
Abstract
The present work involves a study of sorption of methylene blue (MB) by charcoal samples  
produced through torrefaction and pyrolysis processes from switchgrass (Panicum virgatum). The 
adsorption of MB was determined using the spectrometric analysis method at various pH, 
temperature values and MB concentrations. The heat treatment temperature during biochar 
production significantly influenced the surface chemistry of biochars indicating that biochar 
samples, based on their thermal history alone, can behave significantly differently in the 
rhizosphere or in their ability to adsorb pollutants. The pH of the solution containing MB 
significantly affected its adsorption by biochars but trends were markedly different. The 
concentration of MB was also affected adsorption behavior of the two charcoals. The results 
indicate that biochars can be produced with desired properties to solve specific agricultural or 
environmental needs. 

Introduction
The sorption properties of biochar can be used to adsorb heavy metals, pesticides, organic contaminants and 
hydrocarbons in soils and to reduce nutrients loss from soils other agricultural sites (4, 6, 8, 9). The 
feedstock, production conditions such as the highest treatment temperature, rate of heating and the 
residence time of biomass in the pyrolyzer affects the physicochemical properties of biochar (2, 7). The 
sorption properties of biochar determine its behavior in the environment. In this study the adsorption of 
MB, a cationic organic dye is used to determine the adsorption properties of biochar as affected by 
adsorbate concentration, pH, and temperature. 

Materials and Methods
The biochar was produced using a slow pyrolyzer that consisted of an exterior steel barrel in which an 
interior steel barrel of lower diameter inversely fitted. The interior barrel housed the biomass and the space 
between the two barrels was partially filled with red cedar wood blocks and ignited. The lid on the exterior 
barrel included a flue and was then positioned in place. The temperature in the interior barrel was monitored 
by a thermocouple. The biochars were produced in two distinct thermal conditions from switchgrass 
(Panicum virgatum) biomass feedstock. One sample was produced in the torrefaction thermal range (TTR) 
(200 - 235 ˚C for 170 min); this sample will be referred to at the TTR biochar. Another sample was 
produced in the slow pyrolysis temperature range (SPTR), 490 - 590 ˚C for 170 min. This sample will be 
referred to as the SPTR biochar. 
The Scanning Electron Microscopic (SEM) images were prepared using a Hitachi Tabletop Microscope 
model TM-1000 and biochar surface morphology was examined to for visual differences between samples 
resulting from biochar preparation conditions.  
Stock solution of analytical grade MB.  
[3,7-bis (Dimethylamino)-phenothiazin-5-ium chloride] with formula, C16 H18 N3 SCl·3H2 O was prepared in 
distilled water. Three hundred milligram of biochar was placed in reagent bottles, each containing 25 ml 
MB solution with initial concentrations of 50 to 375 mgL-1 at 25 ˚C. After stirring for 20 min the solution 
was centrifuged for 15 min and then 1 ml of solution was gently pipetted out from the center of the solution 
into a 100 ml volumetric flask. The adsorption of methylene blue was then determined at 661 nm using a 
spectrometer. 
The wavelength of maximum adsorption of MB solution was determined to be 661 nm. The adsorbed MB 
in the solution (Qe ) was determined as follows: 

Qe = [(C0 – Ce K) (0.025)]/m

Where, C0 equals the initial concentration of MB (mgL-1), Ce equals the equilibrium concentration of MB 
(mgL-1), K is the dilution factor, 0.025 represents the MB solution added to the biochar in liter and m 
represents the weight of biochar sample in grams. 
To determine the effects of temperature and pH on the MB adsorption by biochar, the experiment was 
carried out at pH range of 3 to 11 and temperature values of 30, 40, 50, 60 and 70 ˚C. pH adjustments were 
accomplished by the addition of HCl or NaOH solutions using potentiometric titration curves. 

Results and Conclusions
The SEM surface morphology of biochar samples as prepared by torrefaction and slow pyrolysis 
are shown in Figure 1. These figures indicate that irrespective of their production thermal 
condition, the biochars consist of micropores that vary in shape and are in the range of submicron 
to about 20 micrometers. Unpublished data by Bayan, et al. (2) on the same sample indicated that 
the slow pyrolysis process increased the pore volume of these biochar samples from 0.0170 cm3/g 
for the TTR sample to 0.518 cm3/g for the SPTR sample, a 30-fold increase. Expectedly, the SEM 
images of biochars do not reflect this significant increase in pore volume as most of the volume 
increase may reflect pores developed in nanometer size range. 

Effect of MB Concentration. The adsorption isotherm shows the relationship between the 
equilibrium concentration of MB in solution and its quantity adsorbed on the negatively charged 
surface of biochar (Figures 2 and 3). The sorption isotherms fit the L-type adsorption and indicate 
high-affinity chemisorption between the biochar and methylene blue (3). The adsorption Isotherm 
biochar produced at TTR is similar to the biochar produced at SPTR indicating that the pore size 
distribution in the range >1.5 nm remains approximately the same for these biochars although the 
total pore space increased by a factor of 30 from TTR production to SPTR. 
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Figure 3 shows that with increasing MB concentration the percent chemisorption of MB to biochar surfaces decreases. 
At the lower concentrations of MB (below 100 mg L-1) more than 60% of MB is chemisorbed by biochar. Therefore, 
the concentration of 255 mg L-1 of MB was chosen for further experimentation. 
The adsorption activity data of biochar samples was analyzed according to the linear form of the Langmuir and 
Freundlich isotherms (1, 3). The linear plot of Ce /Qe versus Ce is shown in figure 4 and suggests the applicability of 
the Langmuir isotherm. The theoretical monolayer saturation capacity of biochar produced at low-temperature (TTR) 
is 5.56 mg g-1 (R2=0.9991) and of biochar produced by high-temperature pyrolysis (SPTR) 5.88 mg g-1 (R2=0.9992). 
The essential characteristics of the Langmuir isotherms can be expressed in terms of a dimensionless constant 
separation factor or equilibrium parameter, RL which is defined as: 

RL = 1 / (1+b Co )

Where b is the Langmuir constant and Co is the initial concentration of MB. The RL value indicates the shape of 
isotherm; RL > 1 is unfavorable, RL = 1 indicates linearity, 0 < RL < 1 is favorable and an RL = 0 is irreversible. The 
equilibrium parameter (RL ) for the sample TTR and SPTR are 0.6 and 0.7, respectively which fall in the favorable 
range of RL .
For the biochar sample produced at lower temperature (TTR), the adsorption isotherm fits the Freundlich equation in 
the concentration range from 50 to 375 mgL-1 and can be described by the following equation:

Qe = 3.09 Ce
0.11, (R2 = 0.97)

For the biochar produced at higher temperature (SPTR), the Freundlich equation is applicable for a smaller range of 
concentration (75 - 255 mgL-1) and is described by the following equation: 

Qe = 2.00 Ce
0.20, (R2 = 0.93)

Effect of pH. Biochar surfaces includes functional groups such as phenolic and carboxylic that deprotonate at higher 
pH values giving rise to negative charges that increase the adsorption of the cationic MB from the solution. Therefore, 
depending on the pH of the solution, the biochar surfaces can become variedly charged and biochar’s adsorption is 
clearly a pH-dependent phenomenon much like the sesquioxides and allophane in the soil environment (Figure 5). As 
the pH of the solution increases, the adsorption of the MB by biochar increases. The adsorption rates of MB by these 
biochar samples, however, differ markedly. The high temperature biochar (SPTR) starts deprotonating at pH = 9 as 
indicated by an increase in MB adsorption and reaches its maximum at pH = 11. The changes in dye uptake below 
point of zero salt effect (PZSE) (in the pH range of 3 to 9) are insignificant and practically negligible. This has 
important implications in use of biochar as a soil amendment and environmental remediation ventures. 
The biochar produced at lower temperature (TTR) deprotonates starting at pH = 3 and the rate of adsorption of the 
MB increases highly significantly (99% confidence level) with a highly significant correlation coefficient (r = 0.98). 
The maximum value of the dye adsorption occurs at pH = 11where the sorption of MB is more than twice that of the 
(SPTR) biochar. 
This is, probably, due to the large number of organic functional groups at biochar surfaces produced at the torrefaction 
temperature range (TTR). At pH = 5, the sorption of MB for both biochar samples fall to 22% for the high 
temperature biochar and 18% for the low temperature sample. 

Effect of temperature. This study indicates that the adsorption rate of biochar is temperature dependent (Figure 6). 
As the temperature is raised from 30 to 70 ˚C, the adsorption of MB by both biochar samples increased. As the 
thermal energy increases, an increase in pore size (accessibility of MB to a greater surface area) and higher rate of 
deprotonation results in an overall increase in adsorption of MB by both biochar samples.  
The biochar sample that was produced at the torrefaction thermal range (TTR) adsorbed more MB. At pH = 11 the 
highest amount of MB (94%) was adsorbed at 50 ˚C; therefore, this part of experiment was not further pursued for 
temperature values of 60 ˚C and 70 ˚C. For this sample, in the neutral pH range (pH = 7.3), the temperature increase 
to 70 ̊ С

 

increased dye adsorption by 38%. At pH 5.3 and 2.8, the MB adsorption dropped to 18% and 10%, 
respectively. 
The biochar sample that was produced at the higher (slow pyrolysis) temperature (SPTR) behaved somewhat 
differently but still followed the same overall pattern as described above for the lower temperature biochar. The 
adsorption rate of MB by this biochar increased by 29% [at pH = 11.8; higher than the pH value determined to 
represent this biochar’s point of zero salt effect (PZSE)]. This increase in MB adsorption dropped to 14% at pH = 9.8. 
Below the pH value that corresponds to this biochar’s PZSE, however, the increase in MB adsorption amounted to 
only 2% when the temperature was increased from 30 to 70 ˚C. 
This clearly indicates the deprotonation of the functional groups in the alkaline pH range rendering biochar surfaces 
more negatively charged, hence higher adsorption of MB in this pH range. There was no dissolution of the dye or 
change in IR wavelength shift at the higher pH and temperature values as indicated by the parallel blank samples of 
MB solution (without the biochar). 

Environmental Implications. In this study, the switchgrass biochar that was produced within the torrefaction thermal 
range showed significantly different sorptive surface chemical properties than the biochar produced from the same 
biomass feedstock at higher temperature in the pyrolysis thermal range. General inferences cannot be made based on 
examination of one biochar samples but the results of this preliminary study clearly indicates that process conditions, 
chiefly heat treatment temperature (1) affects the surface chemistry of biochar. As a result, the interaction of biochar 
in the soil environment in general and its interactions in the rhizosphere in particular are affected by the way it is 
produced. This study has implication in biochar production for specific uses in agriculture and its novel uses in the 
industry. 
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Fig.1 SEM Images of switchgrass biochar torrefaction (a, b) and slow pyrolysis (c, d)

Fig.2. Adsorption isotherm of methylene blue

Fig.3. Dependence of the adsorption on MB 
concentration. 

Fig.4. Langmuir plots for the MB adsorption by 
biochar samples. The biochars were produced 
through torrefaction (TTR) and and slow 
pyrolysis (SPTR)

Fig.5. Effect of pH on the MB adsorption by 
biochar samples. The biochars were produced 
through torrefaction (TTR) and and slow 
pyrolysis (SPTR)

Fig. 6. Adsorption of MB by biochar samples at different pH and temperature values. The biochars 
were produced through torrefaction (TTR) and and slow pyrolysis (SPTR)
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