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Abstract        

This work investigates the removal of phenol from aqueous solution using Araucaria Columnaris 

bark (ACB) as biochar. Five different types of biochars were developed through pyrolysis at 

different temp from 300 to 500°C. The effects of initial concentration, contact time, pH and 

temperature on adsorption behavior were studied in batch mode for each biochar. The optimum 

contact time observed for equilibrium condition was 60 mins for every biochar. And, the 

maximum adsorption followed the order 298 K > 308 K > 318 K. Adsorption equilibrium data 

were fitted to Langmuir and Freundlich isotherms by non-linear regression method and kinetic 

data by linear regression method, and fitted to pseudo-first order, pseudo-second order and 

Intraparticle diffusion models. Adsorption kinetics was reasonably described by pseudo-second 

order model with R
2
 value 0.99. Thermodynamic parameters were also estimated that implied, 

the adsorption process was spontaneous and exothermic in nature. Study further showed that the 

acidic pH increased adsorption capacity of biochar but decreases continuously towards basic 

side. The removal of phenol with prepared biochar was achieved as high as 100 % for ACB-500. 

The maximum iodine adsorption value of prepared biochar was found to be 453.3 mg/g.  

Keywords: Biochar preparation and characterization, reaction kinetics and isotherm study, 

Phenol removal and thermodynamic study. 
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1. Introduction 

Phenols are widely used for the commercial production of a wide variety of resins including 

epoxy resins, adhesives, phenolic resins that are used as construction materials for automobiles 

and polyamide for various applications [1]. These are becoming common sources for phenolic 

contaminants in wastewaters [2]. Phenols as a class of organics are similar in structure to the 

more common herbicides and insecticides which are resistant to biodegradation [3]. It is 

therefore, recommended to remove the phenol from waste water effluents before entering into 

the water stream [4]. The united State Environment and Protection Agency (USEPA) and 

European Union (EU) have already enlisted phenolic compounds as priority concern due to its 

toxicity and carcinogenic properties. They are very harmful to organisms even at low 

concentrations which can damage the red blood cells and the liver [5]. The presence of phenolic 

compounds in the aquatic environment may be from both natural and anthropogenic source. The 

physical structure of phenol has been shown in Fig.1. Consequently, there are numbers of 

treatment techniques developed and proposed for the removal of phenol from waste water 

effluents. Some common techniques include extraction [3], polymerization, electro-Fenton 

process [6], photo catalytic degradation [7], and adsorption and so on [3]. There are more than 

thousand different studies reported on adsorption of phenolic compounds on different adsorbents. 

Amongst them activated carbons has been studied extensively[8][9][10][11]. Biochar for the 

removal of organic waste are currently produced from a variety of starting materials such as 

nutshells [9], wastes agricultural residues [12], date pits, wood [13], plum kernels [14] , and 

polymers [15]. However, its high initial cost and the need for a costly regeneration system make 

it less economically viable as an adsorbent [16]. Taking these work results as criteria into 
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consideration, a low cost and easily available Araucaria Columnaris bark based biochar has been 

investigated for the removal of phenol from aqueous solution. 

1.1.Araucaria Columnaris bark as a low-cost material 

This plant is also known as Cook pine, because it is a tree native to the Cook Island, north-east of 

Australia in the South Pacific [17]. It is an ever-green tree and, in India it is a common 

ornamental plant and often called as ‗Christmas Tree‘. The height of Cook pine can reach 60 m 

in natural tendency, and commonly grown as a house-plant in garden and pots. This tree is 

present almost in every island, commonly known as ―Norfolk-Island-pine‖ in Hawaii.  Fig. 2 

shows the bark of the tree. The Araucaria Columnaris is an evergreen tree, so there was no 

special time to extract bark from this tree.  

2. Materials and Methods 

2.1.Chemicals used 

Phenol crystalline extra pure (assay ≥ 99.9%) with analytical grade from Sisco Research 

Laboratories was used as an adsorbate. It was dissolved in estimated quantities to prepare stock 

solutions. De-ionized water, obtained from a Deionizer (Mars Bioanalytical, Zartifikal) has been 

used through the experiment. During batch adsorption studies, the pH was maintained with 0.1 

M HNO3 and 0.1 NaOH solutions. For desorption experiment, NaCl (assay ≥ 99.9%) was 

purchased from Sisco Research Laboratories Pvt. Ltd. and NaOH (assay≥ 98%) from Himedia 

Laboratories Pvt. Ltd. 

2.2. Methods 

In this study, the materials were first developed and characterized by different analytical 

methods. After that, their adsorption properties were examined in batch mode. The experimental 
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procedures were prepared after referring several studies in this field during recent years. Details 

of the methods are given below.  

2.2.1.  Preparation of biochar 

The raw material for biochar production was the bark of Araucaria Columnaris tree. The bark 

samples (of light brown color) were collected during January from the lower Himalaya region of 

north India. After collection, the bark was thoroughly washed with tap water to remove the dust, 

soil, and any other foreign substances. The washed samples were then spread on newspapers and 

allowed to dry in sunlight for next 5 days. After five days, the samples were further dehydrated 

in oven at 60 C for 24 hours. Thereafter, sample was crushed into rust colored powder with help 

of an electric grinder. The powder was sieved through 0.5 mm mess size. Further, this powder 

was pyrolyzed at five different temperatures i.e. 300, 350, 400, 450 and 500 °C.  

2.2.2. Pyrolysis of biochar  

Slow pyrolysis was performed to produce the biochar; 150 g powder sample of Araucaria 

Columnaris bark was weighed in Aluminum-foil made boat and heated in a muffle furnace 

model no. NSW 103 (Narang Scientific Works) according to different heating program, given in 

Fig.3. The reaction mechanisms for biomass pyrolysis are complex but can be understood in 

three main steps [18]: 

                                                                                                                (1)            

                                                                                                      (2)     

                                                                                                                 (3)                                   

When biomass is pyrolyzed in muffle furnace, initially moisture and volatile fraction is lost and, 

unreacted residue left (Eq. (1)). Later, in the second step, biochar formation takes place (Eq. (2)). 
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And, in the final step some chemical rearrangement also occurs at a very slow rate and carbon-

rich residual solid forms along with the formation of secondary charring (Eq. (3)). In this study, 

pyrolysis temperature was set to increase at 10°C/min with continuous supply of nitrogen gas at 

a rate of 750 ml/min. The maximum temperature was set at 500°C .The furnace was then 

retained at a specific duration (one hour) before the furnace was shut off. Even during cooling, 

nitrogen supply was maintained to prevent the oxygen exposure to the char. A set of five 

treatment temperature for biochar production e.g. 300, 350, 400,450 and 500 °C was selected. 

Once the furnace cooled down to room temperature, the sample were collected and weighed for 

calculation of weight loss during pyrolysis. The black colored samples so obtained were 

homogenized by crushing and mixing the lumps developed during pyrolysis. The samples were 

stored in desiccators before further use and labeled as ACB-300 (Araucaria Columnaris biochar 

developed at 300°C), ACB-350 (Araucaria Columnaris biochar developed at 350°C), ACB-400 

(Araucaria Columnaris biochar developed at 400°C), ACB-450 (Araucaria Columnaris biochar 

developed at 450°C) and ACB-500 (Araucaria Columnaris biochar developed at 500°C).   

2.3. Biochar characterization 

2.3.1. Biochar yield 

The biochar yield (ɳ) has been expressed in weight percentages (wt. %) of dry ash-free biochar 

recovered to dry ash-free initial biomass. Dry ash-free basis for yield expression was chosen to 

avoid positive bias in yield in case of using biomass samples with high mineral (ash) content. 

The yields (ɳ) were calculated by (Eq. (4)) 

ɳ=                                                                                                                 (4) 
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Where VC is the wt. of the char recovered during the pyrolysis process in g, Vdry, b is the oven-dry 

mass of raw biomass material and Vash, c and Vash, b represent the respective ash contents in the 

biochar and raw biomass samples (wt. in g).  

2.3.2. Proximate analysis 

Volatile matter, moisture and ash content were estimated according to D1762-84 (ASTM, 2007). 

Briefly, 1g biochar samples were heated in porcelain crucibles and the difference in the sample 

weight after and before heating were calculated. To estimate the moisture content, samples were 

dried for 2hrs at 105°C in dry oven. Similarly, for volatile matter, the samples were heated for 

11min at 950 °C in covered crucible and for ash content sample were heated at 750 °C for a 

minimum of 2 hrs in uncovered crucible. Subtracting the weight of the moisture content, ash 

content and volatile matter content from original sample gives the value of stable carbon fraction 

of that sample. Hence, this fraction is termed ‗fixed carbon or fixed-C fraction‘. In this study, the 

fixed carbon fraction is expressed on dry ash-free basis given by (Eq. (5)) 

                                                                                                       (5) 

Where % fc is the fraction of fixed carbon (in wt. %), Vvm is the weight of volatile matter in the 

sample (g), Vdry is the oven dry weight of the sample (g) and Vash is the weight of the ash residue 

of the sample (g). In this study, ratio (in wt. %) of weight of fixed carbon in a biomass sample to 

the weight of the original biomass feedstock on a dry and ash-free basis is defined as the fixed 

carbon yield expressed by (Eq. (6)) 

                                                                                                        (6) 
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Where %Yfc is the fixed carbon yield (in wt. %), Vdry, c and Vdry, b are the dry weights (g) of the 

biochar and the biomass feedstock respectively. And, Vash, c and Vash, b are the weights (g) of the 

ash in the biochar, and in the original biomass feedstock, respectively. 

2.3.3. Elemental analysis 

The elemental analysis (CHNS) was done using a Flash-2000 Elemental Analyser (Eltra). The 

biochar samples were weighed and wrapped in tin boats as per the standard procedure. The daily 

factor was determined with sulphanilamide and the samples are analyzed subsequently.  

2.3.4. Surfaces characteristics  

In this study, For quantification of the surface functional groups, Boehm‘s titration was done by 

using the method described by [19]. Briefly, 1g biochar sample was added to 50 mL solution of 

different bases (0.01N NaHCO3, Na2CO3 and NaOH respectively). The mixture was shaken in 

room temperature for 48 hrs. The biochar samples were separated by filtration. The quantities of 

functional group were determined by back titration with 0.05 N standard HCl solutions. Same 

amount of solution without carbon were used as blank. The total surface basicity of the biochar 

samples were quantified by mixing 1.0 g of the carbon sample with 50mL of 0.05N standard 

solution of HCl. The suspension was shaken for 24 h at 25°C. An aliquot of the supernatant was 

filtered and back titrated with 0.05N solution of NaOH. 

2.3.5. Biochar surface area estimation by Iodine Number 

The adsorption of aqueous iodine is considered a quick test for evaluating the surface area of 

biochar. It was determined according to the procedure established by the American Society for 

Testing and Materials (ASTM). The powered biochar is grinded until 60 wt. % to 95 wt. % or 

more is passed through a 100 mesh screen. Further, a mass of 0.1 g of the biochar was placed in 
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100 mL conical flask and 5 mL of 5% HCl added to it. The flask was swirled until the biochar 

was wetted and 10 mL 0.1 M iodine solution was added. Then 10 mL of the filtrate was titrated 

against a standard 0.1 M sodium thiosulphate solution. The concentration of iodine adsorbed is 

equivalent to the surface area of the activated carbon.  

2.3.6. pH in solution  

Biochar samples were suspended in a 0.1 N KCl solution in a 1: 10 (wt. /wt.) ratio. After 10 min 

of stirring, the pH of the biochar suspension was measured using a Model 420 Thermo-Orion 

(Thermo Fisher Scientific). The analyses of pH were performed in duplicate. 

2.3.7. Determination of pHzpc 

To determine of pH value of the prepared biochar at the point of zero charge, 50 mL NaCl 

solution of 0.1 M was taken into 100 ml glass tubes. The initial pH was maintained between 2 

and 11 by adding 0.1 M HCl or 0.1 M NaOH. Once the pH was maintained, 0.5 g prepared 

biochar was added to the solutions and the glass tubes were put into rotatory shaker with a speed 

of 150 rpm at 25°C. After 24 hrs, the suspensions were filtered by cellulose acetate membrane 

filters of pore size 0.45μ and final pH of the filtrates was measured. The difference between the 

initial and final pH values (pH = pHi − pHf) was plotted versus pHi. The pH at which pH = 0 is 

as pH value at the point of zero charge [20]. 

1. Batch mode study  

The batch-scale experiments were carried out to evaluate the adsorption behavior of prepared 

biochars on phenol removal, under different experimental conditions. In these experiments, 

effect of contact time, effect of initial concentration, temperature and pH were investigated. Two 
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isotherm models Langmuir and Freundlich were used along with three kinetic models e.g. 

pseudo first, pseudo second, and Intraparticle diffusion. To evaluate the final concentration of 

phenol, spectrophotometer (Labtronics) was used at wavelength 270 nm. The amount of 

adsorbate adsorbed on the adsorbent is calculated by using mass- balance (Eq. (7)):  

                                                                                                                              (7) 

Where, qe is the final amount of phenol adsorbed on adsorbent (mg/g), Co is the initial 

concentration of phenol at time t. Ce is equilibrium concentration (mg/L) of phenol at equilibrium 

state. And, W is the weight of the adsorbent and V is the volume of solution in L. 

1.1. Study of Contact Time 

This experiment was carried out to evaluate the equilibrium time for phenol adsorption. A stock 

Solution of 500 mg/L
 
was prepared by dissolving 500 mg of phenol powder in 1 liter Millipore 

water. The working solution of 100 mg/L in 210 mL was prepared and to this 0.5 gm. of 

adsorbent was added. Before adding the adsorbent in solution, the initial sample concentration 

was determined using spectrophotometer. The solutions was placed on stirrer for next 3 hrs 

meanwhile at regular interval of time 1, 2, 3, 4, 5, 10, 15, 20, 30, 40, 60, 120, 180 min the sample 

were withdrawn. The final solution was filtered through syringe filter and filtered solution was 

analyzed using spectrophotometer. 

1.2. Effect of pH on adsorption  

The effect of pH on adsorption in term of its removal efficiencies was observed. Solution of 10 

different sets of 100 mg/L in 50 mL were prepared from 500 mg/L
 
of stock solution and then 

maintained at pH of 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12 using acid (0.1 M HNO3) and base (0.1 M 

NaOH) solution respectively. After maintaining the pH, 0.5 gm. of materials was added in all the 
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Erlenmeyer flask and was placed on stirrer cum water bath for 2 hrs under continuous stirring. 

The initial and final concentrations of all 10 solutions at different pH were calculated.  

1.3. Effect of initial concentration  

This experiment was performed to determine the effect of initial concentration of phenol on 

adsorption capacity of biochar. A total of 10 (10, 20, 30, 40, 50, 60, 70, 80, 90, 100, mg/L) 

working concentrations were prepared from 500 mg/L phenol solution. The amount of 50 mL of 

each concentration was taken into Erlenmeyer flasks and 0.5 g adsorbent was added to each set-

up and allowed to stir for 2 hrs at temperature 298 K. 

1.4.Effect of temperature 

Temperature plays a very crucial role in adsorption process. Therefore, the effect of temperature 

on adsorption capacity was observed. In this experiment the variation in adsorption capacity 

were observed in three different temperatures (298, 308, and 318 K). For this experiment 50 mL 

working solutions of 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 mg/L in an Erlenmeyer flask were 

prepared from stock solution (500 mg/L). All working solution was divided in two sets of initial 

and final parts of each having 5 mL and 45 mL of solution. Initial were in vials and final solution 

were in Erlenmeyer flasks to which 0.5 gm. of adsorbent were added and kept for 2 hrs of 

continuous stirring on stirrer cum water bath at desired temperature. 

1.5.Desorption 

Desorption study was done by filtering the phenol solution and gently washing the filter paper 

with milli-Q water so as to removal the biochar adsorbed with phenol. The biochar was mixed 

with three desorbing agent namely; deionized water, NaCl and NaOH. These solutions were 
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stirred till equilibrium time. Desorbed phenol was then analyzed by spectrophotometer. And, the 

biochar was again tested for reusability by the method prescribed above. The change in 

adsorption and desorption amount after each cycles was calculated in terms of %, where, initial 

adsorption amount was taken as 100 %.     

2. Results and discussion 

2.1.Characterization 

2.1.1. Biochar yield 

The effects of temperature and pyrolysis residence time on biochar yield are illustrated in Fig. 4. 

When the pyrolysis temperature increased from 300°C to 400°C, the biochar yield sharply 

decreased from 72.2 wt. % to 30.0 wt. %. This was possibly due to most of the Lignocellulosic 

material was decomposed at this temperature range and more volatile matter were released [21]. 

While, the pyrolysis temperature further increased from 450 to 500 ◦C, the biochar yield 

decreased only from 37.4 wt. % to 30.0 wt. %. This indicated that most of the volatile fraction 

had been removed at lower temperature which is also clear from the table 1, only 8.14 wt. % of 

volatile matter left at 500 °C. Almost 62.3 wt. % of volatile matter volatilized at temp 350 °C. 

Also, at higher temperature 500 °C, the sample had a high ash content (13.55 wt. %) which may 

act catalytically during the pyrolysis process and alter the product distribution in terms of yield 

of gas and char [22]. Also, higher temperature largely alters the biochar‘s internal structure and 

surface [23]. Fixed carbon yield was highest at 500 °C which is free from moisture, volatile 

fraction and ash content. 

2.1.2. Proximate analysis  
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The volatile matter and fixed carbon for the prepared biochars ranged from 49.4 wt. % to 8.14 

wt. % and 22.54 wt. % to 68.44 wt. %, respectively. As the pyrolysis temperature increases the 

volatile material decreases similar like biochar yield while opposite pattern is seen with the 

content of fixed carbon. This may be attributed to the increasing temperature further cracks the 

volatiles fractions into low molecular weight liquids and gases instead of biochar [23]. Along 

with this,  thermal degradation and dehydration of hydroxyl groups of cellulose and lignin might 

have occurred within the structure of biomass with the increasing temperature [24]. These results 

further confirms that the increase in temperature enhanced the stability of biochar for the loss of 

volatile fractions [25]. It was also observed that the ash content increased from 3.4 wt. % to 

12.05 wt. % with an increase in the pyrolysis temperature from 300°C to 450°C. The increase in 

the ash content may be due to the concentration of inorganic matter and nutrients [26]. At 

temperature above 450°C to 500°C, some inorganic content and nutrients might have been 

volatized as gas or liquid resulting in a slight increase in ash content from 12.05 wt. % to 13.55 

wt. %.  

2.1.3. Elemental Analysis 

 Table 2 shows the elemental composition of biochar in percent (%). The carbon (C) content 

increased from 43.11 % to 79.7 %, whereas the sulfur (S) and hydrogen (H) contents decreased 

from 15.09 % to 2.005% and 7.517 % to 2.22 % as the rise in the pyrolysis temperature from 300 

to 500 °C respectively. These results also agrees to the results previously reported by [27]. The 

decreased contents of H and S at higher temperature were likely due to the desulfurization of 

sulfur into SO2, some fraction of sulfur might have retained in fly gas [28]. Along with this, 

breakdown of the oxygenated bonds might have taken place along with the release of low 

molecular weight byproducts containing H and S [29]. Surprisingly, the highest N content was 
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observed in ACB-450 (1.95%). This may be described by the supply of nitrogen gas into the 

complex structures which were resistant to lower temperature, and at higher temperature it was 

easily volatilized [27]. 

2.1.4. Surface characteristics of biochar by Boehm Titration method 

The quantities of the acidic and basic groups are presented in Table 3. Boehm titration data 

indicated that biochars had considerable amount of acidic surface groups at lower temperature 

and at higher temperature, the increased basic surface groups were observed which was also 

confirmed by pHPZC (Between 4.7 to 8.47) value. Biochars may carry O-containing and N-

containing functional groups on the surface. The O-containing functional groups are divided into 

acidic functional groups, such as carboxylic, lactonic, and phenolic groups and basic groups, 

such as quinonoid carbonyl, pyrone and benzopyranyl groups [30] [31]. The high basic 

functional groups at higher temperature was due to the ash fraction and pH [29]. Hence, highest 

ash content was observed in ACB-500 (13.55 wt. %) therefore, contained highest total basic 

groups (1.87 mmol/g). The similar trends has been observed previously by [32][33]. 

Subsequently, other groups like lactonic and carboxylic groups were decreased to 1.01 mmol/g 

and 0.38 mmol/g respectively.  

2.1.5. pH of biochar 

In this study, the pH value increased with increase in pyrolysis temperature as shown in table 1. 

The pH of ACB-500 was higher than ACB-300. This may be due to the separation of alkali salts 

from the organic matter [34] and by the formation of carbonates such as MgCO3 and CaCO3 and 

also, due to the presence of inorganic alkalis such as Na, Ca, K and Mg [27]. But at lower 

temperature around 180-280 °C, the hemicelluloses and cellulose generally decompose that 
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produce organic acids and phenolic substances  as a result of acidic functional groups such as -

COOH and -OH lowers the pH of the biochar [35].  

2.1.6. The study of pHpzc 

pHpzc signifies the pH at which overall surface charge of the adsorbent becomes zero. And the  

cation and anion exchange capacity also become equal on adsorbent‘s surface [36]. Results of 

this study Fig. 5 shows that the pHpzc of biochar is from 5 to 8.4. When pH of the solution is 

lower than the pHzpc, net surface charge of biochar is positive due to the adsorption of excess H
+
. 

In this situation, biochar has high ability for the adsorption of anionic species. Also, when pH of 

the solution is higher than the pHzpc, the net surface charge on surface biochar is negative due to 

desorption of H
+
. In this situation, surface of biochar becomes suitable for desorption of cations. 

2.1.7. Effect of pyrolysis temperature on iodine value and carbon yield 

As can be seen in Fig. 4, with the increase of temperature (300°C to 500°C), biochar yield 

decreased from 74.2 to 30.0 % where iodine values increased from 198.8 mg/g to 453.3 mg/g but 

after 450°C the iodine value decreased . This might be due to the increase in temperature would 

have enhanced the degree of carbonization subsequently the number of microspores would have 

increased that led to the increased iodine value [37]. Iodine value initially increased until the 

pyrolysis temperature reached to 450°C this may be due to the change of pore structure in 

biochar and however, the pore structure would not increase beyond a certain pyrolysis process 

[38]. This may be the reason of decreased iodine value at 500°C. In this study, the iodine value 

and biochar yield were observed at 1hr pyrolysis time.  

3. Batch adsorption studies 

3.1.Effect of initial concentration  
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To evaluate the uptake capacity of biochar, the initial phenol concentration was varied between 0 

to 150 mg/L. Fig. 6, illustrates that adsorption increases as the concentration of phenol increases. 

The experiment was conducted at pH 7.0; temperature 25 ± 2°C and in water bath at stirring 

speed of 200 rpm. Increase in the amount of adsorption with increase in its initial concentration 

is due to the increase in the mass gradient pressure between adsorbate and adsorbent which 

drives the transfer of the phenol molecule from bulk solution to the surface of biochar. 

3.2.Effect of pH on adsorption of phenol  

The pH was varied from 2 to 12 with 0.1N NaOH and 0.1N HNO3 solutions. The results from 

Fig. 7 show that the variation of pH does influence the extent of phenol ionization in the solution 

and surface charge of adsorbents hence controls the adsorption processes. It is clear from the Fig. 

7 that at higher pH; the adsorption of phenol is lower. The reason could be the electrostatic 

repulsions between the negative surface charge and the phenolate–phenolate anions in solution 

which has also been explained by [39][40]. At acidic pH, phenol was undissociated and the 

dispersion interaction dominated. Therefore, from pH 4 to 6 there is slight increase in adsorption 

followed by decrease from 6 to 7 onwards. It may also be understood by the groups like –OH 

and –COOH on biochar that usually control the adsorption on its surface. Collectively, these 

groups in aqueous solution makes surface more negative and in other words more suitable for 

positive charged species. In present case phenol is a molecule with acidic properties, due to 

C6H5-O—H, which can release H
+
 in solution. The pKa of phenol at room temperature is about 

9.0 which mean the above pH 9 the phenol remains ionized form, and hence more water soluble, 

and also less adsorbed. At lower pH the surface of carbon is protonated and reduces the 

possibility of interaction of phenol with surface, and resulted as lower adsorption.  
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3.3.Effect of contact time on adsorption capacity and reaction kinetics 

Once the liquid and solid phase comes in contact, a condition of equilibrium is reached. The time 

period required to achieve this state under given set of conditions, is called as optimum contact 

time. The contact time (1 to 360 min) on adsorption of phenol by different biochar was 

investigated and results are shown in Fig. 8. Figures show that qe of phenol increased rapidly 

with increasing contact time up to 60 min for each biochar. The adsorption remained almost 

constant after this time. Therefore, this time was considered as optimum contact time and in all 

the subsequent batch experiments, the contact time of 60 mins was fixed to study the influence of 

other experimental conditions. The adsorption was almost equalized thereafter possibly due to 

the saturation of surface active sites. However, with increasing pyrolysis temperature, the 

removal rate and adsorption capacity both increased significantly, the removal rate reached upto 

100 % for the biochar prepared at 500℃. When the pyrolysis temperature decreased below 

500℃  the removal rate also decreased upto 63.3 % for biochar developed at 300°C.  The 

difference in the adsorption capacity may be attributed to the difference in pore size and pore 

volume of biochars [32].  

Fig. 9A, Fig. 9B and Fig. 9C shows Pseudo-first-order [41],  pseudo second-order [42] and the 

intra-particle diffusion model [43] have been used to investigate the mechanism of adsorption of 

phenol on biochar. The first-order mechanism can be expressed by the following equation (Eq. 

(8)):  

                                                                                                                          (8) 
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Where qe and qt are the amounts of phenol adsorbed (mg/L) at equilibrium and at time t (min), 

respectively, and k1 (min–1) is the rate constant adsorption. Values of k1 at 25°C were calculated 

from the plots of ln (qe – qt) versus t.  

The pseudo-second-order model can be expressed by the following equation (Eq. (9)):  

                                                                                                                             (9) 

Where K2 (mg/g/min) is the rate constant of second order adsorption calculated from the linear 

plot of t/qt versus t at 25°C. 

Intra-particle diffusion model was also used to analyze and describe the diffusion mechanism 

using the following equation ((Eq. (10)) :  

                                                                                                                                 (10) 

Where qt (mg/L) is the amount of phenol adsorbed at equilibrium at time t, C is the intercept and 

KP (mg/g/min) is the intra-particle diffusion rate constant. Values of KP and C can be calculated 

from the plot of qt against t
1/2.

  

Comparing the correlation coefficients, R
2
 from the three kinetic models (Table 4), biochars 

reasonably fitted all models, so it was difficult to confirm which adsorption kinetics could be 

more satisfactorily applied. The obtained R
2
 values for the pseudo-second-order model were 

greater than that for all three models, which suggests the better fit for pseudo-second-order 

model. But for better understanding, intra-particle diffusion model proposed by Weber and 

Morris (1993) is able to recognize the diffusion mechanisms and rate controlling steps in the 

adsorption process. If the adsorption process follows the intra-particle diffusion model, then qt 
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versus t
1/2 

will be linear and passes through the origin. However, if the data shows two or more 

distinct linear plots, then it is believed that adsorption is also controlled by two or more steps. In 

such a case, the first linear plot represents an external resistance to mass transfer by the 

surrounding particles. And, the second line plot is the rate-controlling steps involving gradual 

adsorption either by Intraparticle diffusion or any other mechanism. Fig.9C shows the variation 

of the amount of phenol adsorbed along with t
0.5

. The figure shows the points are connected to 

two linear plots. As per the model, the first linear plot represents macropore and mesopores 

diffusion, whereas the second linear plot characterizes the micropore diffusion of adsorbed 

species [44]. From all the biochar, ACB-300 shows deviation of the linear plot that passes 

through the origin, which is possibly due to the difference in the rate of mass transfer in the 

initial and final stages of adsorption. These deviations also suggest that the pore diffusion is not 

the only rate-controlling step. It is important to note here, that the initial part of qt versus t
1/2 

is 

showing a curvature for all the four biochar, which indicates boundary layer diffusion effect or 

external mass transfer effects existed. 

3.4.Adsorption mechanism 

The removal of phenol from aqueous solution has been explained by three mechanisms; first 

hydrogen bond formation; second, π-π interaction and third, electron-donor-acceptor complex 

formation. Firstly, hydrogen bond formation has been explained by [45] in which, the 

oxygenated functional groups can prevent shifting of π-electrons of adsorbent surface or/and 

diminishes π-π interaction between adsorbent surface and phenol molecule which further 

facilitate H-bond formation with phenol molecules that probably lowers the adsorption process. 

Second, π-π interaction  takes place between π electrons on phenol ring and the π-electron 

present on the surface of adsorbent [46]. A study by [47] has assumed the surface function 
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groups (carbonyl, lactone, carboxy and phenol ) acts as electron withdrawing groups which 

results in reduction of π-electron density on biochar surface, hence reduces the adsorption 

performance of phenol or other aromatic compounds. Third , the electron donor-acceptor 

complex formation was proposed and explained by [48], the carbonyl group present on the 

surface of biochar facilitates electron and acts as electron donor and phenol receives the electron 

and acts as acceptor. However, the oxidation of carbonyl group into carboxyl group does not 

favour the complex formation hence reduces the adsorption performances. but, research by 

[49][50] have shown that carbonyl groups may perform as electron donors and phenol as 

receptors, leading to enhanced phenol adsorption. As per the first and second mechanisms, 

oxygen containing groups has been found unfavorable to phenol adsorption by carbonaceous 

material. However, according to the third mechanisms, adsorption may be enhanced by carbonyl 

groups. Correlating these observations with present study by biochar (Table 3), the ACB-300 has 

shown highest phenol adsorption capacity (41.9 mg/g) despite having lowest iodine adsorption 

value (198.8 mg/g); indicating lowest pore and micropore volumes but increased number of` 

oxygenated groups (3.41 mmol/g of carbonyl functional groups). The ACB-500 attained phenol 

adsorption capacity 29.96 mg/g and had highest iodine adsorption value (453.3mg/g) but lowest 

carbonyl groups (0.99%). Therefore, the adsorption efficiency of biochars for phenol removal is 

not only based on the porosity of biochars but also on the oxygen containing functional groups 

(especially carbonyl groups). 

3.5.Effect of Temperature and adsorption isotherm study 

Temperature also affects the adsorption capacity of the adsorbents. Fig. 10 shows the plots for 

adsorption isotherms between qe versus Ce at different temperatures i.e. 298K, 308K and 318K. 

It was observed that adsorption decreased at higher temperature; maximum adsorption followed 
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the order 298K > 308K > 318K. Fig.10 also depicts that at lower phenol concentrations, qe raised 

sharply and thereafter the increase was gradual in the solution. Increase in temperature, from 298 

K to 318 K led to decrease in adsorption, which points towards the possibility of physical 

adsorption and suggested weak adsorption between phenol and biochar active sites. Since 

adsorption is an exothermic process, it would be expected that an increase in temperature would 

result in decreased adsorption capacity which also corresponds to the present study. Further, it 

can also be understood by the increase in entropy of adsorbed molecules at surface did not 

recompense with increase in intermolecular interactions. As a result the increase in temperature 

led to decrease in adsorption performance. Similar results has also been reported by [51]. Earlier, 

it is also shown that the adsorption process was also being controlled by the diffusion process. 

Then the adsorption capacity would show an increase with an increase in temperatures due to 

decreased retarding forces acting on the phenolate ions which increased the mobility of ions, 

thereby increasing the sorptive capacity of adsorbent. But, as has been mentioned earlier, the 

diffusion of phenol into pores of the biochar is not the only rate-controlling step so; the diffusion 

process could be ignored with adequate contact time. Therefore, the decrease in sorption capacity 

with an increase in temperature may be attributed to physical adsorption. Further, the adsorption 

isotherms have been used to describe how molecules of adsorbate are adsorbed onto the 

adsorbent at equilibrium as a function of concentration. In this study, two isotherm models, i.e. 

Langmuir and Freundlich have been used. Langmuir isotherm which is based on monolayer 

adsorption also suggests that there is no lateral interaction between the adsorbed molecules. The 

non-linear form of Langmuir isotherm equation can be expressed by the following (Eq. (11)): 

         .         .                                                                                                      (11) 
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Where Ce is the equilibrium concentration (mg/L) and b (L/mg) is the Langmuir adsorption 

constant. And, qmax (mg/g) is the adsorption capacity. Also, another essential characteristic of 

Langmuir isotherm is the equilibrium parameter RL which is given by following equation (Eq. 

(12)) that defines the type of adsorption;  favorable  (0 < RL < 1) , unfavorable  (RL > 1), and 

linear (RL=1). 

         .                                                                                                                        (12) 

Apart from this, Freundlich isotherm model describes multilayer adsorption of adsorbate on 

active sites on adsorbent. The Freundlich isotherm is expressed as shown in equation (Eq. (13)). 

        
                                                                                                                              (13) 

Where Kf is Freundlich constant of the adsorbent (mg/g (l/mg) and the values of 1/n are the 

heterogeneity factor where the value of 1/n below to 1, suggests a normal Langmuir isotherm, 

while 1/n > 1 indicates supportive adsorption. The non-linear fittings are shown in Fig 10. The 

results of this fitting are summarized in Table 5. According to this table, the phenol adsorption 

data were best fitted by the Langmuir model with the highest R
2
 values (0.97 to 0.99). The qmax 

value obtained from Langmuir model is 41.93 mg/g, at 298 K for ACB-300. All equilibrium 

parameters RL value was between 0 and 1; hence, the adsorption is considered favorable. This 

result shows that equilibrium adsorption capacity obtained in this study is clearly higher than 

some of the studies conducted with activated carbon [10][52]. 

3.6.Thermodynamic study 

The effects of temperature were further investigated using thermodynamic parameters to check 

the spontaneity and feasibility of the adsorption process. Usually, thermodynamic parameters, 
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that is, heat of enthalpy (ΔH), Gibbs free energy (ΔG), and entropy (ΔS) are major parameters 

which govern the feasibility and spontaneity given by the following equation (Eq. (14)); 

                                                                                                  (14) 

The equilibrium constant Kd has been estimated by multiplying Langmuir constant b by the 

molar mass of phenol (94.11 g/mol) and by 1000 then by 55.5 number of moles of pure water in 

one liter [53][54][55]. The thermodynamic parameters ΔG, ΔH and ΔS are summarized in Table 

6. 

                                                                                               (15) 

The value of enthalpy (ΔH) and entropy (ΔS) are calculated from the Van't Hoff equation which 

is obtained by plotting lnkL and t^1/2 Fig. 11. Where the values of ΔH and ΔS were obtained 

from the slope and intercept, respectively 

                                                                                       (16) 

Where R is gas constant (8.314 J/mol K) and T represent the temperature in K. The estimated 

values of Gibbs free energy (ΔG) were negative, which confirmed the adsorption was feasible 

and thermodynamically spontaneous. The negative values of ΔG increases with increase in 

temperature and the same results were also found in different studied using other adsorbate and 

adsorbents [10]. The negative values of ΔH suggested the exothermic and physisorption property 

of adsorption thereby demonstrating that the process was energetically stable. In addition, the 

value of ΔG is less than 40 KJ/mol for each biochar, which also confirmed the involved 

mechanism of physical adsorption. The positive values of ΔS suggested higher randomness at the 

solid/solution interface during the adsorption. 
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4. Desorption and reusability 

To evaluate the possibility of regeneration and reuse the biochar, adsorption-desorption 

experiment were performed.  Fig. 12 shows desorption study with 3 desorbing agents in which 

NaCl shows minimum desorption percentage whereas, NaOH shows maximum desorption 

percentage. From the desorption experiment performed it was concluded that with increasing 

number of cycles desorption percentage decreases which reveals that adsorption is not 

completely reversible. In other word, a part of phenol is irreversibly adsorbed on biochar which 

might be the results of heterogeneity of material surface or because of the multifunctional nature 

of adsorbent.  

In reusability experiment (Fig. 13), shows the relationship between number of reuse cycle and % 

adsorption/desorption capacity of regenerated material. In biochar it is observed that both 

adsorption percentage desorption percentage decreases with sorption-desorption cycle. It is 

justified by the NaOH which is used to isolate the phenol from active sites of sorbents competes 

with the species of phenol which sits on the active sites. The attachment of hydroxide ions to the 

surface of sorbents prevents phenol from being adsorbed again in next cycles. However, with 

increase in number of cycles the efficiency of regeneration of biochar decreases.  

5. Comparison with other prepared adsorbent 

A comparison has been made between prepared biochars and previously reported plant based 

adsorbents for phenol removal (Table 7). As all the compared materials are of Lignocellulosic 

origin, the costs of these materials were considered to comparable to each other. Hence for 

comparison, maximum adsorption capacity was considered. 

6. Conclusion 
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The development of biochar from Araucaria Columnaris bark was observed as cost effective and 

a good adsorbent for the phenol removal from aqueous solution. The iodine number (453.3 mg) 

obtained from experiment has acceptable range mentioned in the literature. The adsorption 

process was reliant on the solution pH and ionic strength. Three kinetic models were used to 

adjust the adsorption and the best fit was the pseudo-second order kinetic model. However, the 

Intraparticle diffusion model gave two linear regions which suggested that the adsorption can 

also be followed by multiple adsorptions. An analytical comparison shows that prepared biochar 

can be of useful for many other contaminants in terms of adsorption capacity. After three 

successive adsorption regeneration cycles, the activated biochar exhibited high phenol removal 

capacity (60%), good stability and high regenerability.  
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Fig. 1 physical structure of phenol 

 

Fig. 2 bark of araucaria Columnaris tree 
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Fig. 3 Temperature program for pyrolysis process 

 

 

 

 

 

Fig. 4 Biochar yield vs. Iodine Value 

Room temp. 

500 C 1 hr. 

Room temp. 

450 C 
1 hr. 

Room temp. 

400 C 1 hr. 

Room temp. 

300 C 1 hr. 

Room temp. 

350 C 1 hr. 

500  C 

450 C 

400 C 

350 C 

300 C 

198.8 

297.9 

324.2 

453.3 

352.6 

74.2 

64.2 

48.7 

37.4 

30 

20

30

40

50

60

70

80

100.0

150.0

200.0

250.0

300.0

350.0

400.0

450.0

500.0

260 310 360 410 460 510

C
ar

b
o

n
 Y

ie
ld

 (
%

) 

Io
d

in
e

 V
al

u
e

 (
m

g/
g)

 

Temperature °C 

 Iodine value Carbon yield



41 
 

 

Fig. 5 pHpzc  of biochar 

 

 

 

Fig. 6 Effect of Initial Concentration 
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Fig. 7 Effect of pH on phenol adsorption 

 

Fig. 8 Effect of Contact time on phenol removal 
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Fig. 9A Pseudo first order reaction kinetics 

 

Fig. 9B Pseudo second order reaction kinetics 
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Fig. 9C Intra-particle reaction kinetics 
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Fig. 11 Van’t Hoff Plot 

 

 

Fig. 12 Desorption study 
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Table 1. Tested properties of the biochar using different pyrolysis temperature 

Process conditions  Proximate analysis   

Pyrolysis 

temp 

 (°C) 

Residence 

time  

(min) 

Biochar 

yield 

 (Wt. %) 

Volatile 

matter 

 (Wt. %) 

Fixed 

carbon 

 (Wt. %) 

Ash 

content 

(Wt. %) 

Fixed 

carbon 

yield  

(Wt. %) 

pH in 

solution 

ACB-300 60 74.2 49.4 22.54 3.4 17.8 4.7 

ACB-350 60 64.4 62.3 34.58 5.5 22.64 4.9 

ACB-400 60 48.7 41.27 46.96 8.84 19.4 5.54 

ACB-450 60 37.4 14.85 57.12 12.05 23.6 6.48 

ACB-500 60 30.0 8.14 68.44 13.55 21.74 8.47 

 

 

Table 2 elemental composition of Araucaria Columnaris bark biochar 

 

 

 

 

 

 

Biochar 
Sample 

Wt. (mg) 
C (%) H (%) N (%) S (%) 

Iodine value 

(mg/g) 

ACB-300 12.86 43.11 7.517 1.727 15.09 198.8 

ACB-350 12.04 49.3 6.78 1.801 10.04 297.9 

ACB-400 11.89 56.7 5.98 1.57 8.015 324.2 

ACB-450 12.42 64.97 4.66 1.95 6.014 453.3 

ACB-500 12.33 79.7 2.22 1.41 2.005 352.6 
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Table 3 Amount of various Oxygen-containing Functional Groups of biochar (mmol g-1) 

 

Lactone 

groups 

Carbonyl  

group 

Carboxylic 

group 

Total acidic 

groups 

Total basic 

groups 

ACB-

300 
0.05 3.41 1.65 4.65 0.12 

ACB-

350 
0.09 2.48 0.95 1.89 0.31 

ACB-

400 
0.10 1.64 0.48 0.82 0.94 

ACB-

450 
0.13 1.41 0.41 0.31 1.51 

ACB-

500 
1.01 0.99 0.38 0.05 1.87 

 

  

 

Table 4 Reaction kinetics values for three models 

Biochar 

 

Pseudo first order 

 

Pseudo second order 

 
Intra-particle 

diffusion 

qe 

(mg/g) 

K1 

(/min) 

R
2
 

qe 

(mg/g) 

K1 

(mg/g/min) 

R
2
 

kp 

(mg/g/min) 

R
2
 

ACB-300 18.86 -2.05X10-5 0.96 1.13 0.88 0.94 0.21 0.94 

ACB-350 21.39 -1.8X10-5 0.98 1.86 0.53 0.99 0.38 0.95 

ACB-400 17.46 -2.4X10-5 0.96 3.64 0.27 0.99 0.69 0.91 

ACB-450 15.88 -3.1X10-5 0.97 5.93 0.16 0.99 1.07 0.94 

ACB-500 15.19 -2.4X10-5 0.93 7.29 0.13 0.99 1.27 0.86 
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Table 5 Langmuir and Freundlich isotherm parameters 

 

 

Langmuir parameters 

 

Freundlich parameters 

Biochar 
Tem 

(K) 

qmax  

(mg/g) 

b  

(L/mg) 
R

2
 kf 1/n R

2
 

ACB-

300 
298 41.93 0.04 0.99 3.00 0.59 0.98 

 308 38.74 0.02 0.97 1.91 0.63 0.97 

 318 22.01 0.03 0.99 1.83 0.52 0.94 

ACB-

350 
298 31.65 0.07 0.98 4.46 0.45 0.92 

 308 30.96 0.04 0.98 2.80 0.44 0.95 

 318 20.73 0.05 0.99 2.80 0.44 0.95 

ACB-

400 
298 35.40 0.06 0.99 4.77 0.46 0.94 

 308 27.42 0.06 0.99 3.70 0.45 0.96 

 318 23.57 0.05 0.98 2.5 0.49 0.96 

ACB-

450 
298 36.09 0.11 0.99 7.56 0.37 0.94 

 308 38.27 0.05 0.99 1.00 1.00 0.96 

 318 24.88 0.06 0.99 3.5 0.44 0.95 

ACB-

500 
298 39.42 0.132 0.98 9.06 0.36 0.94 

 308 35.73 0.09 0.99 6.13 0.43 0.96 

 318 29.96 0.08 0.99 4.64 0.45 0.95 
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Table 6 thermodynamic parameters 

Biochar 
sample 

Temp. 
 (K) 

kL 
ΔG  

(kJmol-1) 
ΔH  

(kJmol-1) 
ΔS 

(Jmol-1) 

ACB-300 298 1.50 -1.01 -39.37 135.25 

 308 2.27 -2.10   

 318 4.09 -3.72   

ACB-350 298 1.92 -1.62 -22.37 80.25 

 308 2.32 -2.15   

 318 3.40 -3.23   

ACB-400 298 1.76 -1.40 -19.75 71.08 

 308 2.33 -2.17   

 318 2.91 -2.82   

ACB-450 298 1.54 -1.07 -18.93 66.80 

 308 1.74 -1.42   

 318 2.50 -2.42   

ACB-500 298 1.21 -0.47 -6.826 24.41 

 308 1.28 -0.65   

 318 1.55 -1.19   
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Table 7 Comparison of adsorption capacity of some of the recent plant based low-cost 
adsorbents for phenols removal. 

S. No. Adsorbent Adsorption Capacity  

(mg.g
-1

) 

Ref 

1 Rattan sawdust  (RSAC ) 188.68 [56] 

2 Oil palm empty fruit bunches 0.997 [57] 

3 Coconut husk 191.73 [9] 

4 

 

(a)Wood charcoal 53.2 [8] 

(b) Bagasse ash 53 [8] 

5 Palm pith carbon 19.6 [58] 

6 Coconut-shell AC 72.7 [59] 

7 Rice carbon 14.2 [11] 

8 Araucaria Columnaris, bark 

biochar 

41.93 Present 

study 

 

 


