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Abstract 

In this study biochar derived from locally available Salix alba leaves 

were utilized to remove nitrate from aqueous solution. The biochar was 

prepared by heating the leaves in muffle furnace at 300oC and 400 oC 

and was acid modified with 1N HCl. The adsorption of nitrate over the 

adsorbents were evaluated and optimized using the unmodified Salix 

alba leaves biochar (SALB) and modified Salix alba leaves biochar 

(ASALB). Co-ions such as phosphate, sulfate, fluoride, and chloride 

were also assessed for their impact on nitrate adsorption. Based on the 

study at pH 2, both unmodified and modified biochar were effective for 

the adsorption of nitrate. However, the acid modified biochar also 

effective at neutral pH in adsorbing nitrate. The optimum conditions 

were found to be pH 2, 1g of adsorbent dose, 50mg/L of initial solute 

concentration and contact time of 170 minute. Freundlich isotherm and 

pseudo-2nd order kinetic models provided the best fit to the 

experimental data. The solid agricultural waste as adsorbent is 

advantageous for the removal of contaminants from water to meet the 

needs of both agricultural waste management and environmental 

remediation. 
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Introduction  

The adsorption is considered as a promising method for the pollutant removal from water due 

to its minimal cost, feasibility and ease of operation (Kalaruban et al., 2016). In the past, 

many adsorbents such as activated carbon, alumina, silica charcoal, nanoparticles, ion 

exchange resin, fly ash, and zeolite, were developed and explored for the adsorption of nitrate 

and other pollutants (Kalaruban et al., 2016, Yacouba et al., 2021, Hafshejani et al., 2016, 

Öztürk & Bektaş, 2004). Commercially available activated carbon is commonly used in the 

water and wastewater treatment methods, due to its hydrophobic nature, large porous 

structure and huge surface area. However, it is costly and has major regeneration issues (T. 

K. Sen 2023, S. Das & V. V. Goud 2020). Many organic and inorganic adsorbents, including 

Purolite A100, Imac HP555, Amberlite IRA 400, Indion NSSR, and Amberlite IRN-78, were 

developed and used for the removal of anionic contaminants (Kalaruban et al., 2016). 

However, these materials are more costly. Modern research has focused on using agricultural 

wastes, to remove water contaminants for a variety of benefits, including low capital costs 

and the ability to address environmental contamination while also managing agricultural 

waste produced during processing (M. Ishaq et al., 2023). The agricultural biomasses, such as 

the shell or peel from fruits and vegetables, sugarcane bagasse, rice husks, peanut shells, 

jackfruit, chestnut shells, coconuts, tree leaves and hazelnuts were used as an affordable 

adsorbents substitute for expensive activated carbon and other inorganic and organic 

materials to remove for a range of contaminants (Khatoon & Rai 2016, S., Ambaye et al., 

2021, Lata et al., 2023). Barley straw was used to remove nitrate (Ansari et al., 2017). 

Banana peel powder was used to remove nitrate (Reddy et al., 2015). Furthermore, it has 

been established that the underlying chemical structure and composition of raw agricultural 

biomasses have a relatively lower potential for pollutant adsorption (G. Liu et al., 2022, M. 

Ishaq et al., 2023). Surface alterations were therefore suggested for better adsorption 

capacity. The chemical surface modifications of the adsorbents could be done through 

protonation, amine grafting, metals or metal oxides impregnation and surfactants, while 

physical modification involves heating materials to remove impurities and volatile matter 

(Usman et al., 2016, G. Liu et al., 2022, M. Ishaq et al., 2023).  Biochar is one of the 

promising materials are regarded six times less expensive than commercially available 

activated carbon (Collivignarelli et al., 2024). It is low-cost carbonaceous porous material 

obtained by heating agricultural wastes in the absence of oxygen, is an effective adsorbent for 

the removal of a variety of pollutants (Komnitsas & Zaharaki, 2016, Ghosh et al., 2023, 

Collivignarelli et al., 2024). A large number of researches were conducted on the use of 

biochar and activated biochar for the treatment of cations, metals and dyes. Biochar of 
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Banana pith, an agricultural waste, was used to remove As (V) (S. Lata et al., 2019). Banana 

peel biochar was used to lower the nitrate in water (Zoungranan et al., 2021). Similarly, 

phenol was eliminated by treating wood sawdust, pecan shells and pistachio shells biochar 

with KOH and FeCl3 (Komnitsas & D. Zaharaki, 2016). Ranitidine was removed using rice 

husk activated biochar (S. Das & V. V. Goud, 2020). The removal of Mn (II), Se (II), and Fe 

(II) was accomplished by using rice husk biochar that has been treated with HCl and NaOH 

to increase its surface area (Collivignarelli et al., 2024). Apricot shell biochar effectively 

adsorbed atrazine (Zhang et al., 2022). Similarly, after being treated with 1 M HCl, biochar 

made from reeds increased its adsorption ability toward pentachlorophenol by a factor of six 

(Peng et al., 2016). Similarly, toluene's adsorption capability is increased threefold when 

wheat straw biochar is impregnated with NaOH (Mosleh et al., 2024). The adsorption 

effectiveness of biochar derived from bagasse, bamboo, poplar wood, and wheat bran that has 

been treated with Fe and Ca is 12-70 times more than that of unmodified biochar (W. Ou et 

al., 2023). 90% of the NO3-ion was eliminated by the Conocarpus green waste biochar when 

it was impregnated with iron and magnesium oxides (Usman et al., 2016). Similarly, free and 

total chlorine were taken out of water using biochar made from malt wasted rootlets, walnut 

shells, and apricot, olive, carob, and grape kernels (Sklivaniotis et al., 2023). 

Many species of Salix are naturally growing in the cold region of Ladakh. Salix alba 

commonly known as white willow is a deciduous tree. The leaves are used as cattle fodder in 

this region. The powder and biochar of Salix alba leaves were used for the eliminating 

malachite green (Ahmad et al., 2023). 

Materials and Methods 

The fresh leaves of Salix alba trees were collected from Kargil, UT Ladakh in the month of 

June and washed with water and then with deionized water to remove dirt. The leaves were 

dried in an oven at 60 oC for 24 hour. The leaves were crushed and 300g of leaves were 

placed in the reactor of muffle furnace (model- MSW 251). The biochar of the materials were 

prepared by subjecting the material to pyrolysis at a temperature of 300°C and 400°C with a 

continuous flow of nitrogen gas. The Salix alba leaves biochar (SALB) were crushed to fine 

powder of 80 mesh size and preserved in desiccator for further studies. The presentation of 

preparation of biochar is presented in figure 1. The biochar was acid modified by soaked 10g 

of Salix alba leaves biochar (SALB) in 1N HCl solution for 3hr and separated using 

whattman filter paper. The biochar was washed with deionized water to achieve neutral pH 

and then dried in oven at 60 0C. 
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Analytical grade chemicals and reagents were used. Synthetic water was prepared by 

dissolving potassium nitrate in distil water to obtain a concentration of 50mg/L. The pH of 

the solution was adjusted using dilute solution of 0.1N HCl and 0.1N NaOH. The effect of 

co-ions on the adsorption of nitrate were examined using KH2PO4, Na2SO4, and NaCl salts in 

distil water to obtained required concentration of phosphate, sulphate and chloride ions. 

 
Figure 1. Presentation of preparation of biochar 

Characterization with Zero point of charge (ZPC) 

 In a series of volumetric flasks, taken 0.01 M NaCl as base electrolyte and adjusted the pH 

with range 2-10 by using 0.1N HCl and 0.1N NaOH solution. 1g of adsorbents were added in 

50 ml of each flask and kept at the shaker for 5h and recorded the pH using pH meter as pHf. 

A plot of pH (pHf- pHi) against pHi was plotted. The ZPC of the adsorbents were recorded at 

zero ∆pH. 

Characterization with Fourier transforms infrared spectroscopy (FTIR) 

The surface functional groups and the effect of acid and nitrate on the surface of the 

adsorbent were characterized using Bruker Alpha II- FTIR spectrometer by scanning the 

sample in the wave length range of 4000-500 cm-1. 

Analysis of nitrate 

A calibration curve of nitrate solutions was plotted using concentration ranges 5-100 mg/L by 

taking the absorbance at 220 nm using UV- visible spectrophotometer (Reddy et al., 2015). 

The absorbance after adsorption was recorded and concentration of nitrate was determined. 

Batch adsorption analysis 

Effect of pH: The pH effect on the nitrate adsorption was evaluated using 100 ml of 50 mg/L 

nitrate at the pH range of 2-10 using  1g of adsorbent for a contact time of 170 minutes. The 

pH of the solution was adjusted by using 0.1N HCl and 0.1N NaOH. The concentration of 

nitrate was determined using the same procedure as in nitrate analysis. 
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Effect of Contact time: The effect of contact time on the adsorption of nitrate over 

unmodified (SALB) and acid modified (ASALB) were conducted by adding 1 g adsorbent to 

a 100 ml solution of 50 mg/L nitrate solution at pH 3. The solutions were agitated at the 

speed of 120 rpm at different intervals of 10, 30, 50, 70, 90, 110, 130, 150, 170 minutes. At 

each time interval, the concentration of nitrate in the filtrate was determined as per the 

procedure outlined in nitrate analysis part. The following formulas were used to calculate the 

amount of nitrate adsorbed per gram of adsorbent (mg.g-1) and removal percentage of nitrate 

(Kuang et al., 2023). 

𝑄𝑡 =
( 𝐶𝑖−𝐶𝑡 ) ∗𝑉

m
     1) 

Removal (%) =
( 𝐶𝑖−𝐶𝑡 )

𝐶𝑖
∗  100    2) 

Where Ci is initial concentration of nitrate solution (mg.L-1), Ct is nitrate concentration at a 

given time (mg.L-1), V is volume of solution, m is mass of adsorbent and Qt is amount of 

nitrate adsorbed per unit mass of adsorbent (mg.g-1).  

Effect of adsorbent: In a series of flasks, 100 ml solution of 50 mg/L nitrate were taken and 

added to them different dose of adsorbent 0.1 , 0.5, 1g. The flasks were agitated at the speed 

of 120 rpm for around 2 hours and then the supernatant liquid was separated. The 

concentration of nitrate in the filtrate was determined using the same procedure described 

earlier. The amount of nitrate at equilibrium was calculated using the following formula. 

        𝑄𝑒 =
( 𝐶𝑖−𝐶𝑒 )∗𝑉

m
      3) 

Where Qe is amount of nitrate adsorbed per gram of adsorbent (mgg-1) at equilibrium and Ce 

is equilibrium concentration of nitrate (mgL-1). 

Effect of initial concentration: The effect of concentration of nitrate on the adsorption was 

evaluated by taking concentration of ion 10 mg/L, 30mg/L, 50mg/L, 70mg/L and 100mg/L 

using 1g of adsorbent at pH 3 and contact time of 170 min. 

Effect of Co-ions: The varying concentrations 1, 5, 10, 15mgL-1 of sulphate, phosphate, 

fluoride and chloride were used to study the effect of co-ions on nitrate adsorption. These Co-

ions are commonly found in all source of water (Kalaruban et al., 2016). 100 ml of 50 mgL-1 

nitrate solutions and 1g of adsorbent at pH 3 were used. 
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Adsorption modelling 

Kinetics modelling: The experimental data were simulated using MS Excel and applied to fit 

pseudo 1st order and 2nd order kinetics. 

Pseudo 1st order kinetics: log(𝑄𝑒 − 𝑄𝑡) = 𝑙𝑜𝑔 −  𝐾1𝑡   4)  

Pseudo 2nd order kinetics: 
t

Qt
=  

1

K2Qe2
+

1

Qe
 (t)  5) 

Where t is time (min), K1 is rate constant (min-1) for pseudo 1st order and K2 is the rate 

constant (g mg-1 min-1) for pseudo 2nd order kinetics and Qe is amount of nitrate adsorbed at 

equilibrium (mg.g-1). 

Isotherm modelling: The experimental data were simulated using MS Excel and applied to 

fit Langmuir isotherm and Freundlich isotherm models. 

Langmuir isotherm model:  
Ce

Qe
=  

1

𝑄𝑚𝑎𝑥𝐾𝐿
+

1

Q𝑚𝑎𝑥
. 𝐶𝑒    6) 

Where Qmax is Langmuir maximum amount of nitrate adsorbed (mg.g-1) and KL is Langmuir 

constant (L.mg-1). 

RL is a dimensionless quantity of Langmuir isotherm Parameter and 𝑅𝐿 =
1

1+𝐾𝑙 𝐶𝑖
 

RL defines the nature of adsorption. The value of RL if, (0 < RL < 1) indicates favourable, (RL 

> 1) is unfavourable, (RL = 0) is irreversible and (RL= 1) is linear [Fiaz et al., 2020]. 

Freundlich isotherm model: 

      𝑙𝑜𝑔𝑄𝑒 = 𝑙𝑜𝑔𝐾𝑓 +  
1

𝑛
 𝑙𝑜𝑔𝐶𝑒    7) 

Where, KF (mg/g) (L/mg) 1/n) and n in the above equation are Freundlich constants. In term of 

Freundlich isotherm the favourability and sorption affinity can be elucidated by the values of 

n and (1< n <10) and Kf (Kf >1) (Hashem et al., 2024). 

Result and Discussion 

Characterization with Zero point of Charge (ZPC) 

The pH of the solution plays an important role. When pH of the solution is lower than zero 

point of charge (ZPC), the surface of the adsorbent becomes positively charged and favours 

the adsorption of anion, and vice versa (Hafshejani et al., 2016). The zero point charge of 
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unmodified and acid modified Salix alba leaves biochar were recorded to 4.6 and 8.4, 

indicating modified sorbent could better adsorb negatively charged species up to pH 8.4.  

Characterization of biochar with FTIR 

The IR spectra of Salix alba leaves biochar (SALB) and nitrate loaded at the temperature of 

300 and 400C are shown in figure 2. The spectra of sample indicated the presence of many 

functional groups on the surface such as carboxylic group, hydroxyl group, carbonyl, and 

ether and amide groups. The prominent peaks in the range of 3400-2900 cm-1 is due to 

stretching vibrations of carboxylic acid, O-H, N-H, and amine group on the adsorbent 

surface, the peak observed at around 1650cm-1 represent unsaturated aromatic C = C. The 

spectra of biochar at 300°C and 400°C are almost resemble, indicated no much effect on the 

surface functional groups by the temperature. However, on loaded with nitrate shifting in 

wavelength has been observed. 

 

Figure 2. FTIR Spectra of free and loaded biochar 

Batch adsorption analysis 

The concentration of nitrate after the adsorption was determined by taking the absorbance at a 

wavelength of 220nm as described in nitrate analysis section and from the calibration curve 

determined the concentration of nitrate. The calibration curve for the range of concentration 

5-100mg/L is depicted in figure 3. 
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Figure 3. Calibration curve of nitrate   

Effect of pH: The pH of a solution is very important in adsorption process. At pH 2 both 

unmodified and modified biochar showed maximum adsorption. When pH changed from 2-8, 

the removal efficiency of unmodified biochar decreased sharply from 79.8% to 6.3 %. 

However, the nitrate removal efficiency of acid modified biochar decreased gradually from 

84.6% to 42.2%. The % removal of modified biochar toward nitrate at neutral pH was found 

to be 58.3% far better adsorption efficiency than 8.2% for unmodified biochar. The influence 

of pH on the adsorption of nitrate is illustrated in figure 4.  At lower pH, positively charge 

induced on the surface and adsorption enhanced, while at higher pH surface of the adsorbent 

become negatively charged due to de-protonation resulting a lowered adsorption. 

Furthermore, at higher pH, competition between nitrate and hydroxide ion also reduced 

adsorption (Hafshejani et al., 2016). 

Effect of contact time: The effect of contact time on the adsorption of nitrate on to the 

unmodified and acid modified biochar was studied for contact time of 10-170 minute at pH 3 

using 100ml of 50mg/L solution of nitrate. The adsorption removal of nitrate over both the 

biochar increases with the passage of time and is illustrated in figure 5. 

    

Figure 4. Effect of pH   Figure 5. Effect of contact time (min) 

Effect of adsorbent dosage: The influence of adsorbent dosage was determined by using 50 

mg/L nitrate solution over different dose of adsorbent 0.1, 0.5, 1 g at pH 3. The removal 
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efficiency increases with the dosage due to increased active sites on the adsorbents. The 

findings is illustrated in figure 6. 

Effect of initial concentration: The adsorption of nitrate increases with increasing the initial 

concentration till the saturation of active sites on the adsorbent. When the active sites get 

saturated, the adsorption become more or less remains constant. The finding is shown in 

figure 7. 

 
Figure 6. Effect of adsorbent dose (g)            Figure 7. Effect of Initial Concentration (mg/L) 

Effect of co-ions: The impact of co-ions on nitrate adsorption was examined using ions that 

are frequently present in water, such as phosphate, fluoride, chloride, and sulphate. Because 

sulphate has a tendency to interact extensively with the adsorbent surface due to its bivalent 

nature, it displayed dominant competition to nitrate compared to other co-ions, causing the 

adsorption to decline more faster in its than fluoride, phosphate, and chloride. At pH equal to 

or lower than neutral, phosphate is primarily found in univalent (H2PO4
-) ions with a small 

fraction being found in bivalent (HPO4
2-) ions. Consequently, the interaction between the 

phosphate and the adsorbent was comparatively weaker than that of the sulphate. Further 

because fluoride and chloride are univalent and have lower electronegativity than nitrate, 

their interaction is weaker and has less of an effect on nitrate adsorption. Additionally, the 

adsorption of nitrate decreases with the rise of concentration of co-ions as illustrated in figure 

8. 

  
Figure 8. Effect of co-ions 
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Adsorption modelling 

Adsorption Kinetics: The adsorption kinetic modelling is an important parameter to evaluate 

the rate of adsorption and mechanism of the adsorption. The pseudo 1st and 2nd order kinetic 

model were applied to the adsorption of nitrate ion onto SALB and ASALB. The data were 

simulated and applied to fit pseudo 1st and pseudo 2nd order kinetic models as shown in figure 

9 and 10. 

  

Figure 9. Fit to Kinetics models (SALB) 

  

Figure 10. Fit to Kinetics models (ASALB) 

The kinetics relevant parameters are indicated in table 1. The fitting parameter (R2) for the 

adsorption of nitrate by SALB and ASALB to pseudo 1st order and pseudo 2nd order are 

0.9263, 0.9649 and 0.8998 and 0.9477 respectively and showed more in compliance with 

pseudo 2nd order kinetics and the adsorption mechanism is chemically rate controlling, which 

well often can be explained by diffusion-based mechanism. This shows that adsorption 

kinetics of nitrate over Salix alba leaves biochar are expected to mainly depend on diffusion-

limited processes which are affected by heterogeneous distributions of pore sizes and 

continual partitioning of nitrate ion between a dissolved state and a fixed state of adsorption. 
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Table 1. Fit to adsorption kinetic models and relevant parameters 

 

Adsorption isotherms: The experimental data of adsorption of nitrate over SALB and 

ASALB were simulated using Ms excel and applied to fit Langmuir and Freundlich isotherm 

model as illustrated in figure 11 and 12 .  

  

Figure 11. Fit to isotherm models (SALB) 

  

Figure 12. Fit to isotherm moels (ASALB) 

The values of n (1< n <10) and Kf  (Kf >1) elucidated the favourability and sorption affinity 

(Hashem et al., 2024). The value of n, Kf and R2 are illustrated in table 2 denotes a greater 

sorption affinity and better fit with Freundlich isotherm model which justifies multilayer 

adsorption on heterogeneous surfaces. 
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Adsorbents                   Pseudo 1st order kinetic                   Pseudo 2nd order kinetic 

               Qecal (mg/g)    K1            R2
            Qe exp(mg/g)            Qecal(mg/g)       K2                 R2                            

SALB        5.22           0.0151     0.9263         3.99                  14.61         0.00015        0.9649 

ASALB     9.22           0.0254     0.8998         4.23                    8.83         0.0006          0.9477   
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Table 2. Fit to adsorption isotherm models and relevant parameters 

Adsorbents                              Langmuir isotherm                   Freundlich isotherm 

              Qmax (mg/g)        KL            RL            R2                          n               Kf                  R2 

SALB        0.7571            2.70       136.2      0.7296                   3.98         1.30        0.9368 

ASALB     0.784               2.90      146.3       0.7084                  4.09         1.26        0.9161 

Proposed adsorption mechanism 

 The kinetics and equilibrium isotherm modelling and their parameters can provide a lot of 

information about the adsorption mechanism, surface characteristics of adsorbents and the 

interaction between the adsorbent and the solute under a batch experimental setup. The 

experimental data of nitrate adsorption over the Salix alba leaves biochar (SALB) and 

activated Salix alba leaves (ASALB) showed more in compliance with pseudo 1st order 

kinetic and Langmuir isotherm model. The better fit to pseudo 2nd order kinetic model 

supposes that the adsorption mechanism is chemically rate controlling. The adsorption can 

well often be explained by diffusion-based mechanism. This shows that adsorption kinetics of 

nitrate over Salix alba leaves biochar are expected to mainly depend on diffusion-limited 

processes which are affected by heterogeneous distributions of pore sizes and continual 

partitioning of nitrate ion between a dissolved state and a fixed state of adsorption. Similarly, 

the better agreement of adsorption experimental data to Freundlich isotherm model assumes 

that the surfaces of the adsorbents are heterogeneous with multiple distinct adsorption sites 

and adsorption occurs continuously as the adsorbate increases. Therefore, the involvement of 

surface diffusion, electrostatic interaction, and ion exchange in the adsorption process would 

be the possible nitrate adsorption mechanism over the adsorbents. 

Conclusion 

The nitrate pollution in water is a global concern. In this study, biochar derived from 

locally available Salix alba leaves were utilized to evaluate the adsorption and optimization 

of nitrate in an aqueous solution using a batch adsorption model. The experimental results 

showed that both unmodified and modified biochar showed a maximum nitrate removal 

percentage of 72.9 % and 84.6% respectively at a pH 2. However, the nitrate removal over 

unmodified biochar decreased sharply to 8.2 at neutral pH. The acid activated biochar 

showed effective adsorption toward nitrate even at neutral pH. Based upon the experimental 

finding the optimum conditions were found to be 1g adsorbent dosage, 50mg/L initial 

concentrate, pH 2 and contact time of 170 minute. The co-ions like sulphate, phosphate, 

chloride and fluoride provided an impact on the adsorption of nitrate. Sulphate being bivalent 
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ion showed a dominant competitor for nitrate and decreased the adsorption more than other 

co-ions. The increasing concentration of co-ions also influenced on the adsorption of nitrate. 

The experimental data were simulated and fitted to the Langmuir and Freundlich isotherms, 

and the later model was best fitted to the experimental data. The experimental were also 

applied to fit adsorption kinetic models and the results exhibited a close agreement with 

pseudo 2nd order kinetic model showing the involvement of surface contact diffusion, 

electrostatic interaction and ion exchange in the adsorption process. The Salix alba leaves 

were mainly used as cattle fodder in this region and its convertibility to an effective and 

sustainable sorbent will be a promising step for both agricultural waste management and 

environmental remediation. Additionally, the used biochar could be applied directly in the 

agricultural land as N- fertilizer. 
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