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Abstract 

This paper investigates the adsorption of organic compounds in aqueous solution to biochar 

adsorbent, using methylene blue as an indicator for adsorption. Biochar was produced by the 

pyrolysis of mixed municipal discarded material in an innovative heat pipe reactor, the 

pyrolysis temperature was held at 300oC for 12h. Biochar produced under these conditions 

was found to have oxygen containing functional groups that are beneficial to the adsorption 

of methylene blue as well as graphitic structures suggesting potential sites for π-π interactions 

with methylene blue. Methylene Blue followed the pseudo second order kinetic model with 

higher R2 values than both the pseudo first order kinetic and intraparticle diffusion models. 

The adsorption also closely fit the Langmuir isotherm rather than the Freundlich model, 

suggesting monolayer adsorption rather than multilayer adsorption. Maximum adsorption 

capacity was observed at 7.2mg/g for initial concentration of 100mg/l Methylene blue in 

aqueous solution. The amount of Methylene blue adsorbed increased with increasing initial 

concentration as expected. The adsorption mechanisms are likely π-π interactions between 

methylene blue and the graphitic structures in the biochar which are shown to be present in 

Raman spectroscopy, as well as electrostatic attraction and ionic bonding between negatively 

charged surface sites on the char and the positive charge on the dissolved methylene blue 

molecules. The results show that biochar obtained from mixed waste could be employed as 

a low-cost and effective tool in water treatment for the removal of basic dyes and potentially 

other organic impurities. 
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1. Introduction 

Holistic solutions for water treatment are required globally, especially in remote areas where 

centralised supply systems are not immediately feasible. Additionally, there is  a pressing 

demand for sustainable waste management procedures that treat waste as a resource, rather 

than a by-product (Jouhara et al., 2017). These two issues often combine with disastrous 

effects, especially in developing communities where proper waste management practises are 

not adopted. This leads to the introduction of contaminants to water supplies. Waterborne 

contaminants introduced to water by poor waste management include heavy metals 

(Chowdhury et al., 2016), pesticides (Sun et al., 2019) pharmaceutical products (Branchet et 

al., 2019), and harmful poly-aromatic hydrocarbons (Petrovic et al., 2018).  These are 

removed in developed nations using systems that incorporate a variation of advanced and 

simple filtration and separation processes (Hoslett et al., 2018). These systems for whatever 

reason, may not be attainable in a developing world setting, thus more simply operated 

systems are used to procure clean drinking water. 

The removal of organic compounds from drinking water is important as trace levels of some 

organic contaminants may result in harmful effects on human health and the environment. 

Sources of organic pollution include pesticides from agricultural practices (Graf et al., 2019), 

industrial waste and wastewater from plastic and textile industries (He et al., 2018), and 

pharmaceutical/personal care products (Quesada et al., 2019) to name a few. Contamination 

with pharmaceuticals is a significant issue as these often contain biologically active 

components which lead to detrimental effects on both humans and the environment. One 

example of harm caused by the presence of pharmaceutical products in water is the 



 

emergence of antibiotic resistant bacteria due to the overuse of antibiotics (Huang et al., 

2019), improper disposal of antibiotics (Singh et al., 2019), or incomplete removal of 

antibiotics in water treatment plants (Sanganyado and Gwenzi, 2019). Another way in which 

organic compounds interact with the biosphere is as endocrine disruptors (US, 2019) resulting 

in birth defects in living organisms. Some organic compounds are not fully removed by 

conventional water treatment techniques and more advanced procedures are often adopted 

in developed nations to remove these trace organics from water (Bai and Acharya, 2019). 

These methods include advanced oxidation procedures namely; ozonation, UV irradiation and 

photo-catalysis, and other procedures such as forward osmosis (Lee et al., 2019). These 

processes however are technically complicated and require well trained personnel. In 

addition sufficient infrastructure is required for their operation, therefore these processes 

may not be well suited in the removal of organic pollutants from water in developing nations 

(Hoslett et al., 2018; Mac Mahon and Gill, 2018). 

Slow sand filters are an example of an easily operated water treatment method which is used 

in the developing world due to its simplicity of design, construction and operation (Lee and 

Oki, 2013). However, this method does not significantly remove heavy metals and other toxic 

materials such as pesticides and pharmaceuticals from solution without modification 

(Manawi et al., 2018; Tizaoui et al., 2012). A method of removing such pollutants from water 

is through the use of solid adsorbents; this is considered an ideal technology due to its 

efficacy, low cost and simple operation (Gwenzi et al., 2017). Biochar adsorbents can be 

produced by the pyrolysis of different carbonaceous precursor materials such as sea weed, 

paper pulp/sludge, sugarcane bagasse, and mixed municipal discarded material (MMDM) 

(Ahmed et al., 2019; Chaukura et al., 2017; Lyu et al., 2018; Sumalinog et al., 2018). Studies 

evaluated the sorptive capacities of biochar concerning various pollutants including toxic 



 

heavy metals such as copper, lead, cadmium (Hoslett et al., 2019; Rechberger et al., 2019; 

Trakal et al., 2016), metalloids such as arsenic (Wongrod et al., 2019), and both biological and 

non-biological organic pollutants (Ren et al., 2018; Sasidharan et al., 2016; Zhang et al., 2017). 

Many of these studies display the positive characteristics of char for varied contaminant 

removal/sorption from aqueous solutions. This material is inexpensive as it can be produced 

from MMDM feedstock that has little value prior to pyrolysis. It is also easy to produce in 

comparison to the technologically advanced water filtration methods already mentioned 

which require specialist knowledge and training to produce and maintain (Yaashikaa et al., 

2019). 

Different feedstocks can result in biochars that possess different physical and chemical 

properties (S. Li et al., 2019). The differing characteristics between biochars cause varying 

adsorption behaviours between different feedstocks. Greater negative charge can result in 

greater electrostatic attraction of positively charged pollutants (Tan et al., 2019) and vice 

versa. Increased amounts of oxygen containing functional groups result in greater complexing 

and/or intermolecular interactions with contaminants (Fan et al., 2018), complexation being 

particularly important in the removal of metals. Increased aromatic groups in the biochar can 

result in π-π interactions with aromatic groups in organic pollutants (Ahmed et al., 2018). 

Surface area is typically found to have a great impact on the adsorption of organic molecules. 

The previous list of biochar characteristics and the respective adsorption mechanisms they 

influence is not exhaustive, biochar is a highly complex medium. One way in which current 

literature mitigates the complexity of biochar is by using specific feedstock material 

(Mohammed et al., 2018; Parsa et al., 2019; Yazdani et al., 2019; Zhang et al., 2020). This 

makes the chemical and physical characteristics more homogenous throughout a batch of 

biochar produced at known pyrolysis conditions. This approach can be beneficial to industries 



 

and areas that produce consistent types of waste materials; it is however not necessarily the 

best approach concerning MMDM where energy intensive, costly and technologically 

advanced processes are required to separate MMDM into specific feedstocks (Gundupalli et 

al., 2017; Meira de Sousa Dutra et al., 2018). In less developed areas where implementing a 

technically advanced sorting procedure is not sustainable, pyrolysis could present a possible 

solution to the management of MMDM, as well as the source of a possible adsorbent for 

water treatment. 

One of the main problems with pyrolysis is that toxic compounds such as dioxins and 

polyaromatic hydrocarbons (PAHs) can be produced (Zhou et al., 2015). PAHs and Dioxins are 

poorly soluble in water however they have been found on fine dust particles which could be 

suspended in water (Minomo et al., 2018; Vandermarken et al., 2018). This is problematic 

when using biochar for water treatment since leached PAHs and dioxins are hazardous and 

lead to health complications in humans (Chen et al., 2019). 

It has been found that lesser amounts of PAHs occur in biochar produced at lower 

temperature compared to biochar produced at higher temperature (Chen et al., 2019). Some 

studies have found that PAHs are more abundant in materials produced by fast pyrolysis and 

gasification than slow pyrolysis (Hale et al., 2012). Other factors such as feedstock type also 

play a large role in PAH production (Buss et al., 2016). One way of reducing PAH content in 

pyrolysis materials is to pyrolyze at very high temperatures (>700oC), this leads to the 

vaporisation of PAHs in biochar and has the added benefit of producing biochar with 

increased surface areas (Czajczyńska et al., 2017). However, decreased amounts of biochar is 

produced at these high temperatures compared with low temperatures (Li et al., 2011; Yang 

et al., 2018). In addition these high pyrolysis temperatures result in the loss of surface 

functional groups that can be highly beneficial for adsorption (Tang et al., 2019). Reducing 



 

PAHs and dioxins can also be achieved through the utilisation of lower pyrolysis temperatures 

and slow pyrolysis rather than fast pyrolysis. PAHs and dioxins are formed in significantly 

lesser amounts under these conditions (Hu et al., 2019; Zhou et al., 2016). Furthermore, 

avoiding the use of certain feedstocks such as chlorine containing plastics, or copper 

containing materials can reduce the amounts of dioxins produced by the incomplete 

dehydrochlorination and de novo synthesis pathways respectively (Huang and Buekens, 1995; 

Zhou et al., 2016). PAHs can also be reduced through avoiding the use of certain feedstocks, 

mainly plastics (L. Li et al., 2019; Zhou et al., 2015). Moreover, the production of biochar 

adsorbents using a heat pipe based reactor has not to the knowledge of the authors been 

conducted in any current literature. 

Consequently, this study was conducted to investigate the use of biochar derived from 

MMDM not including plastic, using low temperature, slow pyrolysis produced in a heat pipe 

reactor for the removal of organic pollution from water using MB as an indicator pollutant. 

MB is an organic dye that has a wide range of applications; medical, textile and in printing 

industries (Molina Higgins et al., 2019). MB was therefore selected as an indicator of MMDM 

biochar adsorption performance for this study. 

2. Materials and Methods 

2.1 Materials 

Methylene Blue Hydrate, 0.5M Titripur sulfuric acid and 0.5M Titripur sodium hydroxide were 

obtained from Sigma Aldrich. 0.45µm Nalgene syringe filters (Thermofisher) were obtained 

from Fisher Scientific. 

2.2 Biochar production 

Biochar was obtained from MMDM pyrolysed in a heat pipe reactor seen in Fig. 1. Pyrolysis 

temperature was maintained at 300oC for a retention time of 12h. The MMDM used in this 



 

study consisted of paper, cardboard, food scraps and garden waste. Paper and cardboard char 

were described as paper/cardboard char, and food scraps/garden waste were described as 

food/garden char. Previous experiments by the author found plastic to be unfavourable for 

adsorption as the pyrolysis temperatures used were not high enough to result in the full 

pyrolysis of plastic discarded materials (Hoslett et al., 2019). Additionally, developing 

countries produce higher levels of organic discarded materials than discarded plastics (Kaza 

et al., 2018), these can include food scraps and agricultural waste which are similar to garden 

trimmings and food scraps. 

 

Fig. 1. Schematic drawing of pyrolysis reactor used in this study (Jouhara et al., 2018). 

2.3 Biochar characterisation 

The biochar was characterised prior to adsorption experiments using four different 

techniques: Scanning Electron Microscopy (SEM), Energy Dispersive X-ray Analysis (EDAX), 

Fourier Transmission Infra-Red spectroscopy (FTIR), and Raman spectroscopy. SEM was used 

to explore the surface morphology of the biochar, with two different samples of 



 

paper/cardboard and food/garden biochar used to illustrate the variation in biochar 

characteristics between two feedstocks. EDAX was used to determine the elemental 

composition of the biochar illustrating the difference between different feedstocks using two 

separate samples of food/garden char and paper/cardboard char. FTIR was used to observe 

the different functional groups present within the mixed char. Raman spectroscopy was used 

to investigate the crystalline structure of the mixed char, more specifically it was used to 

reveal the graphitic and amorphous structures present in the char. 

2.4 UV-Vis Spectrophotometry 

UV-Vis spectrophotometry was used to determine concentration of MB before and after 

adsorption. A wavelength of 664nm was analysed as this was found to be the maximum 

absorption peak for MB in solution. MB solutions between concentrations of 0-3 mg/l were 

used for a calibration curve, this was the linear range for UV-Vis absorbance of MB solution. 

Sample solutions were diluted to fall within this concentration range for analysis. 

2.5 Adsorption Kinetic experiments 

A 1000mg/l stock solution of MB was prepared by dissolving 1.288g of Methylene blue 

hydrate in 1L of water. This solution was diluted to produce initial concentrations of 10, 25, 

50, 75 and 100mg/l MB solution. The pH of the solutions was adjusted to pH 5 using 0.5M 

sodium hydroxide and 0.5M sulphuric acid.  Adsorption times of 5, 10, 20, 30, 60, 180, 270 

and 360 minutes were used for these experiments. A maximum contact time of 6h was 

selected due to the focus of this study on biochar as a potential filtration media. 5ml samples 

were collected and passed through 0.45µm Nalgene syringe filters (Thermofisher) prior to 

UV-Vis analysis. Analysis was conducted in triplicate. 

The kinetic models selected for analysis were the pseudo second order, pseudo first order 

and intraparticle diffusion model shown in equations (3), (4), and (5) respectively. Qt is the 



 

adsorption amount (mg/g) at a given time (t) is the duration of experiment (mins), K2 is the 

PSO constant (g mg-1 min-1), Qe is the adsorption amount at the equilibrium concentration 

(mg/g), K1 is the PFO constant (min-1), ki is the intraparticle diffusion rate constant (mg g-1 min-

1). The models were analysed using non-linear regression to compare with the experimental 

data. 

𝑄𝑄𝑡𝑡 = 𝑘𝑘2∗𝑄𝑄𝑒𝑒2∗𝑡𝑡
1+𝑘𝑘2∗𝑄𝑄𝑒𝑒∗𝑡𝑡

       (3) 

𝑄𝑄𝑡𝑡 = 𝑄𝑄𝑒𝑒 ∗ (1 − 𝑒𝑒−𝑘𝑘1∗𝑡𝑡)     (4) 

𝑄𝑄𝑡𝑡 = 𝑘𝑘𝑖𝑖 ∗ 𝑡𝑡1 2⁄ + 𝐶𝐶      (5) 

 

2.6 Adsorption Isotherm experiments 

To investigate isothermal behaviour of MB sorption to biochar, initial concentrations between 

10 and 100mg/l MB were used to produce different equilibrium concentrations at pH 5, 

stirring speed 360rpm, temperature 30oC. Equations (6) and (7) (8) show Langmuir, Freundlich 

and Sips isothermal models respectively. The data from isothermal experiments was analysed 

using non-linear regression models. Where Ce is the equilibrium concentration (mg/l), Qe is 

the adsorption of MB at equilibrium (mg/g), KL is the Langmuir constant (l/mg), Qm is the 

maximum adsorption capacity (mg/g), Kf and n are both Freundlich constants, KS is the Sips 

equilibrium Constant and N is the Sips model exponent. 

𝑄𝑄𝑄𝑄 = 𝐾𝐾𝐿𝐿∗𝑄𝑄𝑚𝑚∗𝐶𝐶𝑒𝑒
1+𝐾𝐾𝐿𝐿∗𝐶𝐶𝑒𝑒

       (6) 

𝑄𝑄𝑒𝑒 = 𝐾𝐾𝑓𝑓 ∗ 𝐶𝐶𝑒𝑒
1 𝑛𝑛�       (7) 

𝑄𝑄𝑒𝑒 = 𝑄𝑄𝑚𝑚∗(𝐾𝐾𝑆𝑆∗𝐶𝐶𝑒𝑒)𝑁𝑁

(𝐾𝐾𝑆𝑆∗𝐶𝐶𝑒𝑒)𝑁𝑁+1
      (8) (Tong et al., 2018) 



 

 
Fig. 2. Experimental set up for MB Kinetic and Isothermal experiments (A) shows the rubber bung in the neck of the conical 

flask (B), with the temperature control probe (C) inserted through a small hole in the bung, (D) shows the magnetic stirring 

pill and (E) shows the magnetic stirring plate itself (Hoslett et al., 2019). 

2.7 Statistical analysis and modelling 

Equation (1) shows the adsorption of MB after a given time, with (2) showing the adsorption 

of MB at equilibrium concentration. (3), (4) and (5) show the non-linear equations of the 

pseudo second order (PSO) and pseudo first order (PFO) kinetic models and intraparticle 

diffusion model respectively, where Qt is the adsorbed amount at a given time (mg/g), V is 

the volume of solution (l), Ci is the initial MB concentration (mg/l), Ct is the MB concentration 

at a given time (mg/l), Ce is the concentration at equilibrium (mg/l) , m is the mass of 

adsorbent used (g),  

𝑄𝑄𝑡𝑡 = 𝑉𝑉∗(𝐶𝐶𝑖𝑖−𝐶𝐶𝑡𝑡)
𝑚𝑚

       (1) 

𝑄𝑄𝑒𝑒 = 𝑉𝑉∗(𝐶𝐶𝑖𝑖−𝐶𝐶𝑒𝑒)
𝑚𝑚

       (2) 



 

All experiments were carried out in duplicate with the average values analysed. 

2.8 Molecular orbital modelling 

Molecular orbital modelling of MB molecules was carried out in order to determine whether 

π-π interactions are possible between MB molecules and biochar surface. This was conducted 

using Avogadro molecular editing and visualisation software. Avogadro was used to generate 

the input for the Orca quantum chemistry program. The geometry optimisation procedure 

was conducted using density functional theory in order to develop visualisations of the 

molecular orbital shape. The orbital shape revealed the nature of the molecular orbitals. 

3 Results 

3.1 Biochar characterisation 

SEM analysis was conducted to study the surface morphology of biochar produced from the 

pyrolysis of MMDM. The MMDM used in this study was separated into food/garden and 

paper/cardboard feedstocks for characterisation before being mixed for adsorption 

experiments. The SEM for these can be seen in Fig. 3 A and B, respectively. The corresponding 

EDAX analysis for the food/garden biochar paper/cardboard biochar are displayed in Fig. 3 A2 

and B2, respectively. These figures show the elemental content and composition of the two 

full areas analysed and expresses these in terms of the atomic percentage. 

The SEM image of biochar produced from paper/cardboard appears to have a lattice-

like structure distinctive of biochar derived from paper (Hoslett et al., 2019). Meanwhile the 

SEM image of biochar produced from food/garden material appears to have a heterogenous 

surface morphology with pores of varying sizes. This heterogeneity of the food/garden 

biochar surface structure and the lattice structure of the paper/carboard biochar imply that 

a greater surface area is available for adsorption food/garden material than paper/cardboard. 

These SEM images further demonstrate how the use of different feedstock alters the 



 

structure and surface morphology of the biochar produced; this in turn determines its 

adsorption properties. 

An atomic percentage of approximately 70% carbon proves that the composition of 

both biochars is dominated by carbon structures, with this percentage in the food/garden 

biochar being slightly higher than in the paper/cardboard biochar. This could be due to paper 

being primarily composed of cellulose; which require temperatures that exceed the 300oC 

used to pyrolyze the municipal solid waste in these experiments (Sophonrat et al., 2018).  

The second and third most dominant elements in both biochars are oxygen and 

calcium with slightly higher atomic percentages of 17.7% oxygen and 5.4% calcium found in 

food/garden waste and paper/cardboard biochar. The presence of calcium and oxygen in the 

biochar containing pyrolyzed paper is most likely due to the use of calcium carbonate in the 

manufacturing of paper as a filler or a coating (Devi and Saroha, 2013). The detection of 

certain minerals in the biochar is due to their existence in the precursor materials (Schreiter 

et al., 2018) except for the detected gold which is present due to the gold coating applied 

during sample preparation for SEM-EDAX. The elements chloride, sodium, potassium, 

nitrogen, aluminium and phosphorus were detected in both biochars in differing percentages. 



 

 
Fig. 3. SEM images of food/garden (A) and paper/cardboard (B) biochar, and EDAX results of food/garden (A2) and 

paper/cardboard (B2) biochar. 

Fig. 4 shows the FTIR spectra for MMDM biochar. The peaks at 1416, 873 and 712 cm-1 are 

indicative of CO3 presence in the biochar (Farges et al., 2018). Calcium carbonate is typically 

used in the manufacture of paper, and is also present in biological materials such as manure 

and grasses (Seo et al., 2017; Van Poucke et al., 2019) with 666cm-1 indicating the presence 

of CH2 groups on the biochar surface (Litescu et al., 2012). The less intense peak between 

3500-3000 cm-1 denotes the presence of O-H groups within the biochar, with the presence of 

phenolic O-H groups potentially masked in Fig. 4 by the calcite peak between 1550 – 1350 

cm-1. 



 

 

Fig. 4.  FTIR results for MMDM biochar. 

The results of the Raman analysis are displayed in Fig. 5. The two main peaks that relate to 

carbon structures within the biochar are observed at approximately 1600cm-1 and 1370cm-1 

these indicate graphitic (G) and disordered (D) carbon structures respectively (Fuertes et al., 

2010; Sheng, 2007). These two peaks indicate the presence of aromatic C-C Sp2 hybridized 

bonds of benzene rings in the biochar. The G peak corresponds to an ordered graphitic lattice 

and is of a higher intensity than the D peak which represents the defect region of disorganised 

graphitic structures. This suggests there are both ideal and disordered graphitic structures in 

the body of the biochar, but that the biochar has a greater proportion of ordered graphitic 

carbons (Sheng, 2007). The sharp peak present at 1086cm-1 indicates the presence of calcite 

in the biochar (Buzgar and Ionut Apopei, 2009). The band between the D and G peaks is known 

as the valley section (V band), this section is indicative of amorphous carbon within the 

biochar (Ibn Ferjani et al., 2019). The intensity of the V band compared with the G and D peaks 

in this study shows that biochar produced from MMDM at 300oC is a mixture of amorphous 

and aromatic structures. 



 

 

 

Fig. 5. Raman shift data for the MMDM biochar plotting counts against wavenumber (cm-1). 

3.2 Effect of adsorption time 

Fig. 7 shows the kinetic data for MB adsorption to biochar, categorised by initial 

concentration. Model lines presented in the graph show the pseudo second order model, this 

model was the closest fitting kinetic model in all experiments, as demonstrated in Table 1. 

Table 1 shows the kinetic data for experiments investigating the effect of adsorption time on 

the amount of MB adsorbed to the biochar. It can be seen that the kinetic model that best 

describes the adsorption of MB to MMDM biochar is the pseudo second order model with an 

R2 value greater than both pseudo first order and intraparticle diffusion model. The pseudo 

second order kinetic model accounts for liquid film diffusion, surface adsorption and intra-

particle diffusion processes, with the pseudo second order also stipulating that the 

predominant rate limiting steps are chemisorption processes (Fan et al., 2017). The reduction 



 

of K2 value with increasing MB concentration confirms that physisorption processes also have 

a limiting effect on the adsorption of MB to biochar derived from MMDM (Rehman et al., 

2018). 

Literature tends to focus on the pyrolysis of specific feedstock materials whereas this work 

focuses on the use of mixed feedstocks including garden waste, food scraps, and paper. The 

characterisation of different biochars in literature shows that different feedstocks pyrolyzed 

under similar conditions produce biochars with varying chemical and physical characteristics. 

This affects the adsorption properties of biochar (S. Li et al., 2019; Rajapaksha et al., 2019). 

The biochar precursor used in this study was thoroughly mixed. It was therefore not possible 

to determine the derivative feedstock proportions in any given sample of biochar. This means 

that the adsorption chemistry is somewhat more complex than is the case in other studies. 



 

 

Fig. 6 – Scatter plot showing kinetic data of MB adsorption to biochar for different initial MB concentrations (Ci, mg/l) with 

Pseudo Second Order models shown as lines 

Table 1 – Kinetic results of methylene blue adsorption to MMDM derived biochar. 

Initial 

Conc. 

(mg/l) 

Intraparticle diffusion 

model 

Pseudo First Order Pseudo Second Order 

Ki Ci R2 Qe K1 R2 Qe K2 R2 

10 0.0621 0.8407 0.5689 1.615 0.1854 0.9154 1.7143 0.1733 0.9683 

25 0.1366 0.2388 0.9296 2.3888 0.0231 0.9304 2.7437 0.00973 0.9547 

50 0.1414 0.8335 0.8025 2.913 0.0466 0.8776 3.1385 0.0219 0.9083 

75 1.8195 0.2058 0.7047 4.6873 0.0799 0.9583 5.0096 0.0245 0.9908 

100 0.2647 2.8401 0.6101 6.3878 0.1615 0.8988 6.7192 0.0377 0.9055 



 

 

3.3 Effect of initial Methylene Blue Concentration 

Table 2 shows the isothermal data for MB experiments 10-100mg/l initial MB concentration 

at pH 5. The table shows that the Langmuir isotherm has an R2 value of 0.8638. The Langmuir 

model accounts for monolayer adsorption whereas the Freundlich model accounts for multi-

layer adsorption. Therefore, what the isothermal models show is that monolayer adsorption 

is the best way to describe the adsorption of MB to biochar at a time of 6h. 

The performance of the MMDM biochar in this study exceeds that of paper, and pinewood 

derived biochar reported by Lonappan et al., 2016. However, biochars that have undergone 

activation processes outperform the MMDM char (S. Liu et al., 2019; Que et al., 2018). What 

the results and the mentioned literature suggest is that the MMDM char can be used to 

remove organic pollutants from water; however, the adsorption of such pollutants to non-

activated MMDM char is not as favourable as is the case for different activated biochars 

produced in other studies. It is likely therefore that an activation process could enhance the 

adsorption of organic contaminants to biochar derived from MMDM however further work is 

needed to confirm whether this is true, and to optimise the activation procedure. 

Table 2 – Isothermal models coefficients for 10-100mg/l initial MB conc. at pH 5. 

Freundlich Langmuir Sips 

n Kf R2 Qm KL R2 Qm KLf N R2 

1.8746 0.6660 0.7645 365.9 0.000287 0.8638 20.2824 0.000486 0.3572 0.6752 

 

3.4 Molecular Modelling 

π electron donor-acceptor (EDA) interaction is an adsorption mechanism that involves π 

electrons in either the adsorbent and adsorbate, where functional groups such as amines and 



 

methyl in either the biochar or adsorbate act as π electron acceptors (Zhao et al., 2019). These 

π electron acceptors are present in MB at both ends of the molecule in the R-N(CH3)2 groups. 

Furthermore, π-π stacking interactions can also occur between aromatic groups in both the 

adsorbate and adsorbents (J. Liu et al., 2019). π orbitals are shown to exist in the adsorbate 

by the modelling displayed in Fig. 8. The Raman shift characterisation data shows the 

presence of aromatic groups in the biochar. This shows that π interaction between MB and 

the MMDM biochar is possible. 

 

Fig. 7 – The Highest Order Molecular Orbitals (HOMO) of a Methylene Blue Molecule with (A) showing the view from 

above, and (B) from the side, produced using Avogadro molecular modelling software with the Orca quantum chemistry 

program 

Fig. 9 shows the electro-static characteristics of a methylene blue molecule, with blue 

indicating a positive charge and red indicating negative charge. The Langmuir model fit the 



 

actual data more closely than the Freundlich or Sips isotherm. Interactions between dissolved 

and absorbed MB molecules are unlikely as the Langmuir model describes monolayer 

adsorption (Shooto et al., 2020). 

 

Fig. 8. Electro-static potential diagram of a methylene blue molecule  

4 Discussion 

4.1  Adsorption Mechanisms 

The MMDM char shows a significant removal capacity of MB after 6h, despite not being 

activated as in other studies. This is promising for developing world applications where 

technically complicated activation procedures such as steam or chemical activation may not 

be sustainable. The sorption of MB suggests that MMDM biochar could be suited to use in 

the removal of small concentrations of pesticides, and pharmaceuticals in developing world 

applications. This MMDM biochar would also have the benefit of being produced from locally 

sourced biomass including domestic food scraps as well as discarded agricultural material. 

The low amount of MB removed by the biochar can be explained by the pyrolysis temperature 

used, where pyrolysis temperatures lower than 300oC can increase the adsorption of MB to 

biochar due to the increased amount of oxygen containing functional groups (S. Liu et al., 



 

2019). Increases in pyrolysis temperatures result in the volatilisation of non-carbon elements, 

notably hydrogen and oxygen are driven off at higher pyrolysis temperatures. This results in 

the loss of oxygen containing functional groups on the biochar surface. These functional 

groups can be important as they result in negative surface charge. Therefore, lower pyrolysis 

temperature can be beneficial for MB removal as the positively charged site on MB is 

attracted to negatively charged sites on the biochar (Zhu et al., 2018). Despite this, the data 

collected from this study is comparable to adsorption amounts from other similar studies 

concerning more specific feedstocks as seen in Table 3. 

In addition to electrostatic interactions, π-EDA interactions between methylene blue and 

biochar may be benefited by the lower pyrolysis temperature used in this study. Methyl 

groups are attached at both ends of the MB molecule and these may interact with the π 

electrons present in the graphitic surfaces in the biochar that were shown to exist in the 

Raman spectroscopy displayed in Fig. 5. In addition, π-π stacking interactions are also possible 

between MB and biochar where π electrons also exist in the MB as shown in Fig. 8. π 

interactions tend to be enhanced by higher pyrolysis temperatures where biochar becomes 

more aromatic due to the higher pyrolysis temperature (Wei et al., 2019). The large amount 

of oxygen shown to be present in the biochar in Fig. 3 also indicates that hydrogen bonding 

is possible between the surface of the biochar, and the primary amine groups at both ends of 

the MB molecule (S. Liu et al., 2019). 

The adsorption of MB to the biochar in this study is therefore a mixture of mechanisms likely 

involving electrostatic interactions between the biochar and MB, π-π stacking interactions, 

and π-EDA interactions, and hydrogen bonding. 



 

4.2 Comparison to other studies 

The data presented in this study shows that biochar produced from MMDM can be used to 

remove MB from water. MB has similar structural characteristics to some pesticides and 

pharmaceutical compounds containing benzene rings important for π-π interactions with the 

biochar, polar/ionic characteristics (Paunovic et al., 2019; Zhang et al., 2019), and functional 

groups capable of hydrogen bonds (Suo et al., 2019). It stands to reason that the adsorption 

of MB in this study can be used as an indicator for MMDM biochar’s capability to remove 

other harmful organic compounds from water. It can therefore be seen from this study that 

biochar produced in a heat pipe reactor from MMDM at temperatures of 300oC could be used 

in water treatment applications to remove harmful pesticides and pharmaceutical 

compounds and by-products from water. 

Table 3 shows the adsorption results in this study compared with other studies. What is 

shown is that other studies make use of higher pyrolysis temperatures, and activation 

procedures. The purpose of this study was to produce a biochar that could be produced 

quickly and easily on a large scale in a developing country for use as an adsorbent for harmful 

organic compounds. To that end a heat pipe reactor was used to pyrolyze the MMDM, 

compared to the studies mentioned which commonly purge a chamber with N2 gas, before 

heating the chamber. These are also conducted on a small-scale producing around 0-50 grams 

of biochar using tube furnaces and the like, whereas the experimental heat pipe pyrolysis 

reactor used in this study produces biochar on the order of kilograms. 

Table 3 also contains information on the characteristics of biochar found in other studies. 

These other studies that utilised higher temperatures still contained oxygen and hydrogen 

containing functional groups important for interaction with MB. However, the apparent 

amplitude of the indicative peaks in FTIR of these studies was lesser than found in this study. 



 

Some of these studies such as Rashid et al., 2019 and Wang et al., 2018 utilised nitric acid 

potentially making more adsorption sites available following the removal of carbonates by 

this activation method. However, the feasibility of using such an activating reagent in a 

developing nation setting is debateable due to the expertise, training and equipment required 

to handle nitric acid. Furthermore, a similar study displayed in the table utilising sewage 

sludge and tea waste found that -C=O, -COOH, -CH, and -OH groups were potentially 

important for MB adsorption to biochar (Fan et al., 2016). The major benefit of the biochar 

used in the current study is that functional groups are not removed as the pyrolysis 

temperature is low in comparison to other studies where their abundance is reduced. This 

allows this unmodified biochar to remove MB and potentially other organic contaminants. 

Further modifications of this biochar could vastly improve its performance in adsorption of 

MB (Rashid et al., 2019). 

What is also seen in the table is that these other studies use higher pHs for the adsorption of 

MB to biochar. This comes after identifying the pH of zero charge. The pH of zero charge is 

the value of pH at which the biochar has no electrical charge, typically a pH below this point 

means the biochar in suspension has a positive charge, and above this point a negative 

charge. The reason studies use high pH values is to maximise the adsorption of methylene 

blue to biochar. With a positive charge when dissolved, MB molecules are more strongly 

attracted to a biochar that has a negative charge compared to a positive charge, thus a 

biochar in a high pH solution will adsorb more MB than a biochar in a low pH solution. 

Increasing the pH of the polluted water to maximise adsorption may not always be possible 

in developing world applications, so it was important to investigate non-favourable conditions 

as well as favourable conditions already reported in literature.



 

Table 3 – Adsorption results from this study and other studies. 

Feedstock Pyrolysis conditions / 
biochar composition 

Experiment 
duration (h) 

Biochar Dosage 
(g/l) 

Initial 
conc. 
(mg/l) 

pH  Amount 
adsorbed (mg/g) 

Source 

MMDM 300oC, 12h, heat pipe / hydrogen 
and oxygen containing functional 
groups present, graphitic and 
disordered carbon structures 
present 

6 5 10 5 1.798 This 
study 

MMDM 300oC, 12h, heat pipe / hydrogen 
and oxygen containing functional 
groups present, graphitic and 
disordered carbon structures 
present 

6 5 25 5 2.732 This 
study 

MMDM 300oC, 12h, heat pipe / hydrogen 
and oxygen containing functional 
groups present, graphitic and 
disordered carbon structures 
present 

6 5 50 5 2.960 This 
study 

MMDM 300oC, 12h, heat pipe / hydrogen 
and oxygen containing functional 
groups present, graphitic and 
disordered carbon structures 
present 

6 5 75 5 5.018 This 
study 



 

MMDM 300oC, 12h, heat pipe / hydrogen 
and oxygen containing functional 
groups present, graphitic and 
disordered carbon structures 
present 

6 5 100 5 7.254 This 
study 

Tea waste mixed 
with sewage 
sludge 

300oC, 2h / hydrogen and oxygen 
containing functional groups 
present, graphitic and disordered 
carbon structures present 

24 Not 
reported 

100 - 8.945 (Fan et 
al., 
2016) 

Municipal solid 
waste (60% 
paper, 25% 
garden waste, 
15% textile) 

400-500oC 15 min purge, 30 min 
pyrolysis / hydrogen and oxygen 
containing functional groups 
present  

4 2 50 6.5 21.83 (Sumalin
og et al., 
2018) 

Pumpkin peel 250oC 60 min pyrolysis time 
Activated after pyrolysis with 
beetroot juice at 100oC / 
Functional groups increased 
significantly following beetroot 
juice modification 

3 0.5 50 7 80.782 (Rashid 
et al., 
2019) 



 

Pumpkin peel 250oC 60 min pyrolysis time 
Activated after pyrolysis with 
beetroot juice at 100oC / 
Functional groups increased 
significantly following beetroot 
juice modification 

3 2 50 7 25.113 (Rashid 
et al., 
2019) 

Reeds 500oC pyrolysis time 2h, activated 
using nitric acid, adsorption 
enhanced by presence of tannic 
acid / nitric acid removed 
carbonate from biochar 

24 1 50 8 48.84 (Wang 
et al., 
2018) 

Eucalyptus 
sawdust 

400oC pyrolysis time 30min, / 
Oxygen and hydrogen containing  
functional groups present, but 
less peak heights in FTIR than this 
study 

4 8 15 Not 
reported 

0.957 (Sun et 
al., 
2013) 

Palm bark 400oC pyrolysis time 30min, / 
Oxygen and hydrogen containing  
functional groups present, but 
less peak heights in FTIR than this 
study 

4 8 15 Not 
reported 

1.217 (Sun et 
al., 
2013) 



 

Anaerobic 
digestion residue 

400oC pyrolysis time 30min, / 
Oxygen and hydrogen containing  
functional groups present, but 
less peak heights in FTIR than this 
study 

4 8 15 Not 
reported 

1.694 (Sun et 
al., 
2013) 

 



 

4.3 Implications for the developing world 

Producing biochar from MMDM could present a potential solution to people in developing 

countries for the removal of harmful organic pollutants such as pesticides and pharmaceutical 

products from water. The cost of such a material is low in comparison to more advanced 

techniques used in developed nations (Chowdhury et al., 2016). Following filtration this 

biochar could be further utilised for other purposes, such as a fuel or soil additive depending 

on the quality (Gwenzi et al., 2015; Yuan et al., 2019). This circular economy approach could 

therefore increase the life quality of people in rural developing areas, making their drinking 

water cleaner, agricultural activities more efficient and productive, as well as providing a 

cleaner burning fuel that poses less of a risk than traditional fuel sources (Acharya and 

Marhold, 2019; Gwenzi et al., 2017). 

5 Conclusion 

MMDM char derived from heat pipe- based pyrolysis reactor showed a strong capability for 

the removal of MB from aqueous solution in a short time span. This could be concluded due 

to the adsorption capacity of MB to biochar reaching 7.2mg/g in a concentration of 100mg/l 

at pH 5. It is therefore possible to see that this char could be produced for use in filter 

applications to remove harmful organic compounds such as pesticides and residual 

pharmaceuticals from surface waters in the developing world. However, more work is needed 

to increase the adsorption capacity of biochars derived from MMDM to make this competitive 

with commercial activated carbons, as well as optimising their removal of harmful organic 

compounds in developing countries. Nonetheless the adsorption capacity of MB onto biochar 

is shown to be comparable to other studies and thus it is concluded that biochar produced 

from MMDM at 300oC could be used to remove harmful organic pollutants from water. 
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