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Abstract 

Biomass-derived biochars are studied extensively because of their unique surface properties 

and efficiency in removing heavy metals from aqueous solution. Power ultrasound pre-

treatments is interesting in this context, as they can make significant changes in the 

physicochemical characteristics of biomass. Herein, we studied their effect on adsorption 

characteristics of softwood biochar under different conditions of frequency, power, 

temperature and exposure time of ultrasound. The 40 kHz pre-treated samples exhibited 

around 26 to 52 percent increase in equilibrium adsorption capacity (Qe) which highly 

depends on the combination of power versus time and temperature of ultrasound. The 

isotherm and thermodynamic studies also showed that the mechanical effect of ultrasound 
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plays a vital role in enhancing the surface. Results from this study demonstrated that 

ultrasound pre-treatment conditions influence the behaviour of biochar towards metal 

adsorption and ultrasonic pre-treatments can be used as an efficient processing method for 

biomass residues and the derived products.   

Keywords: Biochar, ultrasonic pre-treatments, metal adsorption, adsorption capacity, 

surface modification 
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1. Introduction 

Biochar is a solid residue obtained from thermochemical conversion of biomass in an 

oxygen-limited environment (Manyà, 2012). Due to the similar physical appearance, 

biochars are often misinterpreted with charcoal and other carbonised materials, which mainly 

are thermal residues after complete combustion of feedstocks. The basic difference being the 

source material, which is mostly fresh residual matter in case of biochar rather than fossilized 

or good quality biomass in other carbonised materials. This carbon-rich, semi-crystalline, 

porous material has emerged as an alternate to activated carbons in recent decades because 

of the unique characteristics such as good specific surface area, surface functionality, easy 

availability and low-cost processability (Oliveira et al., 2017). Efficient removal of 

contaminants from industrial effluent popularised the material among the existing adsorption 

techniques (Mohan et al., 2014, Tan et al., 2015, Inyang et al., 2016).  

The properties of wood derived biochar have been extensively studied during recent decades, 

especially in Quebec (Canada), because of the abundance of forest trees, which are mostly 

softwoods. Different research policies have been adopted to facilitate and enhance the 

properties of softwood derived biochar, since the physical as well as the chemical properties 

are highly dependent on feedstock type, production methods, pre and post processing of 

feedstocks and reaction conditions involving temperature, pressure, residence time, etc 

(Nartey and Zhao, 2014). Y. Sun et al., (2014) explored the effect of temperature, production 

method and feedstock type on the physicochemical and biological properties of different 

biochars and showed that production method and feedstock type have high influence on the 

properties. Mukome et al., (2013) also studied the trend of feedstock type on biochar 
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properties. They have analysed biochar from twelve different feedstocks and stated that 

physical and chemical properties vary depending on the feedstock type. The properties of 

wood derived biochar have been studied extensively. The main factor which affects the 

physical and chemical properties of these biochars are the pyrolysis temperature and 

difference in content of cellulose, hemicellulose and lignin (Jindo et al., 2014; Chowdhury et 

al., 2016; Behazin et al., 2016). For example, in a study by Shasha et al., (2017) the 

physicochemical properties of different varieties of hard and softwood were examined and 

showed that the properties are dependent on the pyrolysis temperature. They have also stated 

that the properties vary depending on the cellulose, hemicellulose and lignin content of the 

wood. Therefore, developing and optimising an efficient treatment method can be interesting 

for tuning the physicochemical properties of the material for the same feedstock and pyrolysis 

conditions.  

Application of power ultrasound in biomass processing is a recently developed area. The 

invasive technique uses high intensity acoustic waves to change or modify the properties as 

well as promote chemical and thermal decomposition reactions within the material. The 

formation of cavitation bubbles followed by the microjet collision experienced during the 

bubble implosions were employed to expose inaccessible regions on the surface (Leong et 

al., 2011). Limited reports are available in literature that examine the effect of ultrasound for 

different biomass applications. Z. He et al., (2017) investigated the influence of ultrasonic 

pre-treatments on eucalyptus wood. They proved that the ultrasound can modify the 

physicochemical structure of the wood and can significantly increase the crystallinity of the 

material. Qui and co-workers (2016) demonstrated that ultrasound pre-treatments on 
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hardwood can increase its dimensional stability by chemical modification and it is an 

effective way to reduce water adsorption rate in wood. A recent study by Chatterjee et al., 

(2018) examined the effect of ultrasound cavitation induced physical activation to enhance 

the chemical modification of biochar for CO2 sequestration. Sajjadi et al., (2019) also has 

demonstrated the physical modification of biochar by low frequency ultrasound to enhance 

the urea functionalisation, which enhances the adsorption capacity of the material. Recently, 

Cherpozat et al., (2017) has investigated the effect of ultrasonic pre-treatments on the 

pyrolysis biooils yield giving a significant progress in ultrasonic enhanced lab-scale pyrolysis 

and hence motivating the further investigation on the effect of ultrasonic pre-treatment in 

pyrolysis product characteristics.  

In this study, we aim at investigating the ultrasonic pre-treatment effects on the overall 

structure of biochar and its adsorption behaviour. Proper understanding and controlling the 

structure-property relationship of biochar can improve its application in the field of heavy 

metal removal. It can also rectify the issues regarding material quality of post-consumer 

feedstocks and convert them into useable by-products. To the best of our knowledge, this is 

the first study to evaluate ultrasound pre-treatment effects on biomass and change in 

properties of biochar via systematic analysis methods. 

2. Materials and Methods 

2.1 Biochar production and characterisation   

The biochar used in this project were obtained from lab-scale pyrolysis of softwood chips 

(mix of spruce, fir, pine and larch) provided by an eastern Canadian pulp and paper mill 

(Loranger et al., 2016). Ultrasonic treatments were performed in a 34 L ultrasonic bath, 
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model BT90 from Ultrasonic Power Corporation (USA), made of 316 L stainless steel, 

equipped with 12 transducers located below the bottom plate of the bath. Commercially 

available frequency generators of 40 and 170 kHz were used to produce between 250 and 

1000 W of nominal ultrasonic energy to study the mechanical and sonochemical effects, 

respectively. The bath temperature was fixed at 20oC and 80oC and the exposure time was 

varied between 1 and 2 hours. The list of ultrasound pre-treatments is given in Table 1. 

(Table 1 here) 

pH of the material was measured using Accumet XL20, Thermo Fisher Scientific pH-meter 

in deionized water at 1:2 weight by volume ratio after stirred at room temperature for two 

hours. Zeta Potential of untreated and ultrasound pre-treated wood biochar was measured for 

a suspension of biochar powder in deionized water with pH 6.14 using Zetasizer-nano series 

from Malvern Instruments. The point zero charge was determined from the plot of pH against 

Zeta potential. Scanning Electron Microscopy (SEM) images were captured using Hitachi 

SU1510 instrument to understand the changes in biochar surface. Surface area was measured 

via the Brunauer, Emmett and Teller (BET) method that measures N2 gas sorption (0.162 

nm2) at 77 K. Approximately 100 mg of biochar was outgassed at 200°C (16 hours) and then 

analysed on an Autosorb-1 Surface Area Analyzer (Quantachrome Instruments). 

2.2 Cu (II) adsorption experiments 

The metal adsorption experiments were performed using a batch equilibration technique. 

Stock solution (1000 ppm) of Cu (II) was prepared by dissolving analytical grade anhydrous 

CuSO4 in deionized water. The pH of the copper solution ranged from 4.8 to 5. The kinetic 

experiments for all the biochar samples were conducted in 125 mL Erlenmeyer flask with 5 
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g/L biochar mixed in 100 ppm Cu (II) solution. The mixture was then agitated on a 

reciprocating shaker at room temperature (22 ± 2 oC) at 150 rpm. Samples were taken at 

desired intervals and subsequently filtered with Whatman No. 1 filter paper. The filtrates 

were analysed for residual heavy metal concentration in the solution using EDTA titration 

described by Prasad and Raheem, (1992). The amount of adsorbed metal ions, Q (mg/g), was 

calculated using Eq. (1).      

𝑄𝑄 (𝑚𝑚𝑚𝑚
𝑔𝑔

) =
�𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖−𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓�𝑝𝑝𝑝𝑝𝑝𝑝∗𝑉𝑉(𝐿𝐿) 

𝑚𝑚 (𝑔𝑔)
                                                                                                  (1) 

Experimental data were fitted to pseudo first order (Eq. (2)) and pseudo second order 

(Eq. (3)) kinetic models using the linear form of equations. Both of them are the commonly 

fitted kinetic models for metal adsorption on biochar.  In most of the cases, heavy metal 

adsorption on biochar follows pseudo first or second order kinetics (Tan et al.,2015).  

log(𝑄𝑄𝑒𝑒 − 𝑄𝑄𝑡𝑡) = log𝑄𝑄𝑒𝑒 −
𝑘𝑘1∗𝑡𝑡
2.303

                                                                                             (2)                                                                    

𝑡𝑡
𝑄𝑄𝑄𝑄

=  1
𝑘𝑘2∗𝑄𝑄𝑄𝑄2

+ 𝑡𝑡
𝑄𝑄𝑒𝑒

                                                                                                                   (3) 

Where Qt and Qe (mg/g) are adsorbed metal amount at time t (minute) and equilibrium, k1 

and k2 (g/mg. min) are the rate constants for pseudo first order and second order kinetic 

model, respectively. The best fit model was determined by regression factor R2 to understand 

the mechanism of adsorbent-adsorbate interaction. Slope and intercept values were used to 

calculate Qe and rate constant, k.  

Adsorption isotherms for selected samples were obtained. During these experiments the 

initial Cu (II) concentrations varied from 10 to 200 ppm. To evaluate and compare the 
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adsorption capacities of Cu (II), linearized Langmuir and Freundlich models were used to fit 

the experimental data as they are the most commonly used and well fitted adsorption models 

for heavy metal adsorption on biochar. (Zhang et al., 2013; Jia et al., 2013; Chen et al., 2011). 

The linear equations of the Freundlich and Langmuir adsorption models are expressed, 

respectively, by Eq. (4) and Eq. (5): 

log𝑄𝑄𝑒𝑒 = log𝐾𝐾𝑓𝑓 + 1
𝑛𝑛

log𝐶𝐶𝑒𝑒                                                                                                              (4) 

𝐶𝐶𝑒𝑒
𝑄𝑄𝑒𝑒 

=  1
𝑏𝑏∗𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚

+  1
𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚

 𝐶𝐶𝑒𝑒                                                                                                                  (5) 

Where Qe is the amount of the metal adsorbed per unit weight of biochar at equilibrium 

(mg/g), Ce is the equilibrium concentration of solution (mg/L). Kf and n are indicators of 

relative adsorption capacity and surface heterogeneity, respectively. Qmax is the maximum 

monolayer adsorption capacity (mg/g) and b the Langmuir constant related to the degree of 

adsorption affinity.   

A dimensionless constant RL calculated (Eq. 6) using Langmuir constant and initial 

concentration represents model fitness for a particular system (Ozcan et al., 2006; Brandes 

et al., 2019). If value of RL falls between 0 and 1, the system is considered appropriate for 

adsorption purpose. 

RL= 1/ (1+b*Ci)                                                                                                                                (6) 

Where b is the Langmuir constant and Ci is the initial concentration. The favourability of the 

adsorption is identified by the value of RL as given below: 

RL > 1, unfavourable 



9 
 

RL = 1, linear 

0<RL <1, favourable 

RL < 0, irreversible 

The temperature effect was assessed by equilibrating 0.1 g biochar with 20 mL Cu (II) 

solution on shaker at 25, 40, and 60 oC. The thermodynamics of the adsorption processes 

were estimated using the following equations:  

𝐾𝐾𝑒𝑒 =  𝑄𝑄𝑒𝑒
𝐶𝐶𝑒𝑒

                                                                                                                                           (7)                                         

∆𝐺𝐺0 =  −𝑅𝑅𝑅𝑅 𝑙𝑙𝑙𝑙𝐾𝐾𝑒𝑒                                                                                                                           (8) 

∆𝐺𝐺0 =  ∆𝐻𝐻0 − 𝑇𝑇∆𝑆𝑆0                                                                                                                      (9) 

𝑙𝑙𝑙𝑙𝐾𝐾𝑒𝑒 = ∆𝑆𝑆0

𝑅𝑅
− ∆𝐻𝐻0

𝑅𝑅𝑅𝑅
                                                                                                                            (10) 

Where Qe is the amount of the metal adsorbed per unit weight of biochar at equilibrium 

(mg/g), Ce is the equilibrium concentration of solution (mg/L), R is gas constant 8.314, T (K) 

absolute temperature and Ke (L/g) the equilibrium adsorption constant. 

The values of enthalpy ΔH0 and entropy ΔS0 can be determined from the slope and intercept 

of the plot ln Ke vs 1/T. Gibb’s free energy ΔG0 can be obtained using Eq. (8) with the values 

of ΔH0 and ΔS0. 

The statistical analysis of the kinetics data was performed using JMP Pro 14 (SAS) for the 

detailed investigation of ultrasound pre-treatment effects on equilibrium adsorption capacity 
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and rate constant k. Effect of each ultrasonic pre-treatment on the kinetics parameters is 

useful to determine the change in surface property of biochar with pre-treatments.  

Kinetic experiment results were compared with commercially available carbon (Fluval 

Carbon for purifiers) to compare the adsorption per unit surface area. Equilibrium adsorption 

capacity was measured for activated carbon, untreated, UST-3 and UST-11 and the results 

were compared in terms of adsorption per unit surface area (mg/m2).  

3. Results and Discussions  

The syntheses conditions and chemical characterisations of all biochar were done and 

reported before (Peter et al., 2019). The pyrolysis temperature was ranged between 510 to 

580oC. In brief, the chemical characteristics of ultrasound pre-treated, and untreated biochar 

remained same, confirming that the ultrasound had affected only on the physical morphology 

of biochar. The chemical composition of feedstock and biochar synthesised is summarised in 

Table 2. Almost 87 percent is carbonised with a 10-weight percent of oxygen present, which 

can be from carboxylic, phenolic lactonic surface functional groups. These functionalities 

can act as anchoring sites for the positively charged adsorbates.  

(Table 2 here) 

For adsorption experiments, at least 3 trials were performed, and the average value is 

reported. This is required considering the variations in experimental data because of the 

mixed feedstock softwoods, heterogeneity in structure and variations in effect of temperature 

inside pyrolysis reactor.  

3.1 Ultrasound pre-treatment effects on biochar  
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The microscopic images of biochar prepared from wood chips after different ultrasonic 

conditions were studied to understand if there are any obvious surface morphology changes. 

The comparison of surface images has been done for all samples and Fig.1 represents few 

among them which are untreated and maximum and minimum conditions of ultrasound pre-

treatments.  

(Figure 1 here) 

Unlike untreated wood biochar, in most of the ultrasonic conditions, the slit like channels on 

the wood surface were cleaned from the microfibres. 40 kHz samples were expected to be 

more structurally disturbed because of the mechanical effect of low frequency ultrasound. As 

expected, this effect was more evident in 40 kHz experiments. The surface had undergone 

more ruptures and the channels were disturbed at 1000 W and 2 hours exposure of ultrasound 

at a bath temperature of 80oC (UST-3). This effect was tending to decrease slightly with 

decrease in power and bath temperature. The surface ruptures were less visible in 170 kHz 

treated samples though the channels were clean and smooth for all the power, temperature 

combinations. The majority of adsorption happens in micropores and functional groups 

attached to the surface of biochar (Mohan et al., 2011; Han et al., 2013). The pits cleared 

from the fibre attachments are more likely to be accessible for surface interactions. The 

breakdown of the pits and the collapses observed on the microchannels after ultrasound pre-

treatments could lead to a change in surface morphology of biochar. This observation was 

not clearly visible in 170 kHz samples, which could be a result of lower impact bubbles by 

higher frequency ultrasound. Therefore, the breakdown and ruptures did not strongly 

occurred. The surface of 40 kHz samples seems to be very much heterogeneous, which could 
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affect the adsorption process. In higher frequency ultrasound, even though the microchannels 

were smoothened, it could happen that the surface sites were blocked because of the breaking 

down of microparticles or structural rearrangement. 

3.2 Effect of pH and surface zeta potential  

The effect of pH on adsorption properties is an important parameter to optimize because it 

depends on the nature of the adsorbent surface and target contaminant. The characteristics of 

surface functional groups on biochar changes with the pH of the solution. At low pH, most 

of the functional groups present on biochars are protonated and are positively charged. For 

pH < pHpzc (point of zero charge), the biochar surface is positive which favours adsorption 

of the anions. The presence of a large number of H+ and H3O+ in the aqueous solution may 

compete with the cation for adsorption sites available on biochars. Thus, electrostatic 

repulsion will occur between cation contaminants and positively charged biochars surface 

thus a lower adsorption was observed at low pH in most of the studies. With the increase of 

pH value, the competition of metal ions and protons for binding sites decreased and more 

binding sites are released due to the deprotonation of functional groups. The surface of 

biochar is negatively charged when pH > pHpzc. Therefore, in the higher pH range, the cations 

can be easily captured by biochar surface (Oh et al., 2012; Li et al., 2013). 

Plot of pH against Zeta potential (Fig. 2) was examined to determine the zero-point charge 

and the most favourable pH condition for the solution. Ultrasound pre-treated and untreated 

biochar suspensions in copper solution with different pH were used to measure zeta potential.  

(Figure 2 here) 
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Since the metal ions are positively charged (Cu2+) more negative surface is favoured for 

adsorption. From the previous chemical characteristic studies, it was seen that the biochar we 

synthesized has negatively charged surface because of the acidic sites available. As seen from 

the plot, PZC is around 2.5 pH that means at this pH, surface is globally neutral. Any pH 

more than that surface will be negative. The maximum negative for the zeta potential 

occurred at pH 6.2. Since the copper from the solution precipitates at this pH or above (Liu 

et al., 2010), the optimal pH was determined as 5.5. Kołodynska et al., (2012) also had the 

same observation for pH in adsorption of Cu (II) from water. Therefore, for all the adsorption 

experiments, the pH of the solution was set in the range of 5.1 to 5.5. The results were similar 

for all types of biochar synthesised suggesting that the surface charge remains same after 

ultrasonication.  

3.3 Adsorption kinetics and Statistical analysis 

To understand the effect of contact time with adsorption capacity, different kinetic models 

were examined by fitting the experimental data to corresponding linearized kinetic models. 

Adsorption kinetics help to describe the physical and chemical characteristics of the biochar, 

which can be used to explain the surface characteristics of biochar (Lu et al., 2012; Ho and 

McKay, 1999).  

Fig 3. shows the evolution of Cu (II) adsorption on biochar (Untreated, UST-3and UST-11 

as example) with contact time. As seen in the figure, the adsorption capacity gradually 

increases with time until reaching a maximum value. Almost 70 percent of the adsorption 

occurred within 4 hours and then slowly approached the equilibrium time after 16-24 hours. 

The experimental data fitted only with pseudo second order model (Fig. 3, Table 3) which 
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was similar to the report by Mohan et al. (2007) for oak and pine wood biochars. Thus, the 

pseudo first order calculations were omitted.  

(Figure 3 here) 

Pseudo second order kinetics signified that the rate limiting mechanism is mainly by 

chemisorption which controls the entire adsorption process. Chemisorption involves the 

valence forces through the sharing or exchange of electrons between adsorbent and adsorbate 

and therefore the rate of desorption is considered to be negligible. 40 kHz samples showed 

better equilibrium adsorption capacity (Qe) than the untreated sample. Almost 26 to 52 

percent increase in Qe values were observed among the samples. Interestingly, the adsorption 

on 170 kHz was less compared to 40 kHz and showed less or almost similar adsorption with 

the untreated sample. However, slightly better adsorption rates (k) were observed in general 

for the 170 kHz samples compared to untreated or 40 kHz samples.  

(Table 3 here) 

As evident from the kinetic data, the main driving force for the heavy metal adsorption on 

the surface is ionic interactions with the metal ions and surface groups. Therefore, in 170 kHz 

samples the only available interaction can be these ionic interactions and their specific 

surface area is too low for adsorptions. Nevertheless, in 40 kHz samples, in addition to the 

surface functional group interactions, there could be more accessibility of pores, resulting 

from the surface breakdowns and ruptures in the micro pits. The slight increase in equilibrium 

adsorption capacity can be due to this surface modification. These results are in agreement 

with the surface morphology observed from SEM images. As explained by He et al. (2017), 
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ultrasonic pre-treatments increase the exposure of the sample to the treatment solutions as 

well as the general accessibility of the sample, which could possibly lead to better adsorption 

capacity than higher frequency pre-treated samples.  

To understand the effect of each ultrasonic conditions on the equilibrium adsorption capacity, 

statistical analysis was performed on the experimental data shown in Table 3. It was 

interesting to note that the ultrasonic power, bath temperature and time together affect 

positively towards the adsorption capacities of 40 kHz samples. The adsorption capacity is 

highly dependent on the combination of power with time and power with temperature 

(Fig.4a). In case of 170kHz samples, there was no significant trend observed (Fig. 4c). All 

the ultrasound conditions equally contributed to the change in adsorption capacity. The rate 

constant values (k) for both 40 and 170 kHz samples did not show any significant trend with 

pre-treatment conditions (Fig. 4b and 4d). These results also demonstrate that the low 

frequency ultrasound has a higher impact on equilibrium adsorption capacity of the material, 

yet, no appreciable effect on the speed of adsorption. 

(Figure 4 here) 

High frequency ultrasound, 170 kHz as in here, is not really improving to the adsorption 

mechanism. These samples are less preferred over untreated samples and 40 kHz as their 

adsorption capacity at equilibrium is not only improved but also, has been significantly 

decreased in some cases after ultrasound pre-treatments. The statistical analysis supports the 

observed fact that the ultrasound pre-treatments affect the surface properties and the low 

frequency ultrasound enhances the adsorption capacities of metal ions from water.  
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3.4 Isotherm models and Thermodynamics studies 

Different adsorption isotherm models were used to describe the adsorbate-adsorbents 

interaction. Isotherm models were studied for the untreated biochar at maximum and 

minimum ultrasound pre-treatment conditions (UST-3, UST-6, UST-11 and UST-14) 

samples for a quick comparison of ultrasound effect. Fig 5a. is an example for the trend of 

change in equilibrium adsorption capacity with increase in equilibrium concentration for 

synthesized biochar samples (untreated,UST-3 and UST-11). Fig 5b represents the linear 

fitting of Freundlich model for Untreated sample, 5c and 5d shows the linear fit of Langmuir 

model on UST-3 and UST-11, respectively. The detailed isotherm parameters for the samples 

are given in Table 4. From the regression coefficient R2, it was clearly seen that the 

experimental data for untreated biochar was best fit to the Freundlich isotherm, which 

explains the heterogeneous adsorption that is not restricted to the formation of a monolayer. 

The adsorption capacity increased substantially with increasing concentration with a 

heterogeneity factor (n) of 0.38.  

(Figure 5 here) 

Interestingly, for ultrasound pre-treated wood biochar, the experimental data followed 

Langmuir isotherm, irrespective of the ultrasound treatment condition. Langmuir model 

assumes monolayer adsorption of adsorbate on a homogeneous surface of adsorbent with 

definite number of adsorption sites having equivalent energy. A significant increase in Qmax 

was observed for UST-3 and UST-6 compared with UST-11 and UST-14, also suggesting 

that the low frequency ultrasound has positive effect on adsorption capacity.  
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(Table 4 here) 

The range of value for RL for ultrasound pre-treated samples where between 0 and 1, 

indicating the adsorption is favourable. As the aggressiveness of ultrasonication decreases 

(power, temperature and time), the value of RL increases and approaching towards 

unfavourable system. This clearly indicates that the ultrasound pre-treatment favours the 

adsorption mechanism. Isotherm studies provided a better understanding of the fact that, 

ultrasound pre-treatment could possibly modify the structure of biochar and make it more 

homogeneous surface.  

Most of the previous studies on biochar have reported that the adsorption of contaminants by 

biochars appeared to be an endothermic process and the adsorption capacity increased with 

increasing temperature (Liu and Zhang, 2009; Zhang et al., 2013; Meng et al., 2014). The 

enhanced temperature provides enough energy for metal ions to be captured onto the interior 

structure of biochar. The values of ΔH0, ΔS0 and ΔG0 are used to determine 

thermodynamically favourable conditions for the adsorption (Al-Anber, 2011). 

Thermodynamic parameters where examined on the same set of samples used for isotherm 

studies (UST-3, UST-6, UST-11and UST-14).   

For the 40 kHz samples, higher temperature was favoured with significant increase in 

adsorption of Cu (II). The 170 kHz samples were not following the expected trend with 

increase in temperature (Fig. 6) and hence the thermodynamic parameters were not 

calculated.  The better equilibrium adsorption capacity at room temperature and decreased 

adsorption capacity at higher temperatures are contradicting the kinetic results of 170kHz 

samples.  Therefore, the exact adsorption mechanism followed need to be explored further. 
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(Figure 6 here) 

The data shown in Table 5 describe the thermodynamic parameters of selected biochar 

samples pre-treated at 40kHz. As seen in results, the value for ΔH0 is positive in all the 

conditions indicating that the adsorption is endothermic. The positive value of ΔS0 indicates 

the increase in degree of freedom or affinity at the adsorbate/adsorbent interface. This value 

is very low in case of UST-3 which means that there is not much structural change in 

adsorbent compared to others.  

(Table 5 here) 

The Gibb’s free energy gave positive value for all the treatments, indicating that the 

adsorption is non-spontaneous, hence the adsorption and desorption is not in thermal 

equilibrium. Since the mechanism is found to be chemisorption, the adsorption is irreversible, 

which can be the possible explanation for positive value of ΔG0. Similar trend was reported 

before for Cu (II) adsorption on hardwood biochar (Chen et al., 2011). However, the value 

of ΔG0 decreased with increase in temperature, indicating that the system approaches non-

spontaneous when external energy is provided. UST-3 showed almost constant ΔG0 at all 

temperatures, yet the room temperature value was lesser compared with other biochar 

samples signifying that the adsorption on UST-3 is less non-spontaneous at room temperature 

and thus slightly more favourable than others. The thermodynamic results also show that the 

low frequency ultrasound samples are more favoured for Cu (II) adsorption compared to the 

untreated ones.  
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Isotherm and thermodynamic data were shown that the ultrasound pre-treatments have 

prominent effect on the adsorption behaviour of the biochar. These results also support the 

kinetic studies, hence motivate to assume that ultrasonic pre-treated samples can be preferred 

over as-synthesised untreated biochars. Mechanical effect of ultrasound plays a vital role in 

enhancing the surface, yet the sonochemistry behind the adsorption mechanism needs further 

investigation.  

3.5 Comparison with Activated carbon  

It was well observed that the ultrasound pre-treated biochars are exhibiting different 

adsorption capacity than the untreated one. Even though, the increase in adsorption capacity 

was not much when compared to the materials like activated carbons. Therefore, evaluating 

the efficiency of biochar we prepared is an important step when it is used in real life 

applications. Adsorption capacity per unit surface area (mg/m2) is an interesting parameter 

to look in this perception (Choi et al., 2018). Table 6 represents the comparison with activated 

carbon and biochar we synthesised, with the BET specific surface area and corresponding 

equilibrium adsorption capacity Qe. Activated carbon has an equilibrium adsorption capacity 

of 4.62 mg/g, for a large specific surface of 718.42 m2/g. The value for adsorption per surface 

area is very less for activated carbon when compared to ultrasonic pre-treated biochar.  

(Table 6 here) 

Activated carbons are almost 95-99 % carbonised materials with ideally no surface 

functionalities attached. The only interaction with the contaminants in this case is the 

physisorption on surface sites by Van der Waal types of interactions. Biochar has higher 
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adsorption per specific surface which could be the result of chemisorption at the anchoring 

surface sites and modification by ultrasound. However, , high frequency pre-treated biochar 

exhibited better efficiency in terms of adsorption per unit surface in contrary to the initial 

adsorption results. Therefore, activation or chemical modifications on these biochars is of 

further interest to investigate the ultrasonic pre-treatment effects on chemical modifications 

on biochar. This could lead to a cost-effective replacement for activated carbons for heavy 

metal removal from water.  

4. Conclusion  

In this study, we aimed to investigate the physicochemical changes in biochar derived from 

softwood which are processed under different ultrasonic pre-treatment conditions. Kinetics, 

isotherm and thermodynamic studies proved that the adsorption properties of ultrasound pre-

treated samples differ from untreated and enhanced properties are observed for low frequency 

pre-treated biochars. These results open the door to a new processing method on wood 

feedstock to enhance the physical properties of biochar derived from it, without changing the 

chemical properties. However, chemical modifications on these biochars could be interesting 

to provide an insight about the effect of ultrasonic pre-treatment on surface functionalisation 

towards adsorption capacity.  
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Figure captions 

Figure 1: Scanning Electron Microscope images of different biochar samples (magnification 

500x) a) untreated biochar b) UST-3 (40 kHz, 1000 W, 80oC for 2 hours), c) UST-6 (40 kHz, 

250 W, 20oC for 1 hour), d) UST-11 (170 kHz, 1000 W, 80oC for 2 hours), d) UST-14 

(170 kHz, 250 W, 20oC for 1 hour) 

Figure 2: Change in zeta potential with increase in pH of the metal solution 

Figure 3: Adsorption capacity of Untreated, UST-3(40 kHz, 1000 W, 80oC for 2 hours) and 

UST-11 (170 kHz, 1000 W, 80oC for 2 hours) samples with increase in contact time (top) 

and the pseudo second order linear plot of the experimental data (bottom) 

Figure 4: Statistical correlation of ultrasonic pre-treatment conditions on equilibrium 

adsorption capacity, Qe and rate constant k a) effect on Qe of 40 kHz samples b) effect on k 

of 40 kHz samples c) effect on Qe of 170 kHz samples and d) effect on k of 170 kHz samples 

Fig 5. (a) Change in equilibrium adsorption capacity with concentration of metal at 

equilibrium (b) Freundlich isotherm model linear fitting for Untreated biochar (c) Langmuir 

isotherm linear fitting for UST-3 (40 kHz, 1000 W, 80oC for 2 hours) and (d) Langmuir 

isotherm linear fitting for UST-11 (170 kHz, 1000 W, 80oC for 2 hours) 

Figure 6: Effect of temperature on equilibrium adsorption capacity of samples untreated, 

UST-3 (40 kHz, 1000 W, 80oC for 2 hours) and UST-11 (170 kHz, 1000 W, 80oC for 2 hours) 
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Tables and Figures 

Table 1. List of ultrasonic pre-treatments on wood chips 

Sample 

Code 

Frequency 

(kHz) 

Power 

(W) 

Temperature 

(oC) 

Time 

(h) 

UST 1 40 1000 80 1 

UST 2 40 1000 20 1 

UST 3 40 1000 80 2 

UST 4 40 1000 20 2 

UST 5 40 250 80 1 

UST 6 40 250 20 1 

UST 7 40 250 80 2 

UST 8 40 250 20 2 

UST 9 170 1000 80 1 

UST 10 170 1000 20 1 

UST 11 170 1000 80 2 

UST 12 170 1000 20 2 

UST 13 170 250 80 1 

UST 14 170 250 20 1 

UST 15 170 250 80 2 

UST 16 170 250 20 2 
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Table 2. Proximate and Ultimate analyses of biochar and feedstock 

Weight % Biochar Feedstock 

Moisture  4  - 

Volatile  23 - 

Ash < 1 - 

C 86.5 ±1.09 46.7 

H 2.7 ±0.1 6.4 

N 0.05 ±0.02 0.04 

O* 10.7 46.9 

*Oxygen content was determined by mass balance 
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Table 3: Pseudo second order parameters for biochar samples 

Sample Pseudo Second order 

Qe 

(mg/g) 

k 

(g/mg. min) 

R2 

Untreated 1.09 0.051 0.9928 

UST-1 1.62 0.031 0.9905 

UST-2 1.59 0.017 0.9928 

UST-3 1.54 0.022 0.9869 

UST-4 1.38 0.015 0.9619 

UST-5 1.45 0.025 0.9904 

UST-6 1.6 0.068 0.9931 

UST-7 1.54 0.055 0.9923 

UST-8 1.66 0.020 0.9942 

UST-9 0.92 0.085 0.9946 

UST-10 0.98 0.080 0.9906 

UST-11 0.92 0.865 0.9862 

UST-12 0.79 0.321 0.9626 

UST-13 0.94 0.291 0.9857 

UST-14 1.42 0.015 0.9761 

UST-15 0.75 0.063 0.9848 

UST-16 0.78 0.179 0.9992 
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Table 4: Parameters of linearized Freundlich and Langmuir isotherm models for Cu 

adsorption on biochar 

Sample Langmuir Model Freundlich Model 

Qmax b R2 RL Kf n R2 

Untreated 1.82 0.082 0.9735 0.48 5.97 0.38 0.9955 

UST-3 1.62 0.091 0.9015 0.47 4.99 0.37 0.2496 

UST-6 1.01 0.038 0.9988 0.71 9.71 0.41 0.9621 

UST-11 1.17 0.21 0.9957 0.28 5.86 0.15 0.8541 

UST-14 0.67 0.030 0.945 0.75 23.4 0.19 0.4384 
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Table 5: Thermodynamic parameters of copper adsorption on biochar 

Sample Temperature 

(K) 

Thermodynamic parameters 

ΔG0 (kJ/mol) ΔH0 (kJ/mol) ΔS0 (J/mol K) 

Untreated 295 12.56 24.11 39.15 

313 11.85 

333 11.07 

UST 3 295 11.51 11.63 0.43 

313 11.50 

33 11.49 

UST 6 295 14.68 33.76 64.69 

313 13.51 

333 12.22 
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Table 6: Comparison on adsorption capacity with specific surface area 

Sample Qe (mg/g) Specific Surface 

(m2/g) 

mg/m2 

Activated carbon 4.62 718.42 0.0064 

Untreated 1.09 10.48 0.104 

UST-3 1.54 12.4 0.124 

UST-11 0.92 3.31 0.278 
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Figures 

 

 

Fig 1. Scanning Electron Microscope images of different biochar samples (magnification 

500x) a) untreated biochar b) UST-3 (40 kHz, 1000 W, 80 oC for 2 hours), c) UST-6(40 

kHz, 250 W, 20 oC for 1 hour), d) UST-11(170 kHz, 1000 W, 80 oC for 2 hours), d) UST-

14(170 kHz, 250 W, 20 oC for 1 hour) 
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Fig 2. Change in zeta potential with increase in pH of the metal solution 
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Fig 3. Adsorption capacity of Untreated, UST-3 (40 kHz, 1000 W, 80oC for 2 hours) 

and UST-11 (170 kHz, 1000 W, 80oC for 2 hours) samples with increase in contact time 

(top) and the pseudo second order linear plot of the experimental data (bottom) 
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(a) (b) 

(c) (d) 

Fig 4. Statistical correlation of ultrasonic pre-treatment conditions on equilibrium 

adsorption capacity, Qe and rate constant k a) effect on Qe of 40 kHz samples b) effect on k 

of 40 kHz samples c) effect on Qe of 170 kHz samples and d) effect on k of 170 kHz 

samples 
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(a) (b) 

(c) (d) 

Fig 5. (a) Change in equilibrium adsorption capacity with concentration of metal at 

equilibrium (b) Freundlich isotherm model linear fitting for Untreated biochar (c) Langmuir 

isotherm linear fitting for UST-3 (40 kHz, 1000 W, 80oC for 2 hours) and (d) Langmuir 

isotherm linear fitting for UST-11 (170 kHz, 1000 W, 80oC for 2 hours) 
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Fig 6. Effect of temperature on equilibrium adsorption capacity of samples untreated, UST-

3 (40 kHz, 1000 W, 80oC for 2 hours) and UST-11(170 kHz, 1000 W, 80oC for 2 hours) 
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