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A B S T R A C T   

Background: Industrial, e.g. food industrial and domestic wastewaters contain huge amount of 
compounds causing eutrophication, and should be removed with high cost during wastewater 
treatment. However, these compounds could be utilized as fertilizers too. Biochar can remove a 
wide range of pollutants from water, such as ammonium, which can be found in relatively high 
concentration in dairy wastewaters. However, adsorption performance may be affected by the 
presence of other wastewater pollutants. Thus, this study aims to determine the efficiency of 
biochar as an adsorbent of ammonium in aqueous solutions in the presence of some selected 
organic compounds of typical dairy wastewaters such as bovine serum albumin (BSA), lactose, 
and acetic acid. Methods: The biochar was produced from banana leaves at 300 ◦C, modified with 
NaOH, and characterized by Scanning Electron Microscope – Energy Dispersive X-Ray Spec
troscopy (SEM-EDX), Fourier-transform infrared spectra (FTIR) analysis, and specific surface area 
measurements. Batch experiments were carried out to investigate the ammonium adsorption 
capacity and the ion competitive adsorption mechanism. Significant Findings: Results show that 
the surface structure of the biochar derived from banana leaves is different from other biochars 
previously studied; although the specific surface area is not very considerable and despite having 
nitrogen within the elemental composition, the biochar studied is capable of adsorbing 2.60 mg 
NH4

+/m2, the highest ammonium removal in 2 h occurs at pH 9 and 500 mg biochar dose. 
Langmuir model in the monolayer phase analysis fits better for all scenarios and the maximum 
NH4

+ adsorption capacity was 0.97 mg/g without organic compounds. In the multilayer adsorp
tion phase, the isotherm model that best fits the data obtained is the Harkins-Jura model without 
organic compounds. The presence of organic compounds in the aqueous solution significantly 
impacts the adsorption of ammonium by biochar since it improves the adsorption capacity (1.132 
mg/g BSA, 0.975 mg/g lactose, and 1.874 mg/g acetic acid). The Aranovich-Donohue isotherm 
model fitted the data obtained during ion competitive adsorption experiments well.  
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erzsebet@chem.u-szeged.hu (E. Illés), kozmag@chem.u-szeged.hu (G. Kozma), zsizsu@mk.u-szeged.hu (Z. László).  
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1. Introduction 

Currently, the world is focusing on environmental protection and the significance of preserving natural resources for human ex
istence and maintaining the balance of the ecosystem, according to the United Nations set various sustainable development goals [1]. 
There are different technologies to remove contaminants from water; among them, adsorption has advantages regarding costs and 
efficiency [2]. Food industrial and domestic wastewaters contain huge amount of compounds causing eutrophication, and should be 
removed with high cost during wastewater treatment. However, these compounds could be utilized as fertilizers too. Globally, the 
current valuation of waste has arisen within the framework of the circular economy concept, which aims to promote the sustainability 
of productive systems and reduce environmental harm [3]. Agricultural waste may be a source of cellulose and starch that can be 
transformed into products with additional value. Agricultural waste can also be applied as a starting material of biochar, a carbo
naceous material with excellent physicochemical properties for adsorbing pollutants in wastewater [4], such as ammonium, which can 
be found in relatively high concentration in dairy wastewaters. 

Due to the increasing demand for food caused by population growth worldwide, agricultural production is rising, generating 
agricultural waste from plant sources [5]. One of the crops that gained attention is the banana; this peculiar fruit is available every 
annual season worldwide and is mainly cultivated in Asia, Latin America, and Africa. The fact that only the cluster is consumed makes 
the cultivation of this fruit unusual, while most of the plant is discarded, such as the rachis, pseudostem, and its prominent leaves. It 
was estimated that in the year 2022, the export of this fruit reached 19.6 million tons [6]. 

Additionally, the development of biochar-based fertilisers has generated significant interest in the scientific community, as they are 
low-cost and contribute to sustainability [7], providing an excellent alternative to the increasingly more expensive commercial fer
tilisers [8]. 

Ammonium ions circulate in the environmental compartments; in some cases, it is beneficial, such as in soils where it is a nutrient 
for plants, and in other cases, it is a pollutant that causes adverse effects such as the eutrophication of freshwater [9]. Different 
physicochemical methods have been developed to remove ammonium ions from industrial or domestic wastewaters; as dairy industry 
dairy wastewaters may contain a high amount of ammonium ions, at ~69.96 ± 1.16 mg NH4

+/L concentration on average, it would be 
an ideal source for biochar and ammonium-based fertilizer. On the other hand, this type of wastewater may also contain organic 
compounds from industrial processes and from the nature of feedstock specially proteins [10], which may affect the adsorption process 
factors such as pH and temperature, and susceptibility to lose efficiency in the presence of other elements [11]. 

Most of the previous investigations related to ammonium ion adsorption suggest experimentation on synthetic solutions containing 
exclusively ammonium ions or failing that bi-solute coadsorption and tri-solute coadsorption considering ammonium, nitrates and 
phosphates only. Mg–Al- modified soybean straw biochars were used for single solute adsorption of ammonium, nitrate and phosphate 
[12], acid modified corncob biochars with different impregnation ratio biochar/nitric acid (weight/volume) were used for exclusive 
ammonium adsorption [13]; optimized MgO-impregnate sugarcane harvest residue biochar with different Mg concentrations were 
applied in the ammonium adsorption experiments with phosphate, ammonium and humate (organic component) substance solutions, 
simulating the composition of swine wastewater. However, the research does not analyze the impact of organic matter on the 
adsorption process of other substances such as ammonium and phosphates, but rather considers humate as an adsorbate [14]. 
Ball-milled bamboo biochar was compared with bamboo biochar in exclusive ammonium adsorption process without any interaction 
with other components in the aqueous solution [15]. The use of biochar as an adsorbent for removing ammonium ions from aqueous 
solutions has been extensively studied in the past. Research has indicated that the capacity of biochar to adsorb ammonium is 
significantly influenced by its surface area and pore size [16], moreover, the cation exchange capacity (CEC) of biochar can be 
improved by the presence of functional groups, such as acidic and functional phenolic and carboxyl groups, which will facilitate the 
removal of ammonium [17], while the pyrolysis temperature affect the characteristics of the material as an adsorbent; in general, at 
high temperatures, ammonium adsorption decreases for all feedstocks [18]. Biochar is such a good adsorbent that it is even stated that 
could substitute high-priced commercial adsorbent to remove ammonium from wastewater [19]. 

Regarding the adsorption mechanism on biochar, isotherm modelling in binary adsorption systems, some studies use models 
applicable to pollutant adsorption from aqueous solutions. Examples include the extended Langmuir or Langmuir-like models in the 
case of dye adsorption with rice husk adsorbents [20], or the Freundlich model for monometal and multimetal adsorption conditions 
using sesame straw biochar [21]. 

Considering the aforementioned background, it is important to contemplate that dairy wastewaters have organic components 
whose presence can affect the removal of ammonium ions through different interactions between all elements involved in the aqueous 
solution. Thus, this study aims to determine the efficiency of biochar as an adsorbent of ammonium in aqueous solutions in the 
presence of some selected organic compounds of typical dairy wastewaters such as BSA, lactose, and acetic acid, and investigate the 
adsorption mechanism through mono- and multilayer adsorption models. As the novelty of the present study, we investigate this 
aspect, and the application of multilayer and ion competitive models for adsorption process between ammonia and organic compounds 
(BSA, lactose and acetic acid) which can contribute to the knowledge of biochar-based adsorbents, to the development of efficient 
methods, and to mapping their potential in dairy wastewater treatment and waste utilization. The objectives of the present research 
focus on characterizing the adsorbent material, studying the adsorption behaviour of ammonium combined with other organic 
compounds, establishing the interaction relationship that occurs between them and the impact on the adsorption process. 
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2. Materials and methods 

2.1. Alkaline-modified biochar preparation 

Banana leaves were collected at the Botanical Garden in Szeged city. Subsequently, leaves were cut into small pieces and washed 
with distilled water several times to remove impurities. Then, they were dried in an oven at 105 ◦C for 2 h. The dried material was 
stirred in a 1 M NaOH solution (1:10 w/v) for 24 h and then washed several times with distilled water until the pH of the washing 
solution became closest to the neutral pH. The material was sifted and dried at 105 ◦C for 2 h. Once the material was dry, it was 
subjected to pyrolysis at 300 ◦C for 2 h in a muffle furnace (Nabertherm, LE 2/11/R6, Germany). Finally, the biochar was ground in a 
ceramic mortar until reaching a particle size of 250 μm, and the resulting powder was used for the adsorption experiments. 

2.2. Characterization of biochar 

The characterization of biochar is conducted with the objective to get a better understanding of physical and chemical charac
teristics, as well as changes in biochar features as a result of production. For chemical properties of biochar, the present study focused 
in the electrical conductivity through measurement of zeta potential, for physical properties, the surface area and pore size were 
determined by means of adsorption methods (BET isotherm measurements); surface morphology and elemental composition were 
determined by scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM–EDX) and the surface functional groups 
were measured by Fourier-transform infra-red spectroscopy (FT-IR). 

2.2.1. Zeta potential analysis 
To investigate the surface chemistry of the biochar and its possible interactions with the adsorbate, we measured the zeta potential 

using 10 mg of biochar in a suspension mixed in bottles containing 10 mL of 0.01 M sodium chloride (NaCl) solutions at different pH 
values. After mixing, the equilibrium pH of the samples was measured and adjusted. Then, the zeta potential was measured by a 
Zetasizer NanoZs instrument (Malvern Panalytical Ltd, UK) using electrophoretic light scattering (ELS). 

2.2.2. Scanning electron microscopy (SEM-EDX) analysis 
The morphology of the biochar surface and the elemental composition were analyzed with a Hitachi S-4700 Type II microscope 

(Hitachi, Tokyo, Japan); scanning electron microscope using 10 kV accelerating voltage. 

2.2.3. Fourier-transform infrared spectroscopy (FT-IR) analysis 
FT-IR studies were carried out using a Bruker Vertex 70 IR spectrometer (Bruker, Billerica, MA, USA) (16 scans/s, 4 cm− 1 reso

lution) using the KBr pellet technique. 

2.2.4. Methylene blue adsorption and biochar surface area estimation 
The specific surface area (SSA) of biochar was estimated with the methylene blue method. The procedure and the equations used 

are detailed in the works of Nunes et al., 2011 and Albalasmeh et al., 2020 [22,23]. In this study, 10.0 mg of banana-derived biochar 
was placed in 10.0 mL of methylene blue solution at different concentrations (1, 2, 3, 4, 5, and 6 mg/L) for 24 h at room temperature. 
The remaining concentration of methylene blue was analyzed using a UV–Vis spectrophotometer (Agilent, Cary 60UV–Vis, Malaysia) 
at a wavelength of 664 nm. The SSA of banana-derived biochar was estimated according to Eq. (1): 

SSA=
qMB × NA × AMB

1000
(1)  

where qMB is the amount of methylene blue adsorbed on the biochar (mmol/g) obtained from the monolayer adsorption isotherm using 
the Langmuir equation, NA is Avogadro’s number (6.023 × 1023 mol− 1) and AMB is the area covered by one methylene blue molecule 
(130 Å2) [23]. 

2.2.5. Brunauer–Emmett–Teller (BET) analysis 
The European Biochar Certificate EBC (2015) and the International Biochar Initiative IBI (2015), recommend the BET method to 

analyze nitrogen adsorption isotherms for determining SSAs. The SSA, total pore volume and average pore size of alkali-modified 
biochar were measured by adsorption–desorption analysis using N2 vapour. The samples were prepared for an average of 2 h in a 
vacuum at 200 ◦C (Quantachrome Nova 3000e instrument). 

2.3. Preparation of stock solutions 

Ammonium chloride salt (0.5944 g; NH4Cl) was dissolved in 1 L of distilled water to obtain a mother solution of ammonium ions 
with a concentration [NH4

+] of 200 mg/L. The concentration of organic compounds was equal to or less than the [NH4
+] in the solutions 

used for the biochar adsorption experiments. 
Ultrapure water with an electrical conductivity of 0.323 μS/cm was produced by an ELGA equipment; the bovine serum albumin 

(BSA) with 96 % protein content was manufactured by VWR International Kft. (Hungary); lactose monohydrate (C12H22O11⋅H2O) was 
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produced by Flora Vita (Hungary); and acetic acid (96 %; CH3COOH) was manufactured by VWR Prolabo (France). Sodium hydroxide 
and hydrochloric acid solutions with 0.1 M concentration were used to adjust the pH of the aqueous solutions. 

2.4. Sorption experiments 

Adsorption experiments were conducted according to the batch method, by adding biochar samples to water solutions with 
different concentrations of NH4

+. The experiments were performed at different pH (from 3 to 9) and biochar dose (from 200 to 500 mg) 
ranges to determine their ideal value for adsorption. In order to determine the optimal contact time at which the biochar reaches 
maximum ammonium adsorption, adsorbate concentration measurements were carried out at the first 5 min and then every 10 min 
until determining that the ideal contact time is of 2 h. Fig. 6, shows the results of the effect of pH, percentage of efficiency of adsorption 
at different pH, the effect of dose of biochar and the effect of the contact time in the NH4

+ adsorption process using the alkaline modified 
biochar derived from banana leaves. It is important to mention that preliminary experiments were carried out at a small initial 
ammonium ion concentration ([NH4

+] = 1.5 mg/L), ammonium concentration was determined by the indophenol method. Specifically, 
to obtain the isotherms, we added 500 mg of biochar to 200 mL of NH4Cl solution with a concentration of 5, 10, 25, and 50 mg NH4

+/L. 
The mixture was stirred for 2 h at 250 rpm, followed by sampling (6 mL) and filtering through 0.45 μm microporous membrane filters. 
The NH4

+ concentration was measured by UV–vis spectroscopy (Agilent, Cary 60UV–Vis, Malaysia) at a wavelength of 680 nm. The 
indophenol method was applied for the measurements (the calibration curve in this method suggests a maximum concentration 2 mg 
NH4

+/L; at higher concentrations, the dilution method was applied). 
The amount of NH4

+ adsorbed per unit mass of biochar was calculated based on Eq. (2); additionally, the NH4
+ removal rate was 

calculated by Eq. (3): 

qe =(ci − ce) ∗
V
m

(2)  

where qe is the amount of NH4
+ adsorbed by biochar (mg/g) at equilibrium; ci and ce are the NH4

+ concentration in the initial and 
equilibrium solution (mg/L), respectively; V is the volume of the aqueous solution (L), and m is the mass of biochar (g). 

%Removal NH+
4 =

cf

cf − ci
∗ 100 (3)  

where cf and ci are the final and initial NH4
+ concentrations, respectively. 

The isotherm of NH4
+ adsorption by biochar was studied through batch adsorption experiments at room temperature using different 

initial NH4
+ concentrations and a constant biochar dose (500 mg). To determine the isotherm and kinetic models that effectively 

describe NH4
+ adsorption, we fitted existing mathematical models to the isotherms and kinetics data by a nonlinear method using the 

Solver add-in command in Microsoft Excel. The best-fitting kinetic and isotherm models were selected principally based on the value of 
the nonlinear correlation coefficient (R2). The chi-square (χ2) statistics also assisted in confirming this selection. A value of χ2 close to 
zero means that the selected model fits the experimental data, while a high value of χ2 indicates that the model is inappropriate. R2 and 
χ2 were calculated using Eqs. (4) and (5), respectively: 

R2 =

∑(
qe,cal − qe,mean

)2

∑(
qe,cal − qe,mean

)2
+
∑(

qe,cal − qe,exp

)2 (4)  

χ2 =
∑

(
qe,exp − qe,cal

)2

qe,cal
(5)  

where qe,exp (mg/g) is the amount of NH4
+ uptake at equilibrium obtained from Eq. (2), qe,cal (mg/g) is the amount of NH4

+ uptake 
calculated from the model using the Solver add-in command, and qe,mean (mg/g) is the mean of the qe,exp values. 

The amount of adsorbate (mg) adsorbed per unit surface area (m2) of the adsorbent was calculated by Eq. (6): 

qA = qe/SSA (6)  

2.5. NH4
+ concentration measurements 

The colourimetric indophenol blue method was applied to measure NH4
+ concentration. For this purpose, salicylate and oxidising 

reagents were prepared, and the calibration curve was calculated in a range between 0 and 2 mg NH4
+/L. The samples were measured 

using a UV–vis spectrophotometer (Agilent Cary 60 UV-VIS, Malaysia) at a wavelength of 680 nm. At concentrations greater than 2 mg 
NH4

+/L the dilution method was applied. The Beer–Lambert law was used to determine the NH4
+ concentration based on the calibration 

curve. 
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2.6. Competitive adsorption 

The alkaline-modified banana-derived biochar was soaked in a 1 M HCl solution (1:20 w/v) for 24 h, washed several times with 
distilled water until the pH became neutral, and dried at 80 ◦C. Batch experiments were conducted at room temperature using aqueous 
solutions with different initial concentrations of BSA, lactose, and acetic acid (10, 30, 50, and 100 ppm in all cases). The dose of 
banana-derived biochar was 200 mg, and the volume of solution in each experiment was 100 mL. After 2 h of contact time, 30 mL of 
sample was taken and filtered through 0.45 μm microporous membrane filters for total organic carbon (TOC) measurements (Teledyne 
Tekmar Torch equipment). Each experiment was repeated three times. Additionally, blank experiments were carried out using distilled 
water. Finally, a relationship between the TOC value and concentration of each organic compound was established using the 
competitive Langmuir-like model; then these results were used for developing the Aranovich-Donohue isotherms model. 

2.7. Adsorption models 

The Solver function available in Microsoft Excel was used for fitting the non-linear isotherm models to the experimental data. The 
function aims to minimise the sum of the squared difference between the experimental data and the predicted data [24]. The Langmuir, 
Freundlich, BET, and Harkins Jura isotherm models were applied using Eqs. (7)–(10), respectively, as follows: 

ce

qe
=

1
qmax

ce +
1

K • qmax
(7)  

where ce is the equilibrium concentration of ammonium ions (mg/L), qe is the solid phase concentration of ammonium ions (mg/g), 
and qmax (mg/g) and K (L/mg) are empirical constants. 

ln qe = ln Kf +
1
n

ln Ce (8)  

where Kf is the Freundlich characteristic constant [(mg/g) (L/g)1/n] and 1/n is the heterogeneity factor of sorption. 

qe =
QmKSCe

(1 − KLCe)[1 + (KS − KL)Ce]
(9)  

where qe is the total amount of NH4
+ adsorbed on the adsorbent at equilibrium (mg/g), Qm is the amount of NH4

+ adsorbed at the 
available sites on the surface of the adsorbent (i.e., monolayer) (mg/g); ce is the NH4

+ concentration at equilibrium (mg/L), KS is the 
monolayer adsorption equilibrium constant (L/mg), and KL is the multilayer adsorption equilibrium constant (L/mg). 

1
q2

e
=

B
A
−

(
1
A

)

log ce (10)  

where A and B are constants in the Harkins–Jura model characterized by multilayer adsorption at a relatively large distance from the 
surface [25]. 

Extended Langmuir model was used for competitive adsorption between ammonium ions, biochar and organic compounds. The 
equation of this model is presented in Eq. (11): 

θ1 =
A ∗ ceq1

1 + A ∗ ceq1 + B ∗ ceq2
(11)  

where θ is the fraction of the surface covered by an adsorbed component, ceq is the concentration of a component at equilibrium, and A 
and B are affinity constants of components 1 and 2, respectively [26]. 

The Aranovich–Donohue (AD) equation is an empirical method to fit multilayer adsorption isotherms. The equation is composed of 
two terms. The first one describes the behaviour of adsorption at the first molecular layer, and the second one describes multilayer 
adsorption [27]. Eq. (12) present the AD model as follows: 

q= f(c) ∗
1

(1 − b2C)n2 (12) 

The first term is the function f(c) that can be expressed using any model simulating a Type I isotherm. In the present work, this 
model was considered a Langmuir-like model or competitive adsorption (Eq. (11)). Eqs. (13) and (14) were used for AD models in 
competitive adsorption between each organic compound, biochar and NH4

+: 

qe1 =
KL1Qm1ce1

1 + KL1ce1 + KL2ce2
∗

1
(1 − b2ce1)

n2 (13)  

qe2 =
KL2Qm2ce2

1 + KL2ce2 + KL1ce1
∗

1
(1 − b3ce2)

n3 (14)  
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Fig. 1. Scanning electron microscope images of biochar. a) before NH4
+ ion removal and b) after NH4

+ ion removal.  
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where b2 and n2 are the fitting constants for NH4
+, and b3 and n3 are the fitting constants for the organic compound in the AD model. 

3. Results and discussion 

3.1. Characterization of alkali-modified banana-derived biochar 

3.1.1. SEM analysis 
Surface morphology is a significant factor in adsorbent–adsorbate interactions. Fig. 1 shows the surface morphology of alkali- 

modified biochar in the part a) (four first pictures). The material has a rough, irregular surface. Additionally, the pore structure ex
tends inward, which result is similar to the one presented in the paper of Cao et al. who analyzed leaf-derived biochar [28]. Similar 
SEM images were shown in the work of Rafique et al. for biochar produced from jujube (Ziziphus spina-christi) leaves [29]. In the 
research of Ali T et al., banana peels waste biochar produced at 350 ◦C shown the similar results of SEM images as the present study 
[30]. The part b) of Fig. 1 (last four pictures) show the surface morphology of the biochar after the ammonium ion removal, the void 
spaces that the surface of the biochar presented before the adsorption process are visibly smaller in the biochar after the ammonium 
has been adsorbed. 

3.1.2. EDX analysis 
The quantitative chemical analysis of the modified biochar showed that before ammonium adsorption, the biochar has Carbon 

24.60 %, Nitrogen 17.32 %, Oxygen 47.23 %, Magnesium 4.17 %, Silicon 1.62 % and Calcium 4.09 %; after the adsorption process the 
elemental composition of biochar change in percentages detailed as follows: Carbon 24.17 %, Nitrogen 21.86 %, Oxygen 45.10 %, 
Magnesium 3.66 %, Silicon 3.37 % and Calcium 4.41 %. Previous researches have highlighted the importance of the elemental 
composition in biochars, elements such as carbon, oxygen [31], and the presence of other elements like calcium, potassium, and 
chlorine [32] play a significant role in determining the adsorption capacity, stability, and potential environmental applications of 
biochar. The presence of Nitrogen in the biochar analyzed in the present work is mainly due to the raw material from which it is 
derived. Furthermore, the alkali modification of biochar, alter its elemental composition and properties. For instance, introduce new 
elements and functional groups, impacting the surface charge, the adsorption efficiency and reactivity of biochar. Fig. 2 shows the 
elemental composition of modified biochar 2a) before adsorption and 2b) after the adsorption process. 

3.1.3. FT-IR analysis 
FT-IR analysis was carried out for the samples modified with NaOH to study the changes in functional groups (Fig. 3). The FT-IR 

spectra show that both samples include a variety of functional groups that may influence the NH4
+ adsorption process. Table 1 sum

marizes the identified functional groups. 
A broad and sharp band was observed at 3434 cm− 1, indicating that biochar contains OH functional groups. These groups are 

important in NH4
+ adsorption because they can form coordination bonds with N atoms [34]. The bands at around 2851, 1613, 1319, 

and 782 cm− 1 indicate saturated C–H, C––C or N–H, –OH, and N–H functional groups, respectively. The results obtained are com
parable with some previous investigations on various biochar samples. Specifically, they are similar to the results obtained by Yang 

Fig. 2. a) Elemental composition of modified biochar derived from banana leaves and b) Elemental composition of modified biochar derived from 
banana leaves after NH4

+ ion removal. 
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et al. who investigated biochar derived from recyclable plane tree leaf waste [35]. The results we obtained also agree with previous 
studies on the oxidative fast pyrolysis of banana leaves in a fluidized bed reactor at 500 ◦C for 30 min [36]. 

3.1.4. Surface charge measurements 
Zeta potential measurements are important to determine the surface charge of nanoparticles in a colloidal solution [37]. The results 

show that the biochar surface is negatively charged in the studied pH range, and the values decrease from − 28.7 to − 43.6 mV when the 
pH increases from 3 to 10, respectively (Fig. 4). 

The zeta potentials decrease as the pH increases. Due to electrostatic attraction, the negative charge on the biochar surface fa
cilitates the adsorption of positively charged species: the greater the electrostatic attraction, the larger the negative charge. Since the 
zeta potentials are negative and better deprotonation of biochar was reached at higher pH levels, the values we obtained were ad
vantageous for the adsorption of NH4

+. Similar results have been reported by Huang et al., who determined the zeta potential as a 
function of pH in a solution containing biochar prepared from cassava residue at 450 ◦C for 4 h. The zeta potentials they obtained 
decreased from − 15 mV at pH 3 to − 33 mV at pH 8 [38]. Deprotonation of C–O functional groups is possible thanks to the alkaline 
modification, increasing the pH and, as a consequence, resulting in higher NH4

+ adsorption [39]. 

Fig. 3. FT-IR spectrum of the modified biochar.  

Table 1 
Functional groups in alkali-modified banana-derived biochar.  

Wavenumber (cm− 1) Functional groups References 

3434 Hydroxy group, H-bonded OH stretch [33] 
3340 Aliphatic primary amine, NH stretch [33] 
2931 Methyne C–H stretch [33] 
2851 Methylene C–H asym./sym. stretch [33] 
1613 Secondary amine, >N–H bend [33] 
1381 gem-Dimethyl or ‘‘iso’’ (doublet) [33] 
1319 Primary or secondary, OH in-plane bend [33] 
1093 Alkyl-substituted ether, C–O stretch 

Cyclic ethers, large rings, C–O stretch 
[33] 

782 C–H 1,3-Disubstitution (meta) [33]  

Fig. 4. Zeta potential of biochar as a function of pH (NaCl concentration was 0.01 M).  
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3.1.5. SSA measurements 
The SSA of banana-derived biochar was estimated using the methylene blue method. The experiments were performed three times. 

The qMB obtained was 0.02173 (mmol/g) and the SSA was 17.01 m2/g. These results are comparable with the work of Liu et al., where 
the biochar produced from banana stems and leaves pyrolyzed under 400 ◦C for 3 h had a SSA of 15.73 m2/g [2]. 

In the present study, the SSA was also measured based on the BET adsorption–desorption method. Using this approach, we obtained 
much smaller SSA values than the previous ones. Several pieces of research on the characterization of biochar showed conclusive 
results in which the SSA increases with increasing pyrolysis temperature. For most samples, during the repeated measurements, 
pretreatment for 24 h did not cause a significant difference in the results obtained. The BET SSA for the alkali-modified banana-derived 
biochar produced in this study was 1.979 m2/g. This result is similar to the one obtained in the research of Yang et al., who investigated 
a manganese oxide-modified biochar composite [40]. There difference between the results obtained via these methods is very low. 
Both methods have limitations: the BET isotherm is recommended by EBC and IBI, but assumes monolayer coverage, while, as 
demonstrated in the present study, alkali-modified banana-derived biochar follows multilayer adsorption patterns. In any case, many 
biochar studies indicate that SSA is considered an important characteristic for adsorption, which may be improved by increasing the 
pyrolysis temperature (an aspect worthy of investigation in the future). The Type II isotherm corresponds to mono–multilayer 
adsorption according to the IUPAC classification; this isotherm most frequently relates to adsorption occurring for non-porous or 
macroporous adsorbents with unlimited monolayer–multilayer adsorptions. 

The total pore volume obtained was 0.00734 cm3/g while the average pore diameter was 14.8446 nm. These results indicate that 
our biochar sample is made up of mesopores according to the IUPAC classification (i.e.: micropores (<2 nm), mesopores (2–50 nm), 
and macropores (>50 nm)). Fig. 5a) shows the pore diameter distribution and 5b) the adsorption-desorption curves for alkali modified 
banana derived biochar. 

Considering the adsorption capacity (qe) of our biochar in relation to the SSA for NH4
+ removal, the qmax in the monolayer phase was 

0.97 mg/g according to the Langmuir model and the SSA was 1.979 m2/g according to the BET method. It was calculated that 0.49 mg 
of NH4

+ was adsorbed per m2 surface area on our biochar. Table 2 compares some similar data for different kinds of biochar. 

3.2. Ammonium adsorption results 

3.2.1. Effect of pH and biochar dose 
The adsorption of NH4

+ is significantly influenced by the pH of the aqueous solution. At lower values of pH (<5), proton H+ and 
other cations compete with NH4

+ for adsorption sites, on the other hand at higher pH values NH4
+/NH3 balance shifts towards the 

production of electrically neutral NH3 [44]. The effect of pH was investigated in the pH 3–9 range at constant biochar dose and 
temperature to avoid undesirable and unpredictable pH effects. 

The maximum removal rate was 0,4 mg/g, which was obtained using the minimum dose of biochar (200 mg) at room temperature 
and pH 9 in the presence of only NH4

+ and biochar at same conditions of temperature and biochar dose The maximum NH4
+removal 

percentage of achieved was 25.45 % at pH 9. 
Another series of experiments were carried out in order to determine the efficient dose of biochar capable of removing a greater 

amount of ammonium from the aqueous solution. In these experiments, the pH and temperature values were kept constant (pH 9 and 
room temperature), while the initial NH4

+ concentration was 1.5 mg/L. Results showed that the amount of adsorbed NH4
+ increased 

with increasing biochar dose and that 0.34 mg/L of NH4
+ was removed using 500 mg of biochar. Fig. 6 shows the results of analysis of 

conditions that affected biochar adsorption 6a) effect of pH solution, 6b) NH4
+ removal percentage, 6c) effect of biochar dose and 6d) 

the effect of contact time in the adsorption process. 

Fig. 5. a) Pore diameter and b) adsorption–desorption curves for alkali-modified banana-derived biochar.  
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3.2.2. Adsorption isotherms 
Langmuir and Freundlich isotherm models were considered to investigate monolayer adsorption and calculate the maximum 

adsorption capacity. Moreover, BET, Harkins–Jura, and AD isotherm models were applied to fit the experimental data obtained for 
various NH4

+ concentrations. The following parameters were used: 3.5, 10, 20, 30, 40, and 60 mg NH4
+/L initial NH4

+ concentrations, 
500 mg biochar dose, room temperature, 250 rpm, and 2 h. The results show that between the Langmuir and Freundlich models, 
Langmuir fits better the experimental data if only the monolayer phase of the ammonium adsorption is considered, in the context of 
adsorption of ammonium, it suggests that the adsorption process follows a monolayer adsorption onto a homogeneous surface with no 
interactions between the adsorbed molecules [45]. On the other hand, the Harkins-Jura isotherm fits the obtained experimental 
adsorption data the best (Fig. 7). Table 3 summarizes the parameters obtained for the isotherm models, considering the R2 and χ2 

values of the monolayer adsorption models, Langmuir fits better the experimental data in the interaction of biochar and ammonium 
(without organic compounds) and the high R2 in multilayer adsorption process correspond to Harkins-Jura model. Fig. 7 shows the 
isotherms models applied 7a) monolayer adsorption and 7b) multilayer adsorption. 

Fig. 6. a) Effect of pH for NH4
+ removal in aqueous solution with 1.5 mg NH4

+/L initial concentration and 200 mg of biochar. b) Ammonium removal 
efficiency based on pH, with 1.5 mg NH4

+/L initial concentration and 200 mg of biochar. c) Effect of biochar dose on NH4
+ removal in an aqueous 

solution containing an initial NH4
+ concentration of 1.5 mg NH4

+/L, at pH 9 and room temperature. d) Effect of the contact time in the NH4+ ion 
removal in an aqueous solution containing an initial NH4

+ concentration of 1.5 mg NH4
+/L, at pH 9 and room temperature and 500 mg of biochar. 

Table 2 
Comparison of qe and SSA values for ammonium removal using biochar prepared by pyrolysis at 300 ◦C.  

Biochar 
feedstock 

Biochar manufactured conditions NH4
+ ci 

(mg/L) 
qmax NH4

+

mg/g 
SSA m2/g determined by BET 
isotherm 

mgNH4
+/ 

m2 
References 

Rice straw Biochar pyrolyzed at 300 ◦C for 2 h under N2 

atmosphere 
320 4.090 5.896 0.694 [18] 

Phragmites 
Communis 

Biochar pyrolyzed at 300 ◦C for 2 h under N2 

atmosphere 
320 3.206 3.512 0.913 [18] 

Sawdust Biochar pyrolyzed at 300 ◦C for 2 h under N2 

atmosphere 
320 2.201 2.032 1.083 [18] 

Orange peel Biochar pyrolyzed at 300 ◦C for 2 h 100 4.71 0.55 8.564 [41] 
Pineapple peel Biochar pyrolyzed at 300 ◦C for 2 h 100 5.60 0.54 10.370 [41] 
Raw sesame 

straw 
Biochar pyrolyzed at 300 ◦C for 2 h under N2 

atmosphere 
500 26.84 2.92 9.192 [42] 

Fruit pericarp Biochar pyrolyzed at 300 ◦C for 2 h under N2 

atmosphere 
150 3.25 1.657 1.961 [43] 

Banana leaves NaOH modified biochar pyrolyzed at 300 ◦C 
for 2 h 

60 5.15 1.979 2.602 This study         
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After plotting the experimental data, the multilayer isotherm models have an inflection point near the completion of the first 
adsorbed monolayer. The value of RL is recognized as the dimensionless constant separation factor or equilibrium, which indicates the 
shape and type of the isotherm that can be either irreversible (RL = 0), favourable (0 < RL < 1), linear (RL = 1), or unfavourable (RL >
1). We obtained an RL value of 0.102, which means that the process is favourable [46]. 

3.3. Ammonium adsorption in the presence of organic compounds 

First, the effect of various organic compounds on NH4
+ adsorption was investigated separately. The results in this section 

demonstrate that the parameter that influences adsorption the most is the pH (Fig. 8). 
In the analysis of the impact of the presence of organic compounds in the adsorption process, the monolayer and multilayer iso

therms models were applied. Figs. 9–11 shows the isotherms models for the organic compounds presence 9a) monolayer models for 
NH4

+ adsorption in presence of BSA, 9b) multilayer models for NH4
+ adsorption in presence of BSA; 10a) monolayer models for NH4

+

adsorption in presence of lactose, 10b) multilayer models for NH4
+ adsorption in presence of lactose; 11a) monolayer models for NH4

+

Fig. 7. Isotherm models applied to data obtained for NH4
+ containing aqueous solution with 500 mg of biochar and different initial NH4

+ con
centrations at pH 9 in 2 h a) monolayer adsorption models and b) multilayer adsorption models. 

Table 3 
Parameters of isotherm models for NH4

+ adsorption with banana-derived biochar.  

Isotherm Model Parameters R2 χ2 

Langmuir K = 0.43984   
qmax = 0.947 0.970 0.001 
RL = 0.102   

Freundlich Kf = 0.458   
1/n = 0.20319 0.841 0.005 

BET qm = 0.754   
Kl = 0.0176 
Ks = 0.428 

0.950 0.042 

Harkins–Jura A = 0.977 0.954 0.063 
B = 1.783 

Aranovich–Donohue b2 = 0.0187 0.941 0.076 
n2 = 0.737  

Fig. 8. Effect of pH on NH4
+ removal in the presence of organic compounds using alkaline-modified banana-derived biochar as an adsorbent. The 

following initial concentrations were used: 1.5 mg NH4
+/L, 10 mg/L BSA, 10 mg/L lactose, and 10 mL/L acetic acid. 
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adsorption in presence of acetic acid and 11b) multilayer models for NH4
+ adsorption in presence of acetic acid. 

The Langmuir model in the monolayer phase of NH4
+ adsorption allows the estimation of the maximum amount of NH4

+ removed per 
gram of biochar. In the case of NH4

+ adsorption in the absence of organic compounds, a value of 0.947 mg/g was reached. This value 

Fig. 9. Isotherm models fitted to data obtained for NH4
+containing aqueous solution using 500 mg of biochar and different initial NH4

+ concen
trations in the presence of BSA: a) monolayer models, b) multilayer models. 

Fig. 10. Isotherm models fitted to data obtained for NH4
+ containing aqueous solution using 500 mg of biochar and different initial NH4

+ con
centrations in the presence of lactose: a) monolayer models, b) multilayer models. 

Fig. 11. Isotherm models fitted to data obtained for NH4
+ containing aqueous solution using 500 mg of biochar and different initial NH4

+ con
centrations in the presence of acetic acid: a) monolayer models, b) multilayer models. 
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increased to 1.132, 0.975, and 1.874 mg/g in the presence of BSA (Fig. 9), lactose (Fig. 10), and acetic acid (Fig. 11), respectively. It is 
worth to note that the R2 value of the Langmuir model fitting for acetic acid, for which the highest qmax value was obtained, is the 
lowest of all (0.888). The results have shown that the presence of organic compounds in aqueous solutions can enhance the ammonium 
adsorption capacities of biochar, situation that can be attributed to increase the cation exchange capacity (CEC) of biochar [16], 
hydrophobic interactions [47], and modification of biochar surface properties [48]. Fig. 12 shows the possible mechanism of 
adsorption between the alkali modified biochar derived from banana leaves, ammonium and organic compounds. 

Table 4 presents the parameters of isotherms models when ammonium was removed from aqueous solution in presence of organic 
compounds. In general, for the analysis of NH4

+ adsorption in the presence of acetic acid, the adjustment factors of the monolayer 
models are the lowest (Fig. 11). Regarding monolayer phase modelling, Langmuir model fits best in ammonium adsorption in presence 
of lactose, while in case of the presence of BSA, Freundlich model fits best to the experimental data, taking into account the monolayer 
phase for small ce region. 

On the other hand, considering the R2 and χ2 values of the multilayer adsorption models, in absence of organic compounds, the 
Harkins-Jura model fits the best, while in presence of BSA, the AD model and Harkins–Jura model give similar fitting. At higher ce 
regions, the Harkins-Jura model fits the data the best for lactose, while the BET model fits the data the best for acetic acid. 

3.3.1. Competitive adsorption models 
In the present study, the competitive adsorption was analyzed between biochar, NH4

+, BSA, lactose, and acetic acid. To apply the AD 
model derived from Langmuir-like models for the monolayer part of competitive adsorption, we have to analyze the biochar adsorption 
of each of the aforementioned organic compounds. The concentrations of BSA, lactose, and acetic acid were determined as a function of 
TOC present in each solution. The initial concentrations of BSA, lactose and acetic acid were 10, 30, and 50 ppm, respectively. The 
experiments were repeated three times. Table 5 summarizes the parameters obtained in the AD competitive model application. 
Figs. 13–15 show the curve of AD competitive model between NH4

+ and organic compounds, 13a) AD competitive model with different 
initial NH4

+ concentration in presence of BSA, 13b) AD competitive model with different initial BSA concentrations in presence of NH4
+; 

Fig. 14a) AD competitive model with different initial NH4
+ concentration in presence of lactose, 14b) AD competitive model with 

different initial lactose concentrations in presence of NH4
+; Fig. 15a) AD competitive model with different initial NH4

+ concentration in 
presence of acetic acid and 15b) AD competitive model with different initial acetic acid concentrations in presence of NH4

+. 
Regarding the results obtained in the adsorption experiments, and despite the small SSAs, the biochar proved to have an excellent 

adsorption capacity. Both in the presence and absence of organic components, high NH4
+ removals were obtained. Among the various 

isotherm models, the Harkins–Jura model gave the best fitting, which demonstrates that NH4
+ adsorption on alkali-modified banana- 

derived biochar follows multilayer patterns. The Harkins–Jura isotherm model was analyzed in the work of Ji et al. as well, in which 
methylene blue was removed using biochar derived from fallen leaves by slow pyrolysis [49]. 

Finally, this study shows that the NH4
+ adsorption mechanisms in the presence or absence of organic compounds (BSA, lactose and 

acetic acid) are different. Ammonium ions were adsorbed due to electrostatic attraction between them and the negatively charged 
alkaline-modified biochar [41]. However, the adsorption mechanism of ammonium and organic compounds should be different due to 
their chemical nature; e.g. in case of BSA protein, it contains both positively charged amino and negatively charged acid groups [50], 
while acetic acid forms negatively charged acetate ions. Pore filling, and electron donor and acceptor (EDA) interaction could be how 
organic components adsorb onto biochar [51]. The transition from monolayer to multilayer adsorption behaviour at different NH4

+

Fig. 12. The possible mechanisms of interactions between alkali modified biochar derived from banana leaves, ammonium and organic compounds 
(proteins and acids). 
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concentrations is a consequence of the ion competition for adsorption on the surface of the adsorbent. The experimental data fitted 
with Type II isotherms means that there is no saturation point when forming a multilayer of ammonium molecules [52]. 

The adsorption mechanism of the alkaline modified biochar derived from banana leaves can be explained by considering the 
structure of the adsorbates and the surface characteristics of the adsorbents. Ammonium ion has a positive electric charge and the 
biochar is been negatively charged facilitates the adsorption. According the elemental composition, biochar had Oxygen, Carbon, 
Nitrogen, Magnesium, Calcium and Silicon, these components formed important functional groups on the biochar surface, and it 
becomes effective adsorbent for application in ammonium removal process. 

Additionally, the adsorption mechanism of ammonium removal using alkali modified biochar derived from banana leaves in the 
presence of organic compounds involves considering the interactions between organic compounds and biochar. 

4. Conclusions 

The interest in biochar is considerable because it is a low-cost, environmentally friendly material capable of contributing to the 

Table 4 
Parameters of isotherms models for NH4

+ adsorption using banana-derived biochar in the presence of organic compounds.  

Organic 
Compound 

Isotherm Model Parameters R2 χ2 

BSA Langmuir K = 0.204   
qmax = 1.132 0.917 0.007 
RL = 0.195   

Freundlich Kf = 0.356 0.924 0.006 
1/n = 0.3596 

BET qm = 0.745 0.956 0.060 
Kl = 0.018 
Ks = 0.433 

Harkins–Jura A = 1.049 0.985 0.022 
B = 1.773 

Aranovich–Donohue b2 = 0.011 0.985 0.022 
n2 = 3.159 

Lactose Langmuir K = 0.4495    
qmax = 0.975 0.933 0.003  
RL = 0.1   

Freundlich Kf = 0.463 0.825 0.008  
1/n = 0.208 

BET qm = 0.787 0.952 0.068  
Kl = 0.017 
Ks = 0.371 

Harkins–Jura A = 0.989 0.960 0.041 
B = 1.823 

Aranovich–Donohue b2 = 0.0188 0.950 0.046 
n2 = 0.514 

Acetic acid Langmuir K = 0.0596    
qmax = 1.874 0.888 0.015  
RL = 0.456   

Freundlich Kf = 0.309 0.675 0.045  
1/n = 0.251 

BET qm = 20.05 0.966 0.050 
Kl = 0.0089 
Ks = 0.0019 

Harkins–Jura A = 1.198 0.947 0.076 
B = 1.804 

Aranovich–Donohue b2 = 0.00033 0.955 0.000 
n2 = 186.72  

Table 5 
Parameters of the AD model for competitive NH4

+ adsorption using banana-derived biochar in the presence of various organic 
compounds.  

Organic Compound Parameters R2 χ2 

BSA b = 0.021 0.910 0.0899 
n = 0.59   

Lactose b = 0.017 0.902 0.113 
n = 0.83 

Acetic acid b = 0.021 0.947 0.069 
n = 0.52  
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improvement of water quality when used as an adsorbent. In the present work, the impact of various organic compounds on NH4
+

adsorption was analyzed, demonstrating that the adsorption capacity increases if Langmuir model in monolayer phase is considering, 
especially in the presence of acids. 

The elemental composition of alkali modified biochar derived from banana leaves indicated the presence of Nitrogen, however 
other properties of the material made it a good ammonium ion adsorbent such as the negative charge surface, cation exchange ca
pacity, the functional groups and the pore size, the presence of organic compounds involves synergistic interactions, achieving in 
greater ammonium adsorption. 

Fig. 13. AD competitive model applied to NH4
+ containing aqueous solution in the presence of BSA using 200 mg biochar and a) different initial 

NH4
+ concentrations and b) different initial BSA concentrations. 

Fig. 14. AD competitive model applied to NH4
+ containing aqueous solution in the presence of lactose using 200 mg biochar and a) different initial 

NH4
+ concentrations and b) different initial lactose concentrations. 

Fig. 15. AD competitive model applied to NH4
+ containing aqueous solution in the presence of acetic acid using 200 mg biochar and a) different 

initial NH4
+ concentrations and b) different initial acetic acid concentrations. 

F. Pantoja et al.                                                                                                                                                                                                        



Heliyon 10 (2024) e31495

16

The results obtained demonstrated that the banana-derived biochar is capable of removing NH4
+ from aqueous solutions; however, 

the removal percentage does not exceed 30 %. In the monolayer adsorption phase Langmuir isotherm model fits better with the 
experimental data, in the context of adsorption of ammonium, it suggests that the adsorption process follows a monolayer adsorption 
onto a homogeneous surface with no interactions between the adsorbed molecules, on the other hand, the high R2 in multilayer 
adsorption process correspond to Harkins-Jura model. Therefore, it is necessary to investigate biochar modification technologies 
further to improve its adsorption capacity while maintaining low production costs. 

Until now, there are certainly not enough references for modelling adsorption behaviours in multilayer systems with the presence 
of organic compounds. The present research offers a novel approach for using a biochar made with an unconventional feedstock of 
which there are not many studies on its characterization and adsorption capacities, on the other hand the application of ion 
competition models with models that analyze multilayer adsorption behaviour through the application of the Aranovich-Donohue 
equation derived from the Langmuir-like model. 

Moreover, the present work leaves a precedent of how to convert an agricultural waste material into an adsorbent for a eutro
phicating compound such as ammonium from wastewater. Evidently, the replication and large-scale application of the use of biochar 
produced through banana leaves will contribute to giving a useful life to the large amount of agricultural waste in countries where 
bananas are massively cultivated, promoting the concept of circular economy and can additionally remove pollutants from wastewater 
to be returned to the environment in better quality. In the future, studies are necessary on both the simultaneous adsorption or co- 
adsorption of ammonium and phosphates using biochar derived from banana leaves and the recovery of biochar containing ammo
nium and the closure of its cycle using it as a soil fertilizer. 
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