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Abstract 

An issue of significant importance worldwide is the contamination of water with antibiotics 

giving rise to antibiotic resistance in the environment. Antibiotics such as tetracycline are 

widely used in agriculture, as such they can pollute water courses, providing a means by which 

environmental bacteria can evolve antibiotic resistance genes. Biochar can form part of a 

solution as it is a well-known adsorbent. This material can be efficient in the adsorption of a 

wide range of pollutants and is inexpensive. An innovative heat pipe reactor was used to 

produce biochar from excess food and garden  materials. This biochar was characterised using 



 

scanning electron microscopy with energy dispersive X-ray analyser (SEM–EDAX), Fourier 

transform infrared (FTIR) spectroscopy and Raman spectroscopy. The biochar produced had 

an adsorption capacity between 2.98 mg/g and 8.23 mg/g for initial tetracycline 

concentrations of 20 mg/l and 100 mg/l, respectively. The Freundlich isotherm provided the 

best fit to the experimental data. Kinetics examination revealed a rapid adsorption of 

tetracycline during the initial stages. The Elovich equation fitted the experimental data well.  

This adsorbent could therefore be produced at the site of an agricultural enterprise through 

the pyrolysis of agriculture waste and then used to reduce the infiltration of antibiotics into 

the environment. 
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1 Introduction 

Antibiotics were one of the most important discoveries in the last century and have since 

been produced and used on a vast scale to combat disease in both animals and humans. The 

use of antibiotics has dramatically increased quality of life globally, resulting in a culture of 

over-prescription and improper use of antibiotics. Exposure of bacteria to antibiotics causes 

the evolution of antibiotic resistance genes (ARGs) in bacteria, thus rendering antibiotics less 

effective in the future (Wencewicz, 2019). Once these ARGs have developed in bacteria, they 

can then be horizontally transferred to other bacteria, increasing antibiotic resistance in 

bacterial communities even without the presence of antibiotics (Strugeon et al., 2016). 

This is a matter of global importance as antibiotic resistant bacteria (ARB) can evolve from 

elevated concentrations of antibiotics in the environment. Antibiotics are used to treat and 

prevent infections in animals as well as humans. Increased antibiotic resistance can therefore 



 

threaten food security, meaning that ARB proliferation threatens the livelihoods of 

agricultural workers, as well as the lives of the greater population. Thus, it is of vital 

importance that antibiotics be removed from contaminated water streams as close to the 

point of entry to the environment as possible. 

Tetracycline is one of the most widely used antibiotics in both animal and human treatment, 

and as such is found in surface water, ground water, sludge and sediments (Mosaleheh and 

Sarvi, 2020). It is used in animal husbandry due to its broad spectrum and low cost (Chen et 

al., 2019). It is also used as growth promoters in the livestock industry despite this use being 

prohibited in many countries. 

Tetracycline is often removed from aqueous environments using adsorption techniques. 

Other removal processes include ozonation, and photocatalysis (Valério et al., 2020). In 

ozonation tetracycline removal takes place either through direct oxidation of organic 

compounds by ozone molecules, or through the production of hydroxyl radicals that are able 

to react with most organic compounds (Gómez-Pacheco et al., 2011). In photocatalysis a 

similar process occurs, where hydroxy radicals are produced at the interface between a 

photocatalytic material and water, these radicals then react with organic compounds (Yahiat 

et al., 2011). The removal processes in ozonation and photocatalysis are different and more 

complicated compared to adsorption techniques. 

Desalination is another treatment method which could potentially remove tetracycline from 

water. This treatment method however is mostly used for saline and brackish water sources, 

and is rarely used for contaminated freshwater sources where other treatment methods are 

more applicable (Elsaid et al., 2020a). Graphene is an interesting emerging material in water 

treatment, where it can be used as an electrode material to reduce concentrations of organic 

contaminants in water, including freshwater (Olabi et al., 2020). However, graphene is a 



 

difficult material to produce, the focus of this article being on in situ production and use of 

water treatment materials in order to reduce tetracycline concentrations closer to the point 

of entry into the environment. For this reason, graphene electrode microbial fuel cells are 

best suited to centralised water treatment systems where they can be more economically 

operated and maintained. Energy input is required for ozonation, photocatalysis, desalination 

and microbial fuel cells, with trained personnel also needed to maintain and operate such 

systems. Desalination requires energy input either to overcome the osmotic pressure 

difference across a membrane in reverse osmosis, or to heat the water in the various 

thermally driven desalination processes (Elsaid et al., 2020b). Biomass produced by an 

agricultural enterprise could be used as a fuel to produce heat and electricity for desalination 

processes. Agriculture already makes use of anaerobic digestion to produce biogas for energy 

production (Olabi, 2010), therefore using this on site to power desalination is feasible. 

However, it could result in a loss in income where energy produced using biogas can be sold 

back to energy suppliers. Whilst anaerobic digestion can convert materials such as manure 

and slurry from animals into a useful energy resource, some agricultural waste materials are 

not broken down as readily by the anaerobic digestion process. These typically contain 

hemicellulose, cellulose and lignin, which have lower rates of hydrolysis in anaerobic 

digestion, limiting these materials’ application in anaerobic digestion (Li et al., 2018). Pyrolysis 

is an attractive method for treating these materials, resulting in the production of syngas and 

bio-oil, which can both be used for energy production, potentially including district energy 

systems (Mahmoud et al., 2020). Biochar is also produced; this is a highly versatile material 

with many uses. A biochar application that has received significant research interest in the 

last 30 years is its use as an adsorbent material, where it is able to remove a wide array of 

contamination including tetracycline (Yu et al., 2020; Zeng et al., 2019). The typical removal 



 

mechanisms in biochar include π orbital interactions, and electrostatic interactions (Tran et 

al., 2020). Modified biochar can also result in oxidative degradation of tetracycline (Alatalo et 

al., 2019). Adsorption is an attractive and simple removal technique in this regard as it does 

not necessarily require a direct energy input to function as it is possible to utilise adsorbents 

in easily operated gravity feed columns.  

Biochar is a material produced through the pyrolysis of carbonaceous material such as 

plastics, tyres, paper, wood and other forms of biomass. In recent years biochar produced 

from different feedstocks has been extensively researched for its use as an adsorbent 

material of many different pollutants. A feedstock which has seldom been used to produce 

adsorbents in literature are mixed discarded materials (MDM) using the mixed food/organic 

fraction of this material. The results of previous studies have shown that  copper and 

methylene blue were removed up to 6.28 mg/g and 7.26 mg/g respectively by biochars 

derived from this material in a novel heat pipe-based pyrolysis reactor (Hoslett et al., 2020, 

2019). It is foreseeable that an agricultural enterprise could produce biochar adsorbents from 

their own by-products which would remove antibiotics residues. This research will seek to 

explore potential cradle-to-grave routes for biomass pyrolysis products in pollutants removal 

from aqueous solutions in line with the principles of Circular Economy. 

As it is, there is already a great deal of research regarding tetracycline adsorption, using 

various adsorbents. The majority of the studies apply pyrolysis temperatures above 500 OC, 

and typically utilise feedstocks such as sewage sludge, manure, agricultural waste and 

lignocellulosic materials such as wood (Jang et al., 2018; Yan et al., 2020; Zhang et al., 2019). 

The high pyrolysis temperatures can result in the production of polycyclic aromatic 

hydrocarbons (PAHs) and dioxins, which are harmful to the environment and can be toxic to 

humans. Feedstock is much more influential in the production of PAHs and dioxins at pyrolysis 



 

temperatures below 500 OC, therefore the PAHs and dioxins can be reduced by avoiding 

certain feedstocks (Mohseni-Bandpei et al., 2019; Yang et al., 2019). Thus, this article focuses 

on the use of a pyrolysis temperature of 300 OC as it leads to the production of decreased 

amounts of PAHs. 

Furthermore, activation procedures are often implemented to improve the biochar quality. 

Activation processes often target the increase in porosity, surface area and surface functional 

groups in the biochar (Choudhary et al., 2020; Jang and Kan, 2019a; Kwak et al., 2019; Sajjadi 

et al., 2020). Tetracycline removal and adsorption can be improved by the activation of 

biochars with other chemicals, such as persulfate which can release radicals, these radicals 

then react with tetracycline and lead to its degradation (Chen et al., 2020). 

Activation procedures improve the characteristics of biochar, however their replicability 

under different economic circumstances is questionable. They either require specialist 

equipment such as sonication, access to chemicals, as well as specialist training in order to 

operate. Such processes could be implemented but would represent a significant expense in 

terms of materials and personnel (Joseph et al., 2019). Therefore, this study proceeds with an 

approach that is conducive with the use of a heat pipe reactor by an adequately trained 

operator. The process produces biochar using a single stage pyrolysis process at a 

temperature of 300 OC in a heat pipe pyrolysis reactor. The objective of this study is to prove 

that biochar produced in a novel heat pipe reactor at temperatures of 300 OC can remove 

tetracycline from aqueous solutions, without the need for complicated and/or costly 

activation procedures and equipment. 



 

2 Materials and Methods 

2.1 Materials 

Tetracycline hydrochloride ≥95% (European Pharmacopoeia HPLC assay) (CAS:64-75-5, 

C22H24N2O8 · HCl) was purchased from Sigma-Aldrich and stored in a freezer. Titripur 0.5M 

sodium hydroxide (CAS:1310-73-2, NaOH) and Titripur 0.5M sulfuric acid (CAS: 7664-93-9, 

H2SO4) were purchased from Sigma-Aldrich. Ultrapure water (18.2MΩ cm) was drawn from a 

Milli-Q water purification system. Domestic food scraps and plant trimmings were collected 

as precursor material to mimic discarded materials expected from an agricultural enterprise. 

Agricultural waste also includes plant trimmings and other materials such as vegetable and 

fruit peels (De Corato, 2020; Kadhom et al., 2020), making it similar in composition to those 

found in domestic garden settings. 

2.2 Biochar production 

Biochar was produced using mixed food scraps and plant trimmings as a precursor material. 

A pilot scale heat pipe reactor was used in this study to pyrolyze the feedstock, the schematic 

of which can be seen in Figure 1. The heat pipe reactor was heated to 300 OC and held at this 

temperature for 12h, before being allowed to cool. The biochar was removed from the system 

once the reactor had cooled to ambient temperature. 



 

 

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

2.3 Biochar characterisation 

Biochar was characterised using Scanning Electron Microscopy (SEM), Energy Dispersive X-ray 

Analysis (EDAX), Fourier Transmission Infra-Red spectroscopy (FTIR), and Raman 

spectroscopy. The SEM analysis was conducted using a Zeiss Leo scanning electron 

microscope. The electron energy was set to 10kV. EDAX was conducted on the biochar after 

the SEM image was collected. FTIR was conducted using a Perkin Elmer FTIR to determine 

functional groups present on the biochar. Raman shift spectroscopy was conducted with shift 

spectra between 0 – 2800 cm-1 with a 514nm wavelength laser. This was conducted to analyse 

the carbon structures within the biochar using a Renishaw Raman microscope. 



 

2.4 Batch adsorption experiments 

A stock solution of 1000 mg/l was produced through the dissolution of 1.082g of tetracycline 

hydrochloride in 1L of Milli-Q ultrapure water. This stock solution was diluted to produce the 

desired concentrations of tetracycline in the kinetic and isotherm batch experiments. Batch 

adsorption experiments were carried out at room temperature. The initial pH of each 

adsorbate tetracycline solution was adjusted to 7 to provide a neutral pH, with 0.1M H2SO4 

and 0.1M NaOH prior to the addition of the biochar. This pH was selected due to its similarity 

to natural pH levels. For all experiments, 2.5g of biochar was added to 500ml of adsorbate 

solution. This solution was stirred at 360rpm for up to 6h. 

The amount of tetracycline adsorbed onto biochar at time t, (mg/g) was determined using 

equation 1. The assumption that makes the use of this equation possible is considering the 

concentration of biochar is homogenous throughout the experiment. Therefore, when a 

sample is taken, tetracycline, as well as some biochar are removed from the experiment. This 

equation accounts for the reduction in tetracycline amounts caused by sampling. 

𝑞𝑞𝑡𝑡,𝑐𝑐 = 𝐶𝐶𝑖𝑖∗𝑉𝑉𝑖𝑖−(𝐶𝐶𝑡𝑡∗(𝑉𝑉𝑖𝑖−∑ 𝑉𝑉𝑠𝑠𝑡𝑡=𝑡𝑡
𝑡𝑡=0 )+∑ 𝐶𝐶𝑡𝑡,𝑝𝑝𝑉𝑉𝑠𝑠)𝑡𝑡=𝑡𝑡,𝑝𝑝

𝑡𝑡=0
𝐷𝐷∗(𝑉𝑉𝑖𝑖−∑ 𝑉𝑉𝑠𝑠𝑡𝑡=𝑡𝑡

𝑡𝑡=0 )
− 𝑞𝑞𝑡𝑡,𝑝𝑝𝑉𝑉𝑠𝑠𝐷𝐷 (1) 

Where qt,c and qt,p are the current adsorption and adsorption to biochar of the previous 

sample respectively (mg g-1). Ci, Ct and Ct,p (mg/L) are the liquid phase tetracycline 

concentrations at t=0, t=t and t=t,p (mins) respectively, where t,p is the time of the previous 

sample (mins). Vi is the initial volume of the solution Vs is the volume of one sample (l), and D 

is adsorbent dosage (g/l). The solid phase equilibrium concentration of tetracycline qe (mg/g) 

is determined when Ct = Ce. 



 

2.5 Adsorption Kinetic experiments 

Experiments to determine the kinetic behaviour were conducted between times of 0 – 

360min, using tetracycline concentrations of 0 – 100mg/l, under the conditions described 

previously. 

The pseudo first order (PFO), pseudo second order (PSO), and Elovich models are displayed 

in equations 2, 3 and 4 respectively. The non-linear kinetic models were modelled against the 

experimental data using SAS University edition software. Non-linear regression using the 

Gauss-Newton method was conducted in order to determine which of the PFO, PSO, or 

Elovich model best describe the adsorption of tetracycline to biochar. The data was then 

plotted on a linear scale to determine whether there was multi-linearity within the 

intraparticle diffusion model, and therefore multiple adsorption mechanisms. 

𝑞𝑞𝑡𝑡 = 𝑞𝑞𝑒𝑒(1 − 𝑒𝑒−𝑘𝑘1𝑡𝑡) (2) 

𝑞𝑞𝑡𝑡 = 𝑘𝑘2𝑞𝑞𝑒𝑒2𝑡𝑡
1+𝑘𝑘2𝑞𝑞𝑒𝑒𝑡𝑡

  (3) 

𝑞𝑞𝑡𝑡 = 1
𝛽𝛽

ln (1 + 𝑎𝑎𝑎𝑎𝑎𝑎) (4) 

𝑞𝑞𝑡𝑡 = 𝑘𝑘𝑖𝑖𝑎𝑎1 2⁄ + 𝐶𝐶  (5) 

Where qt (mg/g) is the adsorption at time t (mins), qe (mg/g) is the adsorption at equilibrium, 

k1 is the pseudo first order rate constant (min-1), k2 is the pseudo second order rate constant 

(g.mg-1.min-1), β (g.mg-1) is the surface coverage and activation energy constant, α (mg.g-

1.min-1) is the initial adsorption rate, ki (mg.g-1.min-1/2) is the rate constant of the intraparticle 

diffusion model, and C (mg.g-1) is the intercept relating to the amount of tetracycline removed 

by rapid initial adsorption. 



 

2.6 Adsorption Isotherm experiments 

Experiments to determine isothermal behaviour of biochar were conducted using the same 

conditions as described previously.  

The isotherm models analysed are the Langmuir, Freundlich and Sips models shown in 

equations 6, 7 and 8 respectively. These were modelled with the experimental data using SAS 

University edition. Gauss-Newton non-linear regression was also carried out on these 

equations to determine which of the models best describes the isothermal behaviour of 

tetracycline adsorption to biochar. 

qe = CekLqm
1+kLCe

  (6) 

qe = kfCe1 𝑛𝑛⁄   (7) 

qe = ksqmCes

1+ksCes
  (8) 

Where qe (mg g-1) is the adsorption at equilibrium, Ce (mg l-1) is the concentration at 

equilibrium, kL (l mg-1) is the Langmuir constant, qm (mg g-1) is the maximum adsorption 

capacity, kf (l g-1) is the Freundlich constant, n is the Freundlich constant that describes the 

intensity of adsorption to the biochar surface (Saleh et al., 2018), ks is the Sips adsorption 

constant, and s describes the surface heterogeneity as in the Freundlich model (Wang et al., 

2020). 

2.7 Statistical analysis 

The Kinetic and isothermal models were analysed using Gauss-Newton non-linear regression. 

The best model was decided on based upon both the R2 value and Mean squared error (MSE), 

calculated by equations 9 and 10 respectively. 

𝑅𝑅2 = � 𝑛𝑛(∑𝑞𝑞𝑒𝑒𝑒𝑒𝑝𝑝𝑞𝑞𝑝𝑝𝑝𝑝𝑒𝑒𝑝𝑝)−(∑𝑞𝑞𝑒𝑒𝑒𝑒𝑝𝑝)(∑𝑞𝑞𝑝𝑝𝑝𝑝𝑒𝑒𝑝𝑝)

�[𝑛𝑛∑𝑞𝑞𝑒𝑒𝑒𝑒𝑝𝑝2−(∑𝑞𝑞𝑒𝑒𝑒𝑒𝑝𝑝)2][𝑛𝑛∑𝑞𝑞𝑝𝑝𝑝𝑝𝑒𝑒𝑝𝑝2−(∑𝑞𝑞𝑝𝑝𝑝𝑝𝑒𝑒𝑝𝑝)2]
�

2

  (9) 



 

𝑀𝑀𝑀𝑀𝑀𝑀 = 1
𝑛𝑛
∑ �𝑞𝑞𝑒𝑒𝑒𝑒𝑝𝑝 − 𝑞𝑞𝑝𝑝𝑝𝑝𝑒𝑒𝑝𝑝�

2𝑛𝑛
𝑖𝑖=1     (10) 

Where n is the number of variables, qexp (mg g-1) is the experimentally observed adsorption 

and qpred (mg g-1) is the adsorption as predicted by the respective kinetic or isothermal model. 

3 Results 

3.1 Characterisation of biochar 

3.1.1 SEM-EDAX 

Figure 2 shows an SEM image of biochar. The biochar surface in this image is seen to be 

heterogeneous with features including varying sizes of pores. Additionally, crystal like 

structures are visible on the surface, with these likely being mineral deposits. These crystals 

are likely high in potassium since the EDAX analysis in Figure 3 shows a strong presence of 

potassium in the biochar. This elevated level of potassium is expected in the biochar since 

animal and plant matter contain more potassium than other feedstocks (Novak et al., 2018). 

Additionally, the biochar shows a large amount of oxygen, this is present due to the pyrolysis 

temperature used as oxygen is not driven off at 300oC.  



 

 

Figure 2 - SEM image of food/garden waste biochar, magnification: 1000x, electron beam energy: 10.00kV 

 

Figure 3 – EDAX spectrum (y=counts x=X-ray energy (eV) of food/garden waste biochar, magnification: 1000x, electron 

beam energy: 10.00kV 



 

3.1.2 FTIR and Raman spectroscopy 

Figure 4 shows the FTIR spectrum for biochar derived from food scraps and plant trimmings. 

Absorbance between 3000 and 2800cm-1 can be attributed to alkane C-H stretching but may 

also be exaggerated by alcohol -OH stretching. The peaks between 1750cm-1 and 1500cm-1 

can be associated with stretching of C=O bonds, as well as stretching of C=C bonds. The 

absorbance shoulder at 1465cm-1 is caused by C-H bending in methylene groups on the 

biochar surface. Further evidence of OH groups is visible from the OH bending between 1420 

and 1330cm-1. Between 1100 and 900cm-1 is indicative of secondary and primary alcohol C-O 

stretching and alkene C=C bending. Finally, the multiple peaks between 900 and 700cm-1 are 

likely caused by C-H bending. 

The Raman spectrum in Figure 5 shows a mixture between carbon structures, the peak at 

1370cm-1 shows disordered graphitic structures (D), where the peak at 1590cm-1 shows 

ordered graphitic structures (G). The intensity of both the G and D peaks show that biochar 

produced from food and plant material at 300 oC are a mixture of different carbon structures 

including sp2 and sp3 hybridization (Yu et al., 2019). The presence of sp-3 orbitals in this case 

shows the likely presence of carbon with oxygen and hydrogen bonds, indicating the presence 

of amorphous carbon (Chen et al., 2018). 



 

 

Figure 4 – FTIR spectrum for biochar derived from food scraps and plant trimmings  

 

Figure 5 – Raman spectrum for biochar derived from food scraps and plant trimmings 



 

3.2  Adsorption Kinetics and Isotherms 

Kinetics studies aim to describe the rate of tetracycline uptake on the biochar. The kinetic 

parameters are helpful for the prediction of the adsorption rate and provide important 

information for the modelling of processes. The study of adsorption mechanisms was 

performed to determine the rate-controlling stage. Thus, the intraparticle diffusion model 

was compared against the experimental data.  

The adsorption kinetic results shown in Figure 6 A and Table 1 show that the kinetic model 

fits follow the order Elovich>PSO>PFO. The Elovich model assumes that the surface of the 

biochar adsorbent is a heterogenous surface, meaning that there are parts of the surface that 

have more affinity for tetracycline adsorption than others (Wu et al., 2009). The fit for 

tetracycline adsorption using the Elovich model suggests that tetracycline is strongly 

associated with the biochar, and the adsorbed tetracycline is thus immobilised (Waiapu 

Timothy McMillan, 2018). Furthermore, a general trend can be seen that as initial 

concentration increases, the β value decreases, indicating that at higher initial concentrations 

more adsorption sites are utilized (Jang and Kan, 2019a). The stronger fit of the pseudo 

second order model over the pseudo first order model shows that the rate of adsorption is 

determined by chemisorption processes (Zhang et al., 2019). The PFO model describes the 

diffusion of tetracycline across the liquid film between the aqueous solution and the surface 

of the biochar (Das and Dash, 2017). 

Figure 7 shows the linear display of the intraparticle diffusion model. It can be seen that the 

regression lines do not pass through the origin. This suggests that intraparticle diffusion does 

not solely explain the diffusion of tetracycline from the solution into the adsorbent. This 

indicates that both intraparticle diffusion, and liquid film diffusion control the rate of transfer 

of tetracycline into the adsorbent (Oyelude et al., 2017). 



 

The adsorption is rapid at initial stages for all initial concentrations (Tang et al., 2018) due to 

film diffusion as represented by the PFO model, this is evident as the regression lines do not 

intercept the origin. This stage is followed by a slowed adsorption where intraparticle 

diffusion into macropores becomes the rate limiting step (Pan et al., 2017), this is represented 

by the blue lines in Figure 7 . Lastly the diffusion of tetracycline is slowed further with the 

diffusion of tetracycline becoming limited by diffusion into smaller meso and micropores, 

represented by the red lines on the chart. 

Figure 6B shows a plot of experimental data with isotherm models. The isotherm constants 

are summarised in Table 2. The Freundlich model best describes the adsorption of 

tetracycline to biochar in this study. Freundlich isotherm model assumes that adsorption can 

be multilayer, whereas the Langmuir model assumes that adsorption takes place in a 

monolayer fashion. Therefore, it could be concluded that tetracycline adsorbs to biochar 

derived from food scraps and plant trimmings at low pyrolysis temperatures in a multilayer 

fashion. 

The maximum adsorption capacity was 15.5208 mg/g. In the case of Langmuir isotherm, the 

dimensionless coefficient RL value varied between 0 and 1 showing favourable adsorption. 

The value of n in the Freundlich model was higher than 1, also confirming favourable 

adsorption. Figure 6B also shows that the experimental data appears to follow an almost 

linear relationship, this could potentially be due to the greater influence of partitioning 

mechanisms at the concentrations studied, these typically follow linear isothermal equations 

and occur due to the presence of amorphous carbon. From the figure it can be deduced that 

such a linear equation would not intercept the origin, this shows that both adsorption and 

partitioning processes are responsible for the removal of tetracycline from aqueous solution 

by biochar (Waiapu Timothy McMillan, 2018). 



 

 

Figure 6 –Experimental Kinetic data plotted with Elovich model (A), and isothermal data (B) 

Table 1 – Kinetic parameters of tetracycline adsorption on biochar 

Initial tetracycline conc. (mg l-1) 20 40 60 80 100 

Pseudo Second Order 

k2 0.0699 0.0186 0.0128 0.0115 0.0189 

qe (mg/g) 3.0417 4.9261 5.6978 7.5359 9.0509 

R2 0.9171 0.8438 0.9550 0.8092 0.8102 

MSE 0.0904 0.6278 0.2752 1.7827 2.7362 

Pseudo first order 

k1 0.1644 0.0611 0.0516 0.0620 0.0930 

qe (mg/g) 2.7891 4.5383 5.1964 6.8644 8.5350 

R2 0.8354 0.8062 0.9228 0.7634 0.7765 

MSE 0.1682 0.7861 0.4766 2.1963 3.2615 

Elovich 

α 13.3634 118.8 8.2847 140.7 940.2 

β 2.9161 2.4674 1.5026 1.5798 1.4347 

A B 



 

R2 0.9688 0.9234 0.9761 0.8884 0.9557 

MSE 0.0345 0.2054 0.1215 0.7012 0.4341 

 

 

Table 2 – The adsorption isotherms and the R2 values 

Langmuir kL (l mg-1) qm,L (mg g-1) RL R2 MSE 

Initial 

concentration 

(mg/l) 

20 0.0264 15.5208 0.6545 0.9083 

0.8424 

40 0.4864 

60 0.3870 

80 0.3213 

100 0.2747 

Freundlich kF (l g-1) n   

0.9403 0.5486 0.9676 1.7607  

Sips kS (l mg-1) qm (mg g-1) s   

0.9183 0.5811 0.0182 88.0456 0.4318  

 



 

 

Figure 7 – Intraparticle diffusion model for the adsorption of tetracycline on biochar with multilinearity in concentrations of 

40mg/l and above displayed by blue and red lines 

4 Discussion 

4.1 Adsorption Mechanisms 

As shown in the analysis, the biochar produced comprises predominantly carbon and oxygen, 

with a few traces of minerals, the largest fraction of minerals containing potassium. In 

addition to the elemental composition the analysis also proves the presence of π electron 

donors where aromatic sp2 groups are shown to exist in the biochar by the Raman and FTIR 

analyses. The tetracycline molecule has one aromatic ring as well as other C=C double bonds, 

thus, π-π electron-acceptor-donor (EDA) interactions are the main expected mechanism 

through which tetracycline is removed from aqueous solution by biochar (Cheng et al., 2020).  



 

The oxygen and hydrogen containing functional groups shown in the FTIR analysis reveal that 

hydrogen bonding of tetracycline to the biochar surface is also possible. The OH groups 

present on the tetracycline can interact with the oxygen containing functional groups present 

in the biochar (Shen et al., 2020). 

Tetracycline is known to exist as different species at different levels of pH. These include H4TC+ 

under acidic conditions up to pH 7.2, H3TC predominant under weakly acidic conditions, but 

still present in basic conditions up to pH 10, and H2TC- under basic conditions, with the HTC2- 

species favoured by strong basic conditions above pH 8 (Caminati and Puggelli, 2011).  Under 

acidic conditions, biochar has a less negative, or even positive surface charge (Tan et al., 

2020). Therefore, under acidic conditions, the H4TC+ species could be less attracted to the 

biochar surface where the negative surface charge has been decreased or reversed by the 

adsorption of H+ ions to the biochar surface. The opposite is true at higher pH, where 

hydrogen ions are drawn off of the biochar surface, causing the biochar to have a negatively 

charged surface due to deprotonated functional groups. Therefore, neutral pH could be highly 

beneficial for tetracycline adsorption to biochars where the predominant tetracycline species 

is H3TC (Zhang et al., 2020). Indeed, other similar studies that used crushed shrimp shell and 

magnetic biochar as adsorbents found that pH 7 was optimal for tetracycline adsorption since 

the inhibitory electrostatic repulsion under high and low pH conditions were reduced. This is 

due to Tetracycline predominantly existing in its neutral state at pH 7, in addition to the 

adsorbent surface being neither highly protonated or deprotonated under conditions of 

neutral pH (Chang et al., 2020; Li et al., 2019). It can therefore be suggested that hydrogen 

bonding and π-π EDA interactions are two key adsorption mechanisms under the applied 

experimental conditions, where these are less dependent on conditions of pH compared with 



 

electrostatic interactions between the biochar and tetracycline. The electrostatic interactions 

between the biochar and tetracycline molecules are limited at the experimental pH used. 

4.2 Comparison of adsorption performance with literature 

Table 3 shows literature results for the biochars adsorption capacity for tetracycline. Higher 

pyrolysis temperatures favour tetracycline adsorption. However, the oil and gas by-products 

generated at these temperatures contain larger amounts of PAHs which can be harmful to 

humans and the environment (Hu et al., 2020). Furthermore, the toxicity of the PAHs 

produced above 300 OC is typically higher than the respective PAHs observed at pyrolysis 

temperatures of 300 OC (Devi and Saroha, 2015). It is arguable therefore, that pyrolysis 

systems intended for use by less skilled operators should operate at pyrolysis temperatures 

below 400 OC. The latter reduces the operator’s risk of exposure to harmful PAHs and dioxins. 

The pyrolysis device used in this study was a pilot scale pyrolysis chamber, whereas the 

studies reported in literature use experimental scale pyrolysis processes; these typically make 

use of tube furnaces under nitrogen atmosphere. The adsorption data reveal that biochar 

produced from agricultural waste can be used as an adsorbent to reduce the concentration 

of antibiotics in aquatic environments. This could aid in decreasing the proliferation of ARGs 

in aquatic bacteria. Moreover, the biochar produced in this study is comparable and in some 

cases more efficient than biochar in other studies for the removal of tetracycline from 

aqueous waste streams (Jang and Kan, 2019a; Nguyen et al., 2019; Zhang et al., 2019). 

In addition, the biochar used in this study was obtained from the pyrolysis of mixed waste 

including food, and plant trimmings, meanwhile the studies in the table used more specific 

precursor material. This indicates that an agricultural enterprise such as a farm, that produces 

mixed waste streams could produce adsorbents of a similar quality using a heat pipe based 



 

reactor. This would, whilst reduce the waste footprint of such an enterprise, without needing 

a feedstock sorting process.



 

Table 3 – The production parameters of some biochars, with experimental conditions and tetracycline adsorption for comparison with this study 1 

Feed 
stock 

Pyrolysis 
temp. 
(OC) 

Activation/modification Initial 
conc. 
(mg/l) 

Biochar 
dosage 
(g/l) 

pH Tetracycline 
adsorption 
(mg/g) 

Source 

Auricularia 
auricula 
 

300  10 
10 
10 

3.2 
 

7 
 

2.020 (Dai et al., 2020) 
 500  3.270 

700  4.130 
Bamboo 700  20 1 <7 2.500 (Zhao et al., 2019) 

 
 

Bamboo 
 

700 
 

2g Silica ball milled with biomass, followed by CaCl2 
impregnation prior to pyrolysis 

20 1 <7 8.000 

8g Silica ball milled with biomass, followed by CaCl2 
impregnation prior to pyrolysis 

20 1 <7 22.50 

Maple 
leaves 

350  100 0.1 6 40.30 (Kim et al., 2020) 
 

Maple 
leaves 

750  100 0.1 6 361.0 

Rice husk 
 

450 – 500  
 

Biochar mixed with 3M NaOH solution at 60-70 OC after 
pyrolysis, then rinsed and dried 

100 1 - 81.00 (Jing et al., 2014) 

Biochar mixed with acidified methanol  100 1 - 95.63 

Alfalfa 500 Washed with DI water for 2h, then 0.1M HCl for 2h, then 
washed with DI water until filtrate pH reaches 7 

100 0.1 5 289.6 (Jang and Kan, 
2019b) 



 

Bermudagr
ass 

500  100 0.1 5 28.96  

Poplar saw 
dust 

300  100 1 5 6.220 (Huang et al., 
2020) 
 
 
 
 
 

Poplar saw 
dust 

500  100 1 5 14.00 

Poplar saw 
dust 

700  100 1 5 22.21 

Poplar saw 
dust 
 
 

220 
 
 

Thermal air oxidation at 300 OC 100 1 5 33.32 

Thermal air oxidation at 500 OC 250 1 5 196.7 

Thermal air oxidation at 700 OC 100 1 5 60.90 

Food and 
Garden 
waste 
 
 
 
 

300 
 
 
 
 

 20 5 7 2.98 This study 
  40 5 7 4.68 

 60 5 7 5.78 
 80 5 7 8.23 
 100 5 7 9.45 

2 



 

The heat pipe reactor used in this study could also be installed and operated in agricultural 

enterprises in developing countries. Furthermore, such a system may be more easily adopted 

in areas of higher population density, where access to skilled labour is more likely. Pyrolysis 

as a process is still attainable in isolated rural communities, where traditional pyrolysis 

processes would serve as a substitute for the heat pipe reactor used in this study. The 

pyrolysis temperature in conventional processes often exceeds the pyrolysis temperatures 

used in this study (Tintner et al., 2020). Therefore, greater precautions for conventional 

pyrolysis towards the production of adsorbents in developing rural areas are required. A low 

temperature heat-pipe based pyrolysis reactor is shown to produce an adequate adsorbent 

for anti-biotics, and results in the reduced risk of exposure to hazardous PAHs and dioxins. 

5 Conclusion 

Biochar produced using a heat pipe reactor from food and plant trimmings was found to have 

an adsorption capacity for tetracycline of up to 9.45 mg/g under the experimental conditions. 

The fitting of the kinetic models followed the order Elovich>PSO>PFO, indicating that the 

adsorption of tetracycline is controlled by chemisorption, as well as intraparticle and liquid 

film diffusion. The Freundlich isotherm was shown to be the best fitting isotherm, suggesting 

a heterogenous adsorbent. The biochar displayed comparable tetracycline adsorption 

characteristics to biochar produced under similar conditions in literature. Therefore, biochar 

produced by a heat pipe reactor using food/organic feedstock from homes and businesses 

and/or agricultural waste could be used to reduce the presence of antibiotics in the 

environment. This adsorbent could be further modified to improve its capacity to remove 

tetracycline and potentially remove other antibiotics from wastewater. 
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