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Abstract: 

The management of municipal sewage sludge (MSS) is a difficult and expensive issue. Due to 

major environmental concerns such as huge space requirement and leachate contamination in soil, 

landfilling of MSS is not a preferred solution, while land application as a fertilizer leads to toxic 

metals accumulation in soil. Incineration had been investigated as an efficient route for the 

resourceful disposal of waste. However, the huge cost of pretreatment and pollution control is not 

a preferred option. Hence, increasing generation of MSS needs a technique providing a techno-

economic feasible solution for its proper disposal. Pyrolysis is one of the thermal decomposition 

methods used to recover energy from sewage sludge and biomass. It has attracted lots of attention 

from researchers. It produces high valued products, i.e. dark brown liquid (also known as bio-oil), 

char, and gaseous fuel. The yield of MSS-derived bio-oil observed 50-60 wt%, is a complex 

mixture of water, oxygenates, hydrocarbons, nitrogen, and sulphur containing compounds. Thus, 

bio-oil need to be upgraded by lowering oxygenates and also needs to reduce nitrogen and sulphur 

containing compounds. The search for new upgraded alternative fuels and simultaneously reduces 

the negative environmental impact of MSS has led to the idea of studying co-pyrolysis of MSS 

with one of the solid residues (biomass) from a sugar mill, namely sugarcane bagasse (SCB).  

In order to evaluate the influence of SCB in pyrolysis with MSS (i.e., co-pyrolysis), kinetic 

was established using thermogravimetric analysis (TGA) and differential thermogravimetry 

(DTG).  

In order to evaluate the influence of SCB in co-pyrolysis with sewage sludge, thermogravimetric 

analysis (TGA) in the presence of argon was studied. Pyrolysis experiments were carried out for 

MSS, SCB, and MSS/SCB mixtures (1:1 mass ratio) in the temperature range of 30 ºC to 800 ºC 

at a heating rate of 10°C per minute. Kinetic analysis was determined by using the Arrhenius 

equation and showed a change in activation energy, i.e., 27-52 kJ/mol, 29-46 kJ/mol, and 20-39 

kJ/mol in the three stages of temperature ranges for MSS, SCB and those for MSS/SCB mixtures, 

respectively. The behavior of material degradation is attributed to this variation of activation 

energy. In contrast to pyrolysis of only-MSS, co-pyrolysis mixtures (MSS/SCB) offer 

improvement in the highest rate of degradation by 100%, the shift of peak temperature to lower 

value by 2-13%, reduced quantity of residue left behind by 41%, and alteration in activation energy 

by -60 to +30% suggest a synergism upon addition of SCB in MSS. 

Then after, the yield of products and characterization bio-oil was investigated in this study. 
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Co-pyrolysis of MSS with SCB at various proportions was performed at 500 ⁰C in a batch reactor 

in the presence of nitrogen under atmospheric pressure to produce bio-oil. In comparison with only 

MSS pyrolysis, the yield of the bio-oil and gas improved by 100% and 14%, respectively. 

Furthermore, the yield of char (residue) decreased by 42%. GC/MS analysis of bio-oil showed that 

the co-pyrolysis afforded a reduction of sulphur and nitrogen compounds significantly. Physical 

characteristics of bio-oil demonstrated that MSS-derived bio-oil exhibited alkaline nature, 

whereas, SCB shows acidic nature. The density, viscosity, and water content of bio-oil marginally 

reduced. Such a property of bio-oil favors its use as a transport fuel. The pH of co-pyrolysis derived 

bio-oil decreases. Thus, the co-pyrolysis technique has a potential to modify the properties of bio-

oil significantly.  

Besides this, the application of residue resulting from co-pyrolysis of MSS and SCB, i.e. bio-

char was activated through the chemical activation method using phosphoric acid to explore 

its application for wastewater treatment.  

In this study, the solid residue (bio-char) produced from co-pyrolysis of MSS- SCB was activated 

through a chemical activation method using phosphoric acid. The resulting activated bio-char was 

utilized for the removal of chemical oxygen demand (COD) and colour of pulp and paper industry 

wastewater obtained from the conventional secondary treatment process to explore the recycling 

potential in the pulp and paper manufacturing process itself. In contrast to bio-char, activated bio-

char showed higher surface area (50 times), total pore volume (10 times), and lower average 

diameter (5 times). Honeycomb shape in SEM (Scanning electron microscope) image and the 

existence of functional groups in FTIR (Fourier Transform Infrared Spectroscopy) spectra 

attributed to such a significant improvement. Results of adsorption experiments revealed that 

maximum COD and colour were reduced by 84.61% and 98.03%, respectively 3 pH with activated 

bio-char doses of 0.14 g/L in 20 h. However, COD and colour were reduced by 68.8% and 86.31%, 

respectively at an optimized pH 3 with an activated bio-char dose of 0.14 g/L in a duration of 5 

hours. Moreover, Langmuir and Freundlich isotherm model was observed best suited to obtained 

equilibrium. 

State of the art of the research topic  

MSS is the major by-product of municipal sewage treatment plants. With the high growth rate of 

population and rapid urbanization, a massive quantity of sewage sludge is generated. Due to the 
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high risk of health and environmental issues associated with various disposal methods of MSS, 

such as landfills [1], fertilizer [2], and incineration [3], they are not an attractive solution. Hence, 

MSS calls for the development of environmentally benign and energy-efficient techniques for its 

disposal in an eco-friendly manner. 

Industrial biomass residue, e.g., sugarcane bagasse (SCB), a by-product generated from sugar 

manufacturing, is anticipated to be produced in huge quantities in India. In India, nearly 75-90 

million tons of SCB produces annually from 377 million tons of sugarcane [4,5]. SCB is mainly 

utilized as boiler fuel at sugar mills itself in cogeneration power plants during the 180 days of 

sugarcane crushing season in India with surplus quantities, typically 3-4% of the cane crushed, 

required to be stored in the offseason [6, 7] Thus, there is a need to explore resource recovery from 

a surplus quantity of SCB.  

The search for alternative fuels and simultaneously reduces the negative environmental impact of 

MSS has led to the idea for studying resource recovery potential of these two materials available 

in massive quantities in India, i.e., MSS and SCB.  

Pyrolysis is one of the thermal decomposition methods used to recover energy from sewage sludge 

and biomass. It has attracted lots of attention from researchers [8-10]. It is a method that occurs in 

an oxygen-deficient environment for the decomposition of the organic mass of biomass (i.e., MSS 

and SCB), leading to a reduction in the volume of the biomass and stabilization of the organic 

mass. It produces high valued products, i.e. dark brown liquid (also known as bio-oil), char, and 

gaseous fuel [11-13]. Different proportions of these products were investigated at various 

conditions, e.g., type of pyrolysis (slow or fast), the configuration of reactor (augur, batch, etc.), 

catalyst, medium (N2, argon, etc.), feedstock, etc. [14]. Flash pyrolysis of sewage sludge studied 

at 500 ⁰C to decompose the organic content (proteins, lipids, and carbohydrates) of the sewage 

sludge, yielded 43 % wt. bio-oil [15]. The high energy density of bio-oil is exhibited as a potential 

fuel and its oxygenates content supports application as a fertilizer and resins [16]. Furthermore, 

pyrolysis of sludge demonstrated residue generation with a stabilized carbonaceous matrix [17].  

Definition of the problem: 

The bio-oil obtained from only-MSS pyrolysis is a complex mixture of oxygenates, water, and 

hydrocarbons, which imparts heterogeneity, leading to instability. Moreover, nitrogen and 

Sulphur-containing compounds in the bio-oil lead to the issue of NOx and SO2 emission in exhaust 
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gases and limit its application as a fuel [18]. Thus, the up-gradation of bio-oil is needed by reducing 

oxygenates along with nitrogen and Sulphur-containing compounds [19]. Various researchers have 

investigated different up-gradation techniques, mainly including hydro-deoxygenation, catalytic 

cracking, emulsification, steam reforming, esterification, and reactive rectification [20]. 

Nevertheless, these are so complicated techniques due to certain reasons, including complex 

equipment for hydro-treatment, catalyst deactivation, reactor clogging, and the high cost of 

emulsification. The present work narrates the co-pyrolysis as an in-situ hydrogenation technique 

for the production of up-graded bio-oil.  

As referred to these problems, we had attempted pyrolysis of MSS with SCB as a second material, 

known as “co-pyrolysis technique”. Co-pyrolysis of sewage sludge and lignocellulosic biomass 

(in 50% wt.) studied in a conical spouted bed reactor, showed a significant synergistic effect in 

terms of reduced oxygenates and nitrogen-containing products. Moreover, it was seen free of 

sulphur containing compounds [19]. Significant reduction in pyrolytic temperature and apparent 

activation energy investigated for catalytic co-pyrolysis of paper sludge and municipal solid waste 

with metal oxides, such as MgO, Al2O3, and ZnO [21]. Co-pyrolysis of sewage sludge too was 

reported with oil shale showed improvement in gas generation, in particular methane [22]. 

To address in-depth co-pyrolysis operation at a larger scale, the study of kinetic is required to 

determine. Thus, TGA for this co-pyrolysis mixture (MSS and SCB) was carried out for the 

evolution of kinetic parameters, mainly activation energy, regression coefficient, and pre-

exponential factor. Various authors had investigated significant synergistic effects using sewage 

sludge with different biomass residues in co-pyrolysis, e.g. lignocellulosic biomass, rice straw 

through TGA [19, 23]. Change in activation energies reported for the mixture of sewage sludge 

and bagasse at a heating rate of 20oC per minute [24]. Moreover, noteworthy synergetic interaction 

between two materials, i.e. rice bran (low heating value) and plastics (high heating value material) 

was investigated by TGA and studied the change in activation energy, residue generation, and 

decomposition rate [25].  

In line with this, a comprehensive study on co-pyrolysis of MSS and SCB in terms of the existence 

of synergism upon addition of SCB in MSS for the highest rate of degradation, peak temperature, 

residue generation, and change in activation energy is little reported. Moreover, characterization 

of bio-oil derived from MSS, SCB, and its mixture (50% by mass) in terms of area % of 
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oxygenates, nitrogen, sulphur, hydrocarbon (HC), and steroids (cholestenes) along with the 

application of bio-char for wastewater treatment rarely reported.  

To overcome the issues associated with the pyrolysis of only-MSS, the objective of the study was 

to evaluate the influence of the addition of SCB in co-pyrolysis with MSS. Thus, the co-pyrolysis 

behavior and synergistic effect of these two materials were studied with the help of the 

thermogravimetric method along with its kinetics. Yield and characterization of the upgraded bio-

oil were evaluated. Further to this, the application of bio-char for wastewater treatment was 

referred.    

Objectives and Scope of work: 

1. To study synergistic effect upon addition of SCB with MSS (50% by weight) with the help of 

thermogravimetric analysis (TGA) and its kinetics. 

2. To evaluate the yield of different products (i.e., bio-oil, char, and gases) obtained from batch 

type pyrolysis reactor (slow heating rate) upon addition of SCB in various proportions with 

MSS (0 to 100% by mass).  

3. Comparison study of Physico-chemical characterization of bio-oil, derived from pyrolysis of 

pure MSS, SCB, and their mixture (50% weight).  

4. To investigate chemical activation of the bio-char generated from the co-pyrolysis of MSS-

SCB (50% weight) and its characterization. 

5. To study the application of activated bio-char for the removal of chemical oxygen demand 

(COD) and colour of pulp and paper industry wastewater obtained from the conventional 

secondary treatment process to explore the recycling potential in the pulp and paper 

manufacturing process itself. 

Original contribution by the thesis: 

The present research work addresses the potential application of co-pyrolysis as a waste 

management technique to exploit MSS and SCB as a source of energy materials such as bio-oil 

and substitute of activated charcoal, e.g. bio-char.  

To overcome the issues associated with the pyrolysis of only-MSS, the influence of the addition 

of SCB with MSS was studied with the help of TGA and its kinetics. It showed improvement in 

the highest rate of degradation, the shift of peak temperature to lower value, reduced quantity of 
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residue, and alteration in activation energy. Thus, the significant influence of SCB addition in co-

pyrolysis with MSS was observed.  

In contrast to merely MSS pyrolysis, upon the addition of SCB in MSS (50% weight), the yield of 

bio-oil and gas increased, whereas the yield of char (residue) decreased. Moreover, the Physico-

chemical characterization of bio-oil showed that bio-oil derived from co-pyrolysis favors the use 

of bio-oil as a transport fuel. Apart from this, resource recovery from activated bio-char was 

established for wastewater treatment.  

Methodology of Research and Results: 

Research Methodology: 

1. Materials, samples preparation and characterization: 

MSS was collected from a sewage treatment plant (STP) located at Vadodara, India. SCB used in 

this study was kindly provided by a sugar factory, namely Shree Khedut Sahakari Khand Udyog 

Mandli Ltd., Bardoli, India. Both the materials were separated from physical impurities, sun-dried, 

oven-dried at 105 ⁰C for 24 h, crushed, sieved for particle size being less than 150 µm, and stored 

in a desiccator. ASTM protocol was followed for the determination of proximate and ultimate 

analysis of MSS and SCB [26, 27]. Table 1 depicted the typical characteristics of MSS and SCB. 

The higher heating value of SCB was observed due to the high carbon and hydrogen content of 

SCB than that of MSS. Thus, the mixture of these two materials has the potential to improve the 

calorific value of the resulting products. Moreover, less amount of oxygen and nitrogen content of 

SCB reduced oxygen and nitrogen content in a resulting mixture, leading to produced less 

oxygenates and NOx from the products of co-pyrolysis. MSS and SCB in a mass ratio of 50% 

were properly mixed using a ball mill for 10 minutes for co-pyrolysis experiments. 

Table 1: Chemical Analysis of MSS and SCB 

Material Proximate Analysis (wt%) Ultimate Analysis (wt%) High 

Heating 

Value 

(MJ/kg) 

Moisture Volatile 

matter 

Fixed 

carbon 

Ash C H Na Ob 

MSS 0.30 44.70 4.00 51.00 23.44 3.30 2.64 70.62 13.92 

SCB 0.40 88.20 8.00 3.40 41.80 4.80 0.71 52.69 16.79 
a Dry, ash-free basis. bBy difference. 
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2. Thermogravimetric study of MSS, SCB and its mixture (1:1) 

10 mg of MSS, SCB, and their mixture (1:1 mass ratio) with a specified size was performed on a 

thermogravimetric analyzer (Mettler Toledo TGA/DSC1). Mass loss with temperature was 

determined in the temperature range of 30 ⁰C to 800 ⁰C at a heating rate of 10°C per minute in 

presence of argon (30 mL/min).  

3. Batch type Pyrolysis reactor 

Materials (100 g) were taken in a stainless steel cylindrical (50 mm ID X 190 mm length) reactor 

(Fig.1). It was placed in a muffle furnace maintaining 500 °C at 10 °C/min. Air left in the reactor 

was purged with flowing nitrogen. The liquid product was collected in a glass impinger bottle 

placed in an ice bath. The solid residue i.e. bio-char was collected from the reactor, sieved to 100 

mesh, preserved in a desiccator, weighed, stored in an airtight plastic container. 

 

Fig. 1 Schematic diagram of pyrolysis experimental setup 

 

4. Physico-chemical Analysis of bio-oil: 

Bio-oil was analyzed for Elemental analysis (carbon, hydrogen, nitrogen, and sulphur) by 

elementar analyzer model vario Macro cube Elementar. Physical characteristics e.g. water content, 

viscosity, acid value, and calorific value of bio-oil were determined by standard methods. 

Chemical composition was investigated by Perkin Elmer Autosystem XL GC with Turbomass 

using Pe-5 MS. 

5. Activation of Bio-char 

The solid residue, called bio-char, the sample was activated by using the chemical activation 

method using 40 wt% phosphoric acid (purity 85%). The activation process involves various steps 

such as mixing, stirring, sun drying (3 days), carbonization in a muffle furnace, cooling, washing, 
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and drying. The method was reported earlier [28]. The yield of activated bio-char was calculated 

as per the following equation (1). 

𝑌𝑖𝑙𝑒𝑑 (%) =
𝑀𝑏

𝑀0
∗ 100  (1) 

Where Mb is the mass of the activated bio-char sample (dry) and M0 is the mass of precursor (dry). 

6. Characterization of Activated Bio-char 

FT-IR Spectroscopy (Alpha FT-IR spectrometer Brucker) was carried out for the determination of 

the functional groups that exist in bio-char. The surface characterization, mainly surface area, total 

pore volume, and average pore diameter of the activated bio-char was carried out in Nova Touch 

LX2 gas sorption analyzer, Quantachrome Instruments by Brunauer-Emmett-Teller (BET) 

method. Surface morphology and the presence of porosity of activated bio-char were studied using 

scanning electron microscopy (SEM) analysis (Model Nova NanoSEM 450). 

7. Application of Activated Bio-char 

Activated bio-char was tested for removal of COD and colour of secondary treated pulp and paper 

industry wastewater, which was collected from J.K. Paper Ltd, Gujarat, India. Different parameters 

of wastewater were analyzed as per standard procedures prescribed in APHA [29].  Wastewater 

sample was taken with desired adsorbent dose at chosen pH, temperature, and contact duration at 

shaker’s speed of 120 rpm. At elapse of each set, the treated wastewater sample was analyzed for 

COD and colour by using ELICO spectrophotometer (ELICO SL 164 DoubleBeam UV-VIS 

Spectrophotometer). Effects of pH, adsorbent dose, and contact time were investigated.  Besides 

this, data were analyzed using Langmuir and Freundlich isotherm model to obtained equilibrium. 

Results and Discussion: 

Thermogravimetric Analysis: 

Fig. 2 (a) and (b) shows the TG and DTG curves for MSS, SCB, and their mixture (1:1 wt%). It is 

indicated that degradation of only MSS occurred in three stages represented by degradation of 

lipids, protein followed by polysaccharides, whereas SCB degradation in two stages indicated 

degradation of hemicellulose, cellulose followed by sluggish degradation of lignin. Table 2 

indicates characteristics temperatures, residue generation, and maximum degradation rates of 

MSS, SCB, and their mixture during pyrolysis. The maximum rate of mass loss increased by 55%, 

residue generation decreased by 56% during co-pyrolysis of MSS: SCB than the only MSS  
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(a) 

 

(b) 

 

Fig. 2 (a) TG (b) DTG of MSS, SCB and their mixture (1:1) 

Table 2. Characteristics temperatures, residue generation, and maximum degradation rates of MSS, SCB, 

and their mixture 

Material 1st Stage 2nd Stage 3rd Stage 
Residue 

generation 

wt% 

Max % 

Degradati

on per 

min 

TR PT TR PT TR PT 

MSS 230-380 325 380-650 475 650-775 750 52.86 2.7 

SCB 200-375 300 380-580 475 -- -- 3.08 5.2 

MSS: SCB 

(50% wt) 
220-370 320 370-625 410 625-750 700 23.31 4.2 

TR: Temperature Range, °C; PT: Peak Temperature, °C 
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pyrolysis. Early-stage degradation of SCB resulting in metal-containing ash and catalytic effect of 

these metals might be responsible for higher devolatilization of MSS. 

Kinetic analysis 

Thermogravimetric analysis has been used extensively to obtain certain kinetic parameters (e.g. 

activation energy, etc.) without referring to individual reactions. The kinetics of sewage sludge 

and biomass are generally reported to follow first-order reaction as follows. 

F (MSS/SCB feedstock)→R(Residue) + V(volatiles 

The kinetics of pyrolysis reaction described by Arrhenius equation and is derived as shown (2) 

.ln[-ln(1-x)] = -E/RT + ln[(R A/ β E) T2]    (2) 

The slope of ln [-ln(1-x)] versus 1/T plot represents activation energy, E. Values of activation 

energy for MSS, SCB, and MSS/SCB mixtures were determined for different stages are shown in 

Table 3. 

Table 3: Kinetic parameters for degradation of MSS, SCB, and their mixture 

Substance Activation Energy, kJ/mol 

1st Stage 2nd Stage 3rd Stage 

MSS 27.69 15.39 52.54 

SCB 46.14 29.79 -- 

MSS:SCB (50% wt) 32.82 20.89 20.61 

 

The addition of SCB in MSS in a 1:1 mass ratio showed variation in activation energy by -60% 

(mixture exhibited reduced activation energy in a third stage) to +36% (increased for first and 

second stage). Such a change in activation energy is attributed to the formation of char and bio-oil 

in a primary stage degradation of SCB and the catalytic effect of metal-containing ash.  

Improvement in the highest rate of degradation, the shift of peak temperature to lower value, 

reduced quantity of residue, and alteration in activation energy for decomposition of the mixtures 

showed the existence of synergy in co-pyrolysis of MSS and SCB. Thus, the significant influence 

of SCB addition in co-pyrolysis with MSS was observed. 

Yield of products 

Table 4 shows a typical product distribution observed for the pyrolysis of MSS, SCB, and its 

mixture (1:1 wt %) at 500°C. In contrast to merely MSS pyrolysis, upon addition of SCB in MSS, 

the yield of bio-oil and gas increased by 100% and 14%, respectively, whereas the yield of char 

(residue) decreased by 42%. The higher ash content of MSS was resulting in more char formation 

in MSS pyrolysis, i.e. 57%. MSS-SCB co-pyrolysis produces less quantity of residue, Early stage 
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of degradation of SCB, produced bio-oils interact with MSS leading to increased production of 

volatiles and carbonization (to residue formation) of the bio-products is suppressed. 

Table 4: Product yield by Co-pyrolysis of MSS and SCB 

Feed Yield of Products, % 

Two-phase of bio-oil, wt% 
Bio-oil Char Gas 

Aqueous Organic 

MSS 7.4 13.6 21.0 57.0 22.0 

SCB 15.3 22.7 38.0 35.1 26.9 

MSS:SCB (1:1) 15.8 25.6 41.4 32.8 25.8 

 

These synergetic effects occurring in the co-pyrolysis were observed in Fig. 3, in which the 

experimental yields obtained in the pyrolysis of MSS and SCB mixtures were compared with the 

yields expected by averaging (arithmetic mean) the results for each material. As observed, this 

synergy results in an increase of about 40% and 5% in bio-oil and gas yield and a decrease of 28% 

in char yield. 

 

Fig. 3: Comparison of experimental and theoretical yield of products during co-pyrolysis of MSS and SCB. 

 

Physico-Chemical Properties of Bio-oil: 

Table 5 summarizes the pH value, acid value, density, viscosity, and water content for each of the 

three bio-oil. MSS-derived bio-oil exhibited alkaline nature, whereas, SCB shows acidic nature. 

The high heating value (HHV) of bio-oil derived from MSS, SCB, and Mixture of MSS and SCB 

are 24.82, 26.7, and 28.8 MJ/kg which shows that the bio-oil has good fuel properties. Similar 

results were observed during co-pyrolysis of sewage sludge with different biomass [18]. 

Table 5: Physical Properties of Bio-oil 

 Density (kg/m3) Viscosity 

(cSt at 40°C) 

pH Acid value 

(mg KOH/g) 

Water Content 

% 

MSS 1217 20.2 8.4 60.5 6.75 

SCB 1108 15.1 2.85 110.2 7.75 

MSS:SCB (1:1) 1187 19.3 4.71 104.2 6.20 
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The chemical composition of bio-oil obtained in pyrolysis is shown in Table 6. The compounds of 

bio-oil determined by GC/MS were classified as oxygenates, nitrogen, sulphur, hydrocarbon (HC), 

and steroids (cholestenes). Significant reduction in sulphur containing compounds and marginal 

reduction in nitrogen-containing compounds, hydrocarbons, and steroids were seen upon co-

pyrolysis. Gaseous phase secondary reaction of hydrocarbons with oxygenates believe to lower 

the proportionate amount of hydrocarbon in a co-pyrolyzed resulting bio-oil. Similar results were 

observed in the co-pyrolysis of MSS and lignocellulosic biomass [19]. 

Table 6: Composition of the bio-oil (area%) 

Composition MSS SCB MSS:SCB (1:1) 

Oxygenates 32.52 37.82 36.63 

Nitrogen compounds 17.21 3.77 12.24 

Sulphur compounds 3.38 -- -- 

Hydrocarbons 4.54 -- 1.56 

Steroids(Cholestens) 4.89 -- -- 

Bio-char Characterization: 

The BET surface area before and after activation was analyzed and found to be 5.60 m2/g and 

273.89 m2/g, respectively. Thus, significant improvement (50 times) in BET surface area indicated 

that phosphoric acid is considered to be acted effectively for developing the pores onto bio-char. 

It was analyzed that total pore volume increases and average pore diameter decrease to  

 

Fig. 4: SEM image of co-pyrolysis based activated bio-char (magnification = 1000×) 

the tune of 10 times and 5 times, respectively, upon activation. The average pore diameter of the 

activated bio-char (3.31nm) indicated that its structure follows the mesopore region. The scanning 

electron microscopy (SEM) photo micro-graph of the activated bio-char (Fig. 4) showed the 

irregular shape and heterogeneous pore structure with many large pores in a honeycomb shape. 
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Thus, the surface structure of activated bio-char renders it a potentially good adsorbent. Fig. 5 

shows the functional groups present in activated bio-char, analyzed in the FTIR study. The FTIR 

spectra revealed that the surface of the bio-char after activation became rich in functional groups 

such as hydroxyl groups, carboxylic acid, and a carbonyl group. These functional groups with such 

a characteristic provide active sites for the removal of COD and colour by chemical adsorption. 

 

Fig. 5. FTIR spectra of Activated bio-char 

Application of bio-char: 

Treatment of secondary treated pulp and paper industry wastewater: 

In this study, secondary treated wastewater of pulp and paper industry was treated additionally 

with activated bio-char as adsorbent so that finally treated water can be utilized back in a 

manufacturing process by removing COD and colour. Fig. 6 shows the effect of pH for the removal 

of COD and colour at an experimentally optimized adsorption dose of 0.14 g/L for duration of 24 

h. pH 3 was considered optimum pH for the removal of COD and colour. Higher adsorption 

capacity at lower pH is due to the fact that increment the concentration of hydrogen (H3O
+) ion 

and negatively charged adsorption surface is neutralized by acidic solution. 

Fig. 7 shows the effect of various contact duration for the removal of COD and colour using 

activated bio-char at constant pH 3 and adsorbent doses of 0.14 g/L. It was observed that the 

optimum contact time for effective removal of COD and colour is 5 h. Fig. 8 showed the percentage 

removal of COD and Colour versus activated bio-char doses (0.3-0.14 g/L) at constant pH 3 for a 

duration of 24 h. The dosage of 0.14 g/L of bio-char was concluded the state of equilibrium and 

optimum at which the COD and colour removal is 85.04% and 98.03% respectively. 
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Fig. 6: Effect on COD and Colour removal of various pH at period 24 h and adsorbent dosage 0.14 g/L 

 

Fig. 7: Effect on COD and Colour removal of various contact duration at pH 3 and adsorbent dosage 0.14 g/L 

 

Fig. 8: Effect on COD and Colour for a different dose of Bio-char at pH 3 and contact duration of 24 h 
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Adsorption isotherms 

Freundlich and Langmuir’s isotherm were plotted for the removal of COD and colour by activated 

bio-char. Values of the correlation coefficient, R2 was derived in the range of 0.73 to 0.98 for both 

the isotherm models signifies the suitability of all experimental data.  The value of slope in a graph 

(1/n) derived was lesser than 0.5 representing that the adsorbate was easily adsorbed on the surface 

of bio-char.  

Achievements with respect to objectives 

• Thermogravimetry analysis (TGA) and derivative thermogravimetry analysis (DTGA) of MSS, 

SCB, and their mixture (1:1) showed synergy between two materials. 

• Significant improvement in yield of bio-oil and biogas was achieved and substantial reduction 

in bio-char yield was achieved during co-pyrolysis of MSS and SCB. 

• Physico-chemical characterization of bio-oil was investigated. GC/MS analyses revealed that a 

significant reduction in sulphur containing compounds was seen upon co-pyrolysis. Moreover, 

nitrogen-containing compounds, hydrocarbons and steroids were too reduced marginally. 

• Significant improvement (50 times) in BET surface area indicated that bio-char activation 

through chemical activation method using phosphoric acid was observed to be effective for the 

residue (bio-char) generated from the co-pyrolysis of MSS and SCB. Moreover, total pore 

volume increases by 10 times and average pore diameter decrease by 5 times. Honeycomb shape 

in SEM image and existence of functional groups in FTIR spectra attributed to such a significant 

improvement. 

• Adsorption experiments on secondary treated wastewater showed at COD and colour was 

reduced by 68.8% and 86.31%, respectively at an optimized pH 3 with an activated bio-char 

dose of 0.14 g/L in a duration of 5 hours.  

Conclusion: 

1. This study affirms that the co-pyrolysis technique become the suitable option for resource 

recovery from MSS and SCB in the form of bio-oil and bio-char. Bio-oil is utilized as a 

vehicular fuel and production of various chemicals (cosmetics, phenolic resins, ethylene 

glycol, etc.). Also, bio-char has the potential as an adsorbent for COD and Colour removal 

from wastewater.  
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2. Thermogravimetric study of MSS, SCB, and their mixture (1:1) showed that degradation 

of pure MSS occurred in three stages represented by degradation of lipids, protein followed 

by polysaccharides, whereas SCB degradation in two stages indicated degradation of 

hemicellulose, cellulose followed by sluggish degradation of lignin. Co-pyrolysis mixture 

exhibited a reduction in residue generation by 56% than that of only MSS degradation. 

Also, degradation of SCB resulting to metal-containing ash and the catalytic effect of these 

metals might be responsible for higher devolatilization of MSS, leading to increment in 

maximum percentage degradation per minute by 55% as compared to that of only-MSS 

degradation. The addition of SCB in MSS in a 1:1 mass ratio showed variation in activation 

energy by -60% (mixture exhibited reduced activation energy in a third stage) to +36% 

(increased for first and second stage). Improvement in the highest rate of degradation, the 

shift of peak temperature to lower value, reduced quantity of residue, and alteration in 

activation energy for decomposition of the mixtures showed the existence of synergy in 

co-pyrolysis of MSS and SCB. Thus, the significant influence of SCB addition in co-

pyrolysis with MSS was observed. 

3. Synergistic effect observed in co-pyrolysis of MSS with SCB leading to enhanced bio-oil 

yield. In contrast to merely MSS pyrolysis, upon addition of SCB in MSS, the yield of bio-

oil and gas increased by 100% and 14%, respectively, whereas the yield of char (residue) 

decreased by 42%. GC/MS analyses revealed that a significant reduction in sulphur 

containing compounds was seen upon co-pyrolysis. Moreover, nitrogen-containing 

compounds, hydrocarbons, and steroids were too reduced marginally. Physical property 

such as pH, viscosity, and density favors the use of bio-oil as a transport fuel.  

4. The BET surface area of bio-char before and after activation was found to be 5.60 m2/g 

and 273.89 m2/g, respectively. Thus, significant improvement (50 times) in BET surface 

area indicated that bio-char activation through chemical activation method using 

phosphoric acid was observed to be effective for the residue (bio-char). Moreover, total 

pore volume increases by 10 times, and average pore diameter decreases by 5 times. 

Honeycomb shape in SEM image and existence of functional groups such as hydroxyl 

groups, carboxylic acid, and carbonyl group in FTIR spectra attributed to such a significant 

improvement. Adsorption experiments on secondary treated wastewater showed at 

maximum COD and colour was reduced by 84.61% and 98.03%, respectively at pH 3 with 
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an activated bio-char dose of 0.14 g/L in a duration of 20 hours. However, COD and colour 

were reduced by 68.8% and 86.31%, respectively at an optimized pH 3 with an activated 

bio-char dose of 0.14 g/L in a duration of 5 hours. Treated wastewater with such a 

characteristic is utilized as a substitute for a freshwater requirement in the manufacturing 

process of the pulp and paper industry. Langmuir and Freundlich’s isotherm model 

indicated strong affinity on the surface of activated bio-char towards adsorption of COD 

and colour imparting constitutes of pulp and paper industry wastewater. Moreover, both 

the isotherm was observed best suited to obtained equilibrium. 

5. Detailed study of gases products will be the future scope of work. Moreover, the study on 

the effect of a suitable catalyst for the up-gradation of bio-oil needs attention in the future. 

The downstream utilization of bio-oil for various applications such as cosmetics, 

pharmaceuticals, etc. will be the scope of future research.  
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