et al. (2019) reported a point of zero charge (pH,,.) of 6.88
for iron-modified biochar derived from rice straw. It would
be expected that pH values lower than the pH,,. would
promote positively charged surfaces which favor anionic
adsorption. This was observed in this study since the adsorp-
tion of nitrate and phosphate was the highest at pH 2 and
2-6, respectively, indicating that nitrate and phosphate can
effectively interact with the positively charged sites on the
Fe-BSBC at a solution pH of 2-6. At lower pH levels, the
protonation of iron hydroxide functional groups on the Fe-
BSBC enhances the positively charged surface, leading to
the formation of Fe—O'H, sites that electrostatically attract
anions (Dewage et al. 2018). The decline is adsorption
capacity at higher pH levels (pH 8-10) was more notori-
ous for phosphate. Phosphate can be found predominantly
as dihydrogen phosphate (H,PO,™) at low pH (pH 3-7),
and as hydrogen phosphate (HPO,>") at higher pH levels
(pH 7-12.5). At lower pH, a high positive surface charge
on the Fe-BSBC favors the adsorption of H,PO,". As the
pH increases above the pH,, the Fe-BSBC surface tends
to be negatively changed. Simultaneously, the dominant
P species shifts to HPO42_ increasing the anionic charge.
This results in a decline in electrostatic attraction and in
phosphate adsorption capacity. Electrostatic interactions
were further supported by zeta potential measurements. As
previously described, Fe-BSBC exhibited a slightly positive
surface charge, as indicated by zeta potential analysis. Upon
nitrate and phosphate adsorption, the zeta potential shifted
toward negative values, confirming the role of electrostatic
attraction in the adsorption process.

Phosphate was more effectively adsorbed than nitrate,
which could be explained by surface complexation as an
additional adsorption mechanism. Kinetic analyses support
the view of chemisorption as a dominant adsorption mecha-
nism. Additionally, FTIR and XRD analyses provide direct
evidence of Fe—O—P complex formation after phosphate
adsorption, confirming the ligand exchange mechanism
between phosphate and hydroxyl groups on iron hydroxide
surfaces. The chemisorption of phosphate to iron oxides
between pH 3-6 has been reported to occur through ligand
exchange (Perera et al. 2024), whereby deprotonation of the
iron hydroxyl group creates a reactive Fe site compatible
with the oxygen in phosphate, creating different types of
Fe—O coordination bonds, such as monodentate or bidentate
complexes. This strong interaction differentiates phosphate
adsorption from nitrate adsorption, as phosphate removal
involves inner-sphere complexation via ligand exchange,
whereas electrostatic attractions primarily drive nitrate
adsorption. These findings highlight the dual adsorption
mechanisms governing nitrate and phosphate removal and
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underscore phosphate's enhanced affinity due to inner-sphere
complexation, a mechanism absent in nitrate adsorption.

Conclusions

This study demonstrates the potential of iron-modified bio-
char (Fe-BSBC), derived from locally sourced barley straw
by-product and pyrolyzed at 600 °C for 2 h, as an effective
adsorbent for nitrate and phosphate removal from water. The
use of barley straw as a biochar precursor presents an envi-
ronmentally sustainable and economically viable approach
to nutrient removal in polluted water. Fe-BSBC exhibited
an adsorption capacity of 13.7 mg/g for phosphate and
2.0 mg/g for nitrate, which is attributed to the formation of
an iron oxide layer and a well-structured porous network.
The adsorption process followed a pseudo-second-order
kinetic model, indicating a chemisorption mechanism, while
the Sips isotherm model suggested heterogeneous adsorp-
tion behavior. The primary adsorption mechanisms included
electrostatic interactions, ligand exchange, and surface
complexation, with phosphate removal being more strongly
influenced by inner-sphere complexation. Phosphate removal
experienced a slight decline due to interference from other
anions, which was not observed in the adsorption of nitrate
in the presence of competing anions. The findings of this
study support the development of low-cost adsorption tech-
nologies for water treatment, particularly benefiting regions
with limited access to advanced treatment technologies.
Furthermore, the utilization of agricultural waste (barley
straw) aligns with circular economy principles, reducing
environmental pollution from stubble burning. There is
also potential for using iron-treated biochar as an adsorbent
for removing phosphate from agricultural runoff and nitrate
from drinking water. To further optimize its practical appli-
cation, future studies should focus on column experiments
and desorption tests to assess the long-term performance and
regeneration potential of Fe-BSBC.
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