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Abstract 8 

Salicornia bigelovii (SB), a strategically important plant in many regions to its ability to grow in 9 

arid climates and saline water. This study evaluates the effects of halophyte biomass pre-treatment 10 

on the production of bio-oil and biochar via pyrolysis of SB. The pyrolysis experiments were 11 

performed in a quartz tube reactor at 600, 700, and 800 °C to understand the effect of temperature 12 

on products from untreated SB (USB) and pre-treated SB (PSB). USB and PSB samples were 13 

characterized for their thermal stability, elemental composition, mineral composition, and 14 

functional group identification. Pre-treatment of SB reduced the ash and Na content by 71% and 15 

45%, respectively. Ash removal favored the pyrolysis-assisted extraction of carboxylic acids, and 16 

their selectivity in the bio-oil increased from 20.7% (USB) to 33.4% (PSB) at 600 °C. Selectivity 17 

to phenolics was highest at 800 °C in the bio-oil from USB (10.4%) and PSB (13.4%). PSB 18 

pyrolysis increased the specific surface area of biochar by 4 times, whereas carbon nanostructures 19 

were observed in the biochar from USB. The formation pathways of major compounds from the 20 

pyrolysis of various amino acids, cellulose, hemicellulose, fatty acids, and lignin present in SB 21 

were elucidated by proposing a plausible reaction scheme. 22 
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1. Introduction 28 

The increasing demand for fossil fuel-derived energy has raised the levels of atmospheric 29 

greenhouse gas emissions and widespread concerns about sustainability.  Bioenergy can play an 30 

essential role in meeting modern-day energy needs with renewable and low environmental impact 31 

energy sources.1 Biomass is recognized as an eco-friendly alternative source of renewable energy 32 

and carbon.2 Based on the utilization, biomass can be classified into four categories, viz., first-, 33 

second-, third- and fourth- generation. The first generation biomasses are essentially edible crops, 34 

whereas second to fourth generation are mainly non-edible. 35 

The use of edible, first-generation biomass crops for the exploitation of energy triggers the 36 

food vs fuel debate and also increases the inflation in the food prices.3 A research by Rulli et al.4 37 

stated that the amount of food crops utilized to meet bioethanol demand of top 14 countries was 38 

sufficient to feed about 200 million people. The second-generation biomasses are mainly non-39 

edible agricultural or industrial-byproducts.3 The third-generation biomasses are algal species, 40 

whereas the fourth-generation biomasses are modified and engineered versions of first-, second- 41 

and third-generation biomasses. The present research to develop fourth-generation biomass is 42 

focused on modifying third-generation biomass, i.e., algae biomass for enhanced oil production.5 43 

It is needless to say that the cultivation of first- and second- generation crops needs freshwater and 44 

arable land.             45 

Factors such as land and water availability are important from the viewpoint of biomass 46 

resource management. Freshwater availability for biomass cultivation is becoming increasingly 47 

limited as a result of a rising water demand of the growing world population. Because of high 48 

salinity levels, every year 1.5 million hectares of land become unsuitable for agricultural 49 

production.6 So, there is a strong need to investigate biomass species which grow in such 50 

geographical locations in extreme environments. Halophytes are salt-tolerant plants that represent 51 

at most 1% of the world's flora. They can grow on marginal soils using saline irrigation water, both 52 

of which are unsuitable for conventional crop production.7 Halophytes are potential oilseed, 53 

forage, biomass crop, and a promising carbon sequestration plant.8 For these reasons, halophytes 54 

can be seen as promising biomass feedstock overcoming the typical land and water requirements 55 

of conventional terrestrial first- and second-generation biomasses. 56 

Salicornia bigelovii (SB) is an annual, leafless, and fast-growing halophytic plant.9 It is 57 

considered as one of the most salt-tolerant species among the halophytes, and it can prosper in 58 
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environments with salt concentrations two times greater than seawater salinity.10 Furthermore, 59 

unlike many halophytes, its seeds germinate directly on seawater, for this reason, fresh water is 60 

not required at any point in the plant's life cycle.11 The hot and arid climates favor the production 61 

of halophytes and their cultivation potential can be understood by world’s 22000 km hot and arid 62 

coastline.12 The prospect of Salicornia as a feedstock for conversion brightens as the proper 63 

cultivation techniques can maximize the seed yield as high as 2 tons per hectare (t/ha).13 In 2018, 64 

scientists from International Center for Biosaline Agriculture (ICBA) recorded a significantly high 65 

seed yield of 3 t/ha using seawater in the United Arab Emirates (UAE).14 The oil yield of SB was 66 

found to be higher than freshwater oil crops such as soybean and sunflower.15 Also, SB shown a 67 

high biodiesel yield (~94%) via enzymatic transesterification.16 The objective of ICBA is to 68 

increase Salicornia yields in the UAE and subsequent expansion to the coastal areas of the Arabian 69 

Peninsula.14 As the focus on the cultivation and production of SB is significantly increasing, 70 

investigating the potential of SB for energy applications becomes important.   71 

Pyrolysis is a thermochemical decomposition process at elevated temperatures (> 400 °C) 72 

in an inert atmosphere that transforms biomass into three by-products, viz., a carbon-rich solid 73 

(biochar), a liquid fraction (bio-oil) and a gas mixture. Biomass can be converted to chemicals and 74 

fuels via pyrolysis in a single step. Pyrolysis of terrestrial biomass, as well as aquatic, has been 75 

studied in detail.17,18 However, studies reporting the pyrolysis of halophytes are scarce and focused 76 

on kinetics with detailed information on pyrolysis products missing in the literature.19-22 The 77 

growth conditions of these species result in the high mineral content. So, studying the effect of 78 

minerals on the pyrolysis products becomes important for better utilization of these species. High 79 

mineral content in the biomass restricts the scaling-up of the pyrolysis process. Hence, removal of 80 

minerals without losing valuable matter from the biomass becomes critical for these types of 81 

species. In this study, the characterization of bio-oil and biochar from the pyrolysis of SB is 82 

reported in detail. The objectives of this study are threefold: first, to investigate the pyrolysis 83 

products from raw and pre-treated SB; second, to study the effect of the temperature on the 84 

composition of bio-oil obtained from pyrolysis of raw and pre-treated SB; and third, to investigate 85 

the characteristics of the biochar obtained. 86 

2. Materials and methods 87 
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SB biomass was grown from seeds and was harvested in the KAUST greenhouse 88 

(22.308381, 39.107794). The biomass was deseeded and only the vegetative portion was utilized 89 

in this study.  90 

2.1. Biomass pre-treatment 91 

As a pre-treatment technique, SB was washed with deionized water to reduce the mineral 92 

content. First, the SB sample was dried in an oven at 110 °C for 24 h to remove moisture. Then 93 

the SB sample was ground using a mill grinder (PM200 Retsch). Following this, the sample was 94 

mixed with deionized water (1:20 w/v) and stirred using a magnetic stirrer at a constant 95 

temperature of 25 and 50 °C for a specific duration of 2, 4, 8 and 24 h. After thorough mixing, this 96 

solution was vacuum filtered using Whatman No1 filter paper (11 µm). The filter paper was placed 97 

on a perforated plate connected to a vacuum pump to enable the liquid to pass through the 98 

membrane. The collected SB biomass solids were then dried in an oven at 110 °C for 24 h. After 99 

the drying, the Na content of the samples was measured using inductively coupled plasma optical 100 

emission spectroscopy (ICP-OES, Agilent 5110). 101 

2.2. Characterization of biomass 102 

SB biomass was characterized using a thermogravimetric analyzer (TGA), elemental 103 

analyzer, ICP-OES, bomb calorimeter to study thermal stability, elemental composition (C, H, N, 104 

S, O), mineral content of ash, and higher heating value (HHV), respectively. Pre-treated (PSB) and 105 

untreated SB (USB) were subjected to the above mentioned characterization techniques.  106 

Thermal stability of both, PSB and USB were investigated using a TGA 5500 (TA 107 

Instruments, USA). The TGA experiments were performed with a sample mass of 8±0.5 mg placed 108 

in an alumina crucible. The temperature of the sample was raised from ambient temperature to 800 109 

°C at a heating rate of 15 °C min-1. An inert atmosphere was maintained using N2 at a flow rate of 110 

100 mL min-1. The mass loss and derivative mass loss data were recorded as a function of time 111 

and temperature. In the same instrument, proximate analyses of PSB and USB were carried out 112 

according to the ASTM E 1131-08.23 The moisture content, volatile matter, fixed carbon, and ash 113 

were determined. In a typical proximate analysis experiment, 8 mg of the sample was pyrolyzed 114 

in an inert atmosphere with N2 flow rate of 100 mL min-1. From ambient temperature, the sample 115 

was heated (110 °C) and then the mass loss in this regime was recorded as loss of moisture content. 116 

After this, the sample was heated to 900 °C at a heating rate of 80 °C min-1. At this temperature, 117 
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the sample was held under isothermal conditions and the mass loss registered was recorded as 118 

volatile matter. The N2 in the system was switched to air at the same flow rate of 100 mL min-1. 119 

The sample was kept isothermally at 900 °C for 45 min and the final amount of the sample 120 

remaining was noted as ash content. Finally, the fixed carbon content was determined by 121 

difference, i.e., Fixed carbon wt.% = 100 wt.% - Moisture wt.% - Volatile matter wt.% - Ash wt.%.  122 

The elemental composition (CHNS) of the samples was determined using a Thermo Flash 123 

2000 (Thermo Fisher Scientific, U.S.A.) organic elemental analyzer. A sample mass of 2.5–3 mg 124 

was taken in this type of experiment. The typical construction of an elemental analyzer consists of 125 

a combustion tube. This combustion tube was heated to around 1000 °C in the presence of air. The 126 

elements, viz., carbon, hydrogen, nitrogen, and sulfur present in the sample were converted to their 127 

respective oxides. The vapors evolved from the combustion of the sample were passed through a 128 

gas chromatography/thermal conductivity detector (GC/TCD). The GC/TCD is pre-calibrated for 129 

the determination of carbon, hydrogen, nitrogen, and sulfur content. It is worthwhile to mention 130 

that the nitrogen oxides were reduced to N2 using Cu based catalyst before the vapors were 131 

analyzed in the GC/TCD system. The oxygen content was calculated by difference (O% = 100-132 

ash% -C% -N% -H%). 133 

The mineral content (Al, Ca, Cu, K, Na, Mg, P, Si, Fe, and Zn) of both the samples, viz., 134 

PSB and USB were determined using an Agilent ICP-OES 5110. Before these experiments were 135 

performed, the samples were digested in acid and then subjected to microwave treatment in an 136 

SRC system (UltraWaveTM, Milestone, Sorisole, Italy). 137 

The HHVs of both the samples were determined in an isoperibolic (constant temperature 138 

surroundings) calorimeter (Parr 6400). In a typical bomb calorimetry experiment, 0.5 g of dried 139 

sample is placed in a stainless steel cup and then placed in the calorimeter for combustion. For the 140 

estimation of HHV, it is assumed that condensation of water vapors produced takes place 141 

completely. The value given by the instrument is taken directly as the HHV of the sample in MJ 142 

kg-1. All the experiments were repeated to establish confidence in the experimental data.  143 

2.3. Experimental setup: pyrolysis reactor 144 

The pyrolysis experiments were performed in a customized reactor. The schematic of the 145 

reactor is shown in Figure 1. The major components of this reactors were as follows: supply line 146 

for inert gases, flowmeter, thermocouple, reactor chamber, condenser, bio-oil trap, and discharge 147 

line for gaseous products. The reactor chamber consisted of a quartz tube (21mm i.d., 25 mm o.d, 148 
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and 520 mm in length) with stainless steel fittings for gas inlet and exit, respectively. The reactor 149 

chamber was placed in an electrically heated CY-O1200-50ICS tube furnace (CY Scientific 150 

Instrument, China). A thermocouple (OMEGA HH802-U) was also inserted through access 151 

provided in the tube furnace to record the temperatures in the furnace. The temperature of the 152 

furnace was regulated by a PID controller which allows an extensive range of heating rates and 153 

hold times with possible high treatment temperature (HTT) over 1000 °C. Figure 2 represents the 154 

temperature profiles observed across the length of the furnace. These profiles were obtained by 155 

fixing the different pyrolysis temperatures, viz., 600, 700, and 800 °C and placing the 156 

thermocouple at different positions in the quartz reactor. The central area, approximately 100 mm 157 

in the reactor was observed to maintain the set pyrolysis temperature. The inlet and outlet areas 158 

had significant temperature gradients which, however, had high temperatures so as to avoid 159 

condensation of the vapors. Also, the furnace was jacketed to ensure the operator’s safety.  160 

 161 

Figure 1. Schematic of the pyrolysis reactor used in this study. 162 

The reactor was purged with N2 for 10 min to maintain the inert environment before each 163 

pyrolysis experiment. For a pyrolysis experiment, the dried biomass sample was placed in a steel 164 

tube closed at the outlet with a steel mesh to confine the biomass. Initially, the steel tube containing 165 

the biomass sample was placed in the quartz tube such that it is outside the furnace (in Zone A) as 166 

shown in Figure 1. When the furnace reached the desired pyrolysis temperature, the metal tube 167 

was pushed inside the furnace. The position of the steel tube with the sample was ensured to be in 168 

the central area, the zone where the temperature was the same as the set pyrolysis temperature. At 169 

the reactor outlet, the gases passed through a condenser immersed in ice. In the downstream of the 170 

condenser, the condensable fraction was collected in a stainless steel tube blinded with Swagelok 171 

blind nut. The flow of exhaust gases passed through a plastic tube and is led to the fume hood. 172 
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Figure 2. Measured temperature profiles at different pyrolysis temperatures across the 174 

length of the quartz tube. 175 

The pyrolysis experiments were conducted at temperatures, viz., 600, 700, and 800 °C for 176 

USB and PSB. A continuous flow rate of N2 was kept at 100 mL min-1 to maintain the inert 177 

atmosphere and to sweep away the pyrolysis vapors. The sample mass of approximately 15 g was 178 

taken in the steel tube before placing it in the quartz tube reactor. The temperature of the tube 179 

furnace was ramped at 10 °C min-1 from ambient temperature to the desired pyrolysis temperature. 180 

Before pushing the steel tube in the already heated zone (isothermal zone), the setup was allowed 181 

to settle for 30 min. The steel tube was then pushed inside and placed in the isothermal zone. The 182 

residence time, which was 20 min for the pyrolysis, was decided on the basis of completion of the 183 

pyrolysis of the biomass. The furnace was switched off after the pyrolysis was complete and the 184 

steel tube was pushed out of the furnace for cooling under the same nitrogen flow. This cooling 185 

made sure that no undesired combustion of char took place and also the absorption of moisture 186 

was avoided. For the accuracy in the bio-oil yield, the condenser system in which the condensable 187 

fraction was collected was weighed before and after the experiment. Finally, the collected biochar 188 

and bio-oil were weighed via gravimetry. 189 

It is worthwhile to mention that the percentage mass yields of the biochar and bio-oil were 190 

calculated on a dry basis. The ratio between the mass of the produced biochar and bio-oil and the 191 
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mass of the feedstock, viz., USB and PSB were used to calculate the yields as given in Equations 192 

1 and 2. 193 

𝒀𝑩𝒊𝒐𝒄𝒉𝒂𝒓 (%) =
𝑴𝑩𝒊𝒐𝒄𝒉𝒂𝒓

𝑴𝑭𝒆𝒆𝒅
× 𝟏𝟎𝟎 

(1) 

𝒀𝑩𝒊𝒐−𝒐𝒊𝒍 (%) =
𝑴𝑩𝒊𝒐−𝒐𝒊𝒍

𝑴𝑭𝒆𝒆𝒅
× 𝟏𝟎𝟎 

(2) 

In the Equations (1) and (2), MBiochar, MBio-oil and MFeed represented the mass of the biochar, bio-oil, 194 

and USB and PSB feedstock, respectively. YBiochar and YBio-oil were the percentage yields of biochar 195 

and bio-oil, respectively. 196 

2.4. Gas chromatography/mass spectrometer (GC/MS) analysis of the bio-oil 197 

The bio-oil samples obtained from USB and PSB at different temperatures were collected. 198 

Typically, the bio-oil is composed of organics and water. The organic composition of the bio-oil 199 

is analyzed using a GC/MS. Dichloromethane (HPLC grade) was used in the ratio of 4:1 (v/v) to 200 

dilute the bio-oil prior to injection in the GC/MS. 1µL of diluted bio-oil was injected into a GC/MS 201 

(Agilent 7890A GC-5975C MSD). The sample was injected at 300 °C and the bio-oil vapors were 202 

carried in an Agilent DB-5MS capillary column (60 m length × 0.25 mm i.d. × 0.10 mm in 203 

thickness). Bio-oil vapors were carried using ultrahigh pure helium (99.9995%) at a column flow 204 

rate of 2 mL min-1 and a split ratio of 10:1. GC oven was kept at 40 °C initially for 1 min and then 205 

the temperature was ramped at a heating rate of 10 °C min-1 to 300 °C. Finally, the oven was kept 206 

at this temperature for 26 min. The temperature of the GC/MS interface was kept at 300 °C. The 207 

EI (electron ionization) potential of the ion source in the MS was 70 eV and the detector 208 

temperature was maintained at 250 °C. The separated compounds present in the bio-oil vapors 209 

were scanned in the m/Z range of 35–700 Da. The separated compounds were identified by the 210 

comparison of mass spectra of the compounds with the existing NIST and Wiley libraries. The 211 

compounds with match factors above 85% were considered in the analysis and the abundance of 212 

the compounds was reported in relative peak area%.  The relative peak area% can also be 213 

proportional to the selectivity %. More than 300 different compounds were identified in the bio-214 

oil, so the quantification based on a calibration of pure compounds was not performed in this study       215 

2.5. Characterization of biochar  216 
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The biochar obtained from the pyrolysis of USB and PSB biomass at different temperatures 217 

was characterized in detail via elemental analyzer, pH meter, conductivity meter, Fourier transform 218 

infrared spectroscopy (FTIR), BET porosimetry and scanning electron microscopy (SEM) coupled 219 

with energy-dispersive X-ray spectroscopy (EDX). The elemental analysis of the biochar obtained 220 

was performed as per the procedures employed for USB and PSB biomass samples. pH and 221 

electrical conductivity were measured by preparing the suspension of different biochar samples in 222 

MilliQ water with a concentration of 10 % (w/v). The suspension was prepared by mixing the 223 

biochar in the water for 2 h at 25 °C. pH was measured in a Mettler Toledo pH meter and electrical 224 

conductivity was measured in a Mettler Toledo Orion 5-Star Benchtop Multiparameter Meters.  225 

The functional groups present in the biochar samples were investigated using a Thermo 226 

Scientific Nicolet iS10 FTIR spectrometer (Thermo Fisher Scientific Inc., USA) operated in 227 

attenuated total reflectance (ATR) mode. The biochar samples were spread over the diamond 228 

crystal and it was ensured that the crystal was covered completely with the sample. FTIR spectra 229 

of the biochar samples were collected in the wavenumber region 4000–750 cm-1 at a resolution of 230 

2 cm-1. The surface area measurements of biochar samples were performed in an ASAP 2420 231 

(Accelerated Surface Area and Porosimetry) system (Micrometrics Instrument Corp., USA). 232 

Before the porosimetry experiments, the biochar samples were degassed at 120 °C for 3 hours 233 

under vacuum. The degassing phase is intended to remove the gas, humidity or volatile compounds 234 

present inside the porous structure of the biochar, which may alter the adsorption tests. The surface 235 

area was measured by the BET nitrogen gas physisorption method at 77 K over a relative pressure 236 

range P/P0 = 0.01–0.99. To probe the surface morphology of various biochar samples, experiments 237 

were performed using a Zeiss Merlin SEM coupled with the Oxford Instrument EDX. These 238 

analyses investigated the nanoscale morphologies of biochar. During the analyses, the high 239 

electron tension and probe current were set to be 5 keV (maximum) and 2 pA, respectively, to 240 

prevent possible destruction to carbon black. A proper working distance and beam focus was 241 

adjusted accordingly to obtain a high-resolution image. The ash content in the biochars was 242 

determined from the mass of the residues obtained after the samples were heated to a controlled 243 

temperature of 550±10 °C according to standards provided in EN 1SO 18122:2015. The mineral 244 

content of ash was also determined using ICP-OES.  245 

3. Results and discussions 246 

3.1. Biomass pre-treatment 247 
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SB biomass was pre-treated by water washing and the effects of parameters such as 248 

washing time and the temperature were investigated. This aided in establishing optimal conditions 249 

for biomass pre-treatment. Water-washing is seen as a simple and promising pre-treatment 250 

technique for removal of large amounts of minerals present and improving the pyrolysis and 251 

combustion characteristics.24 Blasi et al.25 also observed more than 50% ash removal using water-252 

washing of straw. Water-washing has shown promising results in the removal of Na and K from 253 

the matrix of biomass. Cen et al.26
 observed metal removal efficiencies from rice straw in the range 254 

of 75–80% for Na and K. It can be noted that the water-washing did not result in significant ash 255 

removal which is in contrast to the reduction in the ash content reported in this study. In recent 256 

studies, washing of the rice straw with aqueous phase of bio-oil led to very high metal removal 257 

efficiencies (~99% for Na and K).26,27 The readers can refer comprehensive reviews by Kumar et 258 

al.28 and Putro et al.29 for various pre-treatment techniques to produce drop-in fuels and valuable 259 

chemicals, respectively, from lignocellulosic biomasses.  260 

Water-washing primarily resulted in the demineralization of the SB biomass. The Na 261 

content of the untreated biomass was observed to be 10.28%. Figure S1 (in Supplementary data) 262 

depicts the effect of time and temperature on the Na content of SB. It is seen from Figure S1 that 263 

the Na content reduced gradually with the duration of the treatment at both temperatures, viz., 25 264 

and 50 °C. Deng et al.24 also studied the effect of water temperature on the removal of potassium 265 

and chlorine between 30–90 °C. It is important to note that increasing the pre-treatment 266 

temperature from 25 to 50 °C significantly enhanced the Na reduction in the range of 16–28% 267 

across all washing times. This effect can be attributed to the enhanced solubility of the minerals in 268 

the washing medium at higher temperatures. Besides, there is a possibility of opening of biomass 269 

matrix in the presence of hot water. This opening allows the deeper penetration of the washing 270 

medium within the biomass particles and hence the increased removal of inorganic matter is 271 

observed. Based on these results, the optimum washing conditions were found to be 8 h treatment 272 

at 50 °C. The Na content was 5.65% at optimized pre-treatment conditions. Also, Ca content 273 

decreased from 2.40% (USB) to 0.64% (PSB). Longer washing times did not offer significantly 274 

improved demineralization. 275 

3.2. Characterization of biomass 276 
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Figure 3 depicts the thermogravimetric and differential thermogravimetric (DTG) profiles 277 

of USB and PSB. Tm, mentioned in the DTG profiles denotes the temperature at which the 278 

maximum mass loss rate was recorded. Tm was also used to identify the regimes of decomposition 279 

of different biochemical components present in the SB. Various Tm values are represented in the 280 

color of the respective DTG profile of USB and PSB for a better understanding of the 281 

decomposition of various components of SB. The multiple peaks observed in the DTG profile 282 

clearly indicate the presence of more than one component present and the involvement of the multi-283 

step thermal decomposition during pyrolysis of SB. 284 

From the TG curves, the major decomposition for both, USB and PSB were found in the 285 

temperature range of 200–500 °C. The similarity in the decomposition of USB and PSB can be 286 

attributed to the similar constituents in the matrix of the biomass irrespective of the pre-treatment. 287 

As expected, the final residue observed for PSB was significantly lower than USB. This can be 288 

attributed to the removal of the minerals during the pre-treatment of the SB. The mass loss 289 

observed up to 150 °C was due to the moisture physically bound to the biomolecules of the SB. 290 

So, Tm = 92 °C represented the release of the water from the biomass. The mass loss in the range 291 

of 150–200 °C was due to the removal of the low-molecular weight compounds. The peaks in the 292 

region 250–280 °C were due to the decomposition of hemicellulose present in the SB.21,30 The 293 

onset of decomposition of cellulose was around 250 °C, this peak also represented a portion of 294 

cellulose decomposing in this temperature range.31 As amino acids are present in the matrix of the 295 

SB biomass, the decomposition regime between 300–350 °C can be attributed to the 296 

decomposition of the cellulose as well as proteins.31-33 SB biomass also have carboxylic acids such 297 

as palmitic and linoleic acids present in the matrix.32 The peak around 450 °C can be attributed to 298 

the decomposition of lipids which have carboxylic acids as the backbone.33 The last peak at 694 299 

°C observed in both USB as well as PSB. To ascertain the presence of this peak, TGA experiments 300 

were performed multiple times. A similar peak around 700 °C was also observed in the DTG of 301 

Salicornia bigelovii by Dzidzienyo et al.21 This may be attributed to the decomposition of the lignin 302 

fraction present in SB. This is in line with the literature as lignin exhibits decomposition at higher 303 

temperatures up to 900 °C.31,34   304 

Table 1 shows the proximate analyses of USB and PSB representing percentages by weight 305 

of moisture, volatile matter, ash and fixed carbon. The ash content of PSB was found to be 306 

significantly lower (7.1 wt.%) than USB (24.2 wt.%). This observation was in line with the TGA  307 
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Figure 3. Thermogravimetric (top) and differential thermogravimetric profiles of USB and PSB 310 

acquired at 15 °C min-1. 311 
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Table 1. Characterstics of USB and PSB used in this study. The values are in wt.% and the data are presented as the mean±S.D., n = 3.  313 

 
Proximate Analysis (air dried basis) 

 
 Elemental Analysis (dry basis) 

  

  Moisture (%) Volatile  

Matter (%) 

Fixed  

Carbon (%) 

Ash  

(%) 

HHV  

(MJ kg-1) 

C (%) H (%) N (%) S(%) O (%) H/C O/C 

USB 4.4±0.9 68.9±0.2 2.5±0.0 24.2± 0.9 10.18±0.6 35.53±1.4 5.53±0.6 2.80±0.2 1.08±0.1 31.95±0.4 1.85 0.63 

PSB 6±0.6 84.8±2.0 2.1±1 7.1±0.8 17.57±0.7 50.74±1 7.4±0.1 4.65±1 1.1±0.12 22.65±0.3 1.73 0.42 

%C+%H+%N+%O+Ash = 100 314 

 315 
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profiles considering the fixed carbon content of USB and PSB. Pre-treatment of SB with water 316 

reduced the ash content significantly. This clearly indicates that part of the mineral content lost 317 

constituted of water-soluble components such as nitrates, carbonates, chlorides, and phosphates, 318 

as observed for terrestrial biomass.35 The role played by minerals in the pyrolysis of biomass 319 

component, cellulose, was understood by Brown and coworkers.36 They studied the effect of 320 

inorganic salts such as NaCl, KCl, MgCl2, and CaCl2 on the primary pyrolysis products. The 321 

volatile fraction of PSB (85%) was more than that of USB (69%). This increase can be attributed 322 

to the adjustment against the removal of minerals from the matrix of the SB. 323 

The elemental (C,H,N,S,O) composition of USB and PSB are presented in Table 1. The 324 

nitrogen content in both the samples can be attributed to the presence of various amino acids. As 325 

the volatile composition of PSB was more than USB, this translated to the enhanced carbon content 326 

of PSB (50.7 wt.%) as compared to USB (35.5 wt.%). This increase in the carbon content and 327 

significant ash removal resulted in the HHV to increase from 10.2 MJ kg-1 (USB) to 17.6 MJ kg-1 328 

(PSB). As compared to other fossil fuels such as petroleum-based fuels and coal, the carbon and 329 

oxygen content were low and high, respectively.37 The source of oxygen in the SB is primarily the 330 

cellulose, hemicellulose, lignin, and carboxylic acid backbone present in the matrix. 331 

 The Al, Ca, Fe, Mg, Na and Si content of USB and PSB were determined using ICP-OES 332 

and are tabulated in Table 2. For PSB, the case with optimum parameters (50 °C, 8 h) was selected 333 

for the determination of minerals via ICP-OES. The mineral content of biomass is present on the 334 

particle surface because of contact with soil during harvest and/or transportation, or within the 335 

material as biogenic characteristics. In SB, there is the storage of Na+ in the vacuoles.38 It is seen 336 

from Table 2 that Na is the primary inorganic in the plant mineral composition. The pre-treatment 337 

process significantly removed the metals and the quantities of all the identified metals decreased 338 

in PSB. It can be noted that a significant fraction of the alkali and alkaline earth metal (AAEM) 339 

species showed a reduction of about 50%. A significant quantity of calcium was removed in 340 

comparison with the other elements. It is important to highlight that the main contribution to 341 

fouling, scaling deposits, slagging and corrosion come from the inorganic part of biomass.39 By 342 

employing this pre-treatment technique, the discussed issues, which are bottlenecks for the scaling 343 

up of SB biomass pyrolysis can be addressed. These metals present in the matrix of the biomass 344 

assume an important role in deciding the composition of the pyrolysis bio-oil and biochar, as 345 

discussed later. 346 
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 347 

Table 2. Mineral content in USB and PSB used in this study (dry basis).  348 

 
Al Ca Fe Mg Na Si 

USB 0.20% 2.40% 0.20% 0.72% 10.28% 0.16% 

PSB 0.07% 0.64% 0.05% 0.18% 5.65% 0.1% 

 349 

3.3. Pyrolysis of SB 350 

3.3.1. Effect of temperature and pre-treatment on products yields 351 

Figure 4 depicts the effect of temperature on the pyrolytic yields from USB and PSB. The 352 

bio-oil and biochar fractions are only accounted for in the final products. It can be noted that the 353 

focus of the present study is to understand the effect of minerals and temperature on the bio-oil 354 

composition and properties of biochar. The fractional bio-oil yield from the pyrolysis of USB 355 

increased from 0.181 at 600 °C to 0.252 at 700 °C before decreasing to 0.208 at 800 °C. The bio-356 

oil yield increased from 600 °C as compared to 700 °C due to reactions like thermal cracking and  357 
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Figure 4. Effect of temperature on the yields of pyrolysis products from USB and PSB. 359 
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dehydration resulting in the enhanced formation of volatiles. Beyond 700 °C, the bio-oil yield 360 

decreased owing to the cracking of the volatiles into non-condensable gases such as CO2, CO, and 361 

CH4. These observations, increase and then decrease in the bio-oil quantity, were in line with the 362 

literature on biomass pyrolysis.40–42 Fractional yields of biochar gradually decreased as a function 363 

of temperature and followed the trend: 0.457 (600 °C) > 0.363 (700 °C) > 0.270 (800 °C). This 364 

can also be attributed to the enhanced cracking of organic matter. The bio-oil yield combined with 365 

char yield at 800 °C indicated the enhanced gas fraction.  366 

From Figure 4, it can be observed that the pre-treatment of SB resulted in a significant 367 

increment in the bio-oil yields across all the pyrolysis temperatures. The fractional bio-oil yields 368 

from pyrolysis of PSB increased from 0.227 at 600 °C to 0.314 at 700 °C before decreasing to 369 

0.253 at 800 °C. The biochar yields from the pyrolysis of PSB followed the trend: 0.367 (600 °C) 370 

> 0.33 (700 °C) > 0.233 (800 °C). The pre-treatment of SB increased the conversion with respect 371 

to biochar in the range of 9.1–19.7% across the three pyrolysis temperatures. The reduced char 372 

yields can be attributed to cracking of heavy hydrocarbons in the biomass as cracking increased 373 

with increase in temperature. Also, the formation of primary char was successively less favored as 374 

compared to the volatile formation. Consequently, there is an enhancement of the production of 375 

liquid and gaseous products. The role of AAEM species in the pyrolysis process cannot be 376 

neglected and it is important to mention that the removal of these species reduced biochar yields. 377 

In the case of biomass pyrolysis, AAEM species promote the charring reaction which leads to the 378 

formation of secondary char.43 The presence of AAEM species is also capable to inhibit the vapor 379 

cracking reactions resulting in the formation of gas and water of pyrolysis.44 This effect translated 380 

in enhanced gas formation from the pyrolysis of PSB. This can be assumed from the values of the 381 

bio-oil and biochar as actual gas yields were not recorded. 382 

For USB as well as PSB, the optimum pyrolysis temperature concerning the bio-oil yield 383 

was 700 °C. Overall, the low bio-oil and biochar yields at higher temperature is attributed to the 384 

secondary decomposition of char and pyrolysis vapors. The pre-treatment of SB increased the bio-385 

oil yield by 24.6% as compared to bio-oil yield from USB at 700 ℃. The bio-oil yields from the 386 

pyrolysis of pre-treated biomass at 600 °C and 800 °C also significantly increased by 25.4% and 387 

21.6%, respectively as compared to untreated biomass. These increased bio-oil yields from the 388 

pyrolysis of PSB can be certainly attributed to the increased volatile fraction (~69% to 85%) and 389 



17 
 

reduced ash content (~24% to 7%). Several studies have demonstrated the positive effects of lower 390 

bulk ash content on the liquid yields during thermochemical processes.42,44 391 

3.3.2. Composition of the bio-oil from the pyrolysis of USB 392 

The bio-oil obtained from the pyrolysis of USB and PSB at different temperatures 393 

significantly varied in composition. In this section, the effect of temperature on the composition 394 

of the bio-oil was investigated. It is concluded from the previous section that the removal of AAEM 395 

species affected the product yields. The compounds present in the bio-oil were classified broadly 396 

into the following categories, viz., aliphatic hydrocarbons, aromatic hydrocarbons, carboxylic 397 

acids, amines/amides, cyano/nitriles, N-aromatic compounds and phenolics. The different 398 

components present in SB can be related to different compounds in the bio-oil. The vegetative 399 

portion of SB has characteristics of typical lignocellulosic biomass. The cellulose, hemicellulose 400 

and lignin were in the range of 45–47 wt.%, 14–15 wt.% and 1.5–2 wt.%, respectively in the SB.45 401 

SB also contains proteins and fatty acids present in the matrix.32 The major amino acids present in 402 

SB are proline, asparagine, lysine, glutamic acid, phenylalanine and leucine.32 Palmitic acid and 403 

linoleic acid are the major fatty acids present.32 The presence of fatty acids in our bio-oil confirms 404 

the presence of fatty acid esters in SB. 405 

Figure 5 shows the composition of major types of compounds in bio-oil obtained from 406 

pyrolysis of USB at different temperatures. Carboxylic acids were significantly present in the bio-407 

oil (10–21 area%) obtained from the pyrolysis of USB at different temperatures. The trend 408 

followed by the selectivity to carboxylic acids in the bio-oil was as follows: 20.70% (600 °C) > 409 

12.90% (700 °C) > 10.28 % (800 °C). This can be attributed to the decarboxylation and cracking 410 

of carboxylic acids as the pyrolysis temperature increased. The selectivity to n-hexadecanoic acid 411 

was 13.85% at 600 °C which decreased to 6.43 % at 700 °C and finally reduced to 5.74% at 800 412 

℃. Selectivity to linoleic acid followed the trend: 6.3% (600 ℃) > 4.83% (700 ℃) ~ 4.22% (800 413 

℃). As these fatty acids were present in the matrix of SB, it can be noted that these are not pyrolysis 414 

products. The high temperatures employed in pyrolysis aided in their extraction into the bio-oil. 415 

Similar extraction of fatty acids from the lipids present in different macroalgae species was also 416 

observed during pyrolysis.41,46 This clearly suggests the pyrolysis-assisted extraction of fatty acids 417 

from the matrix of the biomass. The carboxylic acids such as methyl butanoic acid, octanoic acid 418 

and decanoic acid were also present in traces in the bio-oil. These acids were a result of cracking 419 

of long chain fatty acids. Aliphatic hydrocarbons were also present in considerable amount and 420 
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these were primarily produced from decarboxylation of carboxylic acids along with the production 421 

of carbon dioxide. The selectivity to the aliphatic hydrocarbons was 10.5% at 600 °C which 422 

increased to 13.84% (700 °C) and then decreased to 9.1% at 800 °C. This decrease in the amount 423 

of aliphatic hydrocarbons can be linked to the cracking at high temperatures resulting in the 424 

conversion of volatiles into non-condensable gases like CO2 and lighter hydrocarbons. Scheme 1 425 

depicts the plausible reactions of the different components of SB under pyrolysis conditions 426 

producing various compounds. 427 
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Figure 5. Effect of temperature on the composition of bio-oil from the pyrolysis of USB. 429 

The nitrogen content in USB is higher (2.8 wt.%) than other terrestrial lignocellulosic 430 

biomass.42-44 The nature of the proteins played a role in the formation of various nitrogen-431 

containing compounds. For example, glutamic acid is an amino acid with two C=O linkages, 432 

aspargine is an amino acid with two –NH2 and two C=O linkages, phenylalanine consists of a 433 

benzene ring and proline has a five-membered ring with nitrogen lodged in the ring. These amino 434 

acids resulted in the formation of N-aromatic compounds, which were majorly nitrogen-containing 435 

heterocyclic compounds, cyano/nitriles, and amines/amides. The selectivity to N-aromatic 436 

compounds was highest in the bio-oil obtained at 800 °C (17.92%) followed by 15.13% at 600 °C 437 

and 12.07% at 700 °C. The high amounts of N-aromatic compounds at 800 °C can be attributed to 438 

the enhanced cyclization and aromatization reactions at high pyrolysis temperatures. Many   439 
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 440 

Scheme 1. Plausible reactions occurring during pyrolysis of Salicornia bigelovii.441 
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important nitrogen containing platform chemicals were observed in the bio-oil such as 1H-pyrrole, 442 

2-methyl pyrazine, 1H-indole, 2,4-imidazolidinedione, 2-pyrrolidinone and 3-pyridinol. The 443 

amino acids undergo decarboxylation and cyclization to produce compounds such as 3,4-dimethyl 444 

benzene, N,N-dimethyl methanamine and N-N,4-trimethyl benzenemethanamine. These 445 

compounds were observed in the bio-oil and undergo successive hydrogen removal to produce 446 

compounds benzenepropanitrile and benzylnitrile. These reactions are also evidenced in the 447 

literature concerning the pyrolysis of amino acids.47 Amino acids underwent other reactions such 448 

as dehydration reactions to produce important compounds such as aminopyrimidine, 2-methyl 449 

pyrazine and 1H-indole. Pyrolysis of polypeptides present in amino acids led to the production of 450 

2,5-pyrrolidinedione derivatives, whereas pyrolysis of dipeptides resulted in the formation of 2,4-451 

imidazolidinedione derivatives.47 The discussion on the production of these compounds assumes 452 

importance as these are significantly present in the bio-oil obtained from the pyrolysis of SB. 453 

The different biochemical compounds present in the matrix of SB relate to different 454 

categories of compounds. So, the interactions between the compounds from different biochemical 455 

components are also possible. Amino acids during pyrolysis undergo deamination which results in 456 

the evolution of ammonia. This ammonia interacts with carboxylic acids to form carboxylic acid 457 

amides or fatty amides. The selectivity of fatty amides marginally decreased from 10.1% (600 °C) 458 

to 9.2% (700 °C) and finally to 8.81% at 800 °C. Major fatty amides present in the bio-oil obtained 459 

at different temperatures were hexadecanamide, 9-octadecenamide, N,N-dimethyl 9-460 

octadecenamide, N-methylhexadecanamide and N,N-dimethylpalmitamide. These amides 461 

dehydrate during pyrolysis to produce nitriles. Pentadecanenitrile, heptadecanenitrile and 462 

oleanitrile were the major nitriles obtained from the dehydration of fatty amides. At 800 °C, 463 

significant cracking of nitriles can be justified by the presence of acetonitrile, propanenitrile and 464 

4-methyl pentanenitrile. The overall selectivity to the nitriles/cyano compounds in the bio-oil were 465 

6–7% for all the pyrolysis temperatures. Amides and nitriles are important from the view point of 466 

applications in pharmaceutical ingredients. 467 

The presence of low-molecular weight carbonyl compounds (aldehydes and ketones) and 468 

furan derivatives were a result of the presence of cellulose and hemicellulose in the SB biomass. 469 

Levoglucosan is a primary product from the pyrolysis of cellulose.36 The pyrolysis temperatures 470 

and residence time of the vapors in this study facilitated the secondary reactions and conversion 471 

of levoglucosan into other low-molecular weight oxygenates and non-condensable gases. The 472 
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dehydration of cellulose results in the formation of furan derivatives such as 3-dodecyl 2,5-473 

furandione, 1-(2-furanyl)-ethanone, 2-furanmethanol, 1-(2-furanyl)-2-hydroxy-ethanone and 5-474 

ethyl-2-furaldehyde. The decomposition of hemicellulose resulted in the formation of polycyclic 475 

compounds, benzofuran derivatives such as 2,3-dihydro-benzofuran. The selectivities to furan 476 

derivatives in the bio-oil were 1.66%, 1.52% and 1.55% at 600, 700 and 800 °C, respectively. The 477 

selectivity to carbonyl compounds increased with increase in temperature as follows: 2.16% (600 478 

°C) < 4.77% (700 °C) < 5.63% (800 °C). The major ketones observed in the bio-oil were with 2-479 

cyclopenten-1-one backbone which were typical pyrolysis products from cellulose as well as 480 

hemicellulose.36,48 The content of ketones was found to increase with temperature which is in-line 481 

with the literature.48 The pyrolysis products from cellulose and hemicellulose in the bio-oil were 482 

similar as found from pyrolyzing pure cellulose and hemicellulose in a tube reactor.48 483 

Phenolic compounds in the bio-oil were present in noticeable amounts. These compounds 484 

were a result of primarily lignin pyrolysis as it is a biopolymer consisting of phenylpropanoid 485 

monomers through a C-O and C-C linkages.48,49 The selectivity to phenolics increased significantly 486 

with temperature as follows: 3.28% (600 °C) < 9% (700 °C) < 10.4% (800°C). The major phenols 487 

were p-cresol and 2-methoxy phenol. Lignin deconstruction takes place via reactions such as Cα-488 

O-C4 and Cβ-O-C4 cleavage, aromatic ring condensation, demethylation, demethoxylation, 489 

decarboxylation, decarbonylation and dehydration.49 The formation of phenols also took place 490 

from pyrolysis of amino acids such as phenylalanine.47 Phenolics were also responsible for the 491 

production of aromatic hydrocarbons via deoxygenation as shown in Scheme 1.  492 

Aromatic hydrocarbons were present in the bio-oil and their selectivity was in the range of 493 

2.8–4.6% at all the three pyrolysis temperatures. Toluene and xylene were noticeable aromatic 494 

hydrocarbons present in the bio-oil. Apart from the deoxygenation of phenols, a minor amount of 495 

aromatic hydrocarbons can be formed from cellulose. The presence of cyclopentadiene fraction in 496 

the bio-oil composition ascertains the formation of cyclopentadienyl radical. The traces of 497 

polycyclic aromatic compounds such as naphthalene and its derivatives were also present in the 498 

bio-oil. Cyclopentadiene pyrolysis also produces compounds like benzene, naphthalene and indene 499 

via C-C bond β-scission and C-H bond β-scission.50 Cellulose pyrolysis results in the formation of 500 

cyclopentadienyl radical and their combination via C-C bond β-scission to form benzene. Benzene 501 

reacts with cyclopentadienyl radical via C-H bond β-scission to form naphthalene. The major 502 

polycyclic aromatic compounds present were 2-methyl naphthalene, 1,4,5-trimethyl naphthalene 503 
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and 1,2-dihydro-6-methyl naphthalene. The wide spectrum of products obtained from the pyrolysis 504 

of USB imparts a reasonable idea about the complex structure of the SB biomass. So, the 505 

conversions and interconversions to understand the formation of important compounds become 506 

important. A detailed list of the compounds identified in the bio-oil from the pyrolysis of USB and 507 

PSB at different temperatures is provided in Table S1 (in Supplementary data). 508 

3.3.3. Composition of the bio-oil from the pyrolysis of PSB 509 

Figure 6 shows the variation in different compounds present in the bio-oil obtained from 510 

the pyrolysis of PSB at different temperatures. The classification of the compounds was the same 511 

as used for the bio-oil from USB. The amount of aliphatic hydrocarbons reduced as compared to 512 

bio-oil from USB. This reduction was due to the pre-treatment as presence of AAEMs inhibited 513 

cracking reactions. The selectivity to aliphatic hydrocarbons in the bio-oil was as follows: 4.98% 514 

(800 °C) < 10.50% (600 °C) < 11.22% (700 °C). The lowest selectivity to aliphatic hydrocarbons 515 

was observed at 800 °C owing to the significant conversion of pyrolysis vapors into non-516 

condensable gases as a result of high temperature cracking reactions. The selectivity to alkanes 517 

were 2.70% and 2.45% at 600 and 700 °C, respectively from PSB as compared to 4.52% and 518 

5.16% at 600 and 700 °C, respectively from USB. The reduction in the selectivity to alkanes can 519 

be attributed to less mineral content as minerals may assist in the formation of alkanes. The 520 

presence of alkali metals facilitated the formation of alkanes in microalga specie, Nannochloropsis 521 

oculata.41 The pre-treatment or ash removal did not alter the selectivities to alkenes and alkynes 522 

significantly. It is to be noted that the selectivity to long-chain hydrocarbons (≥ C17) decreased 523 

significantly as compared to USB and the reduction was as follows: 23.6% (600 °C) < 57.1% (700 524 

°C) < 90.1% (800 °C). From these observations, it can be inferred that the presence of AAEMs 525 

facilitated repolymerization reactions which increased with an increase in temperature. Figure S2 526 

(a) (in Supplementary data) depicts the effect of temperature on selectivity to hydrocarbons in the 527 

bio-oil from the pyrolysis of USB and PSB. 528 

At 600 °C, the selectivity to carboxylic acids increased from 20.71% (USB) to 33.42% in 529 

the bio-oil from the pyrolysis of PSB. At 600 °C, n-hexadecanoic acid (24.4%) was the major 530 

carboxylic acid along with linoleic acid (4.93%) and stearic acid (2.76%). The selectivity to 531 

carboxylic acids decreased significantly with temperature as follows: 33.42% (600°C) > 2.92% 532 

(700 °C) > 1.66% (800 °C). This can be attributed to the enhanced decarboxylation and cracking 533 

reactions. The presence of metals in USB inhibited the extraction of carboxylic acids at 600 °C  534 
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Figure 6. Effect of temperature on the composition of bio-oil from the pyrolysis of PSB. 536 

resulting in lower selectivity as compared to PSB. The removal of ash facilitated the extent of these 537 

reactions such as cracking and decarboxylation. Figure S2 (b) (in supplementary data) shows the 538 

effect of the temperature on the selectivity to the various oxygenated compounds in the bio-oil 539 

from the pyrolysis of USB and PSB. The major oxygenated compounds were classified as carbonyl 540 

compounds, esters and furan derivatives. As observed in the bio-oil from USB, the selectivity to 541 

furan derivatives was low as observed in the bio-oil from PSB. These compounds did not have a 542 

significant variation in the bio-oil with either increase in temperature or pre-treatment of SB. The 543 

selectivity to furan derivatives was in the range of 1.6–1.9%. The selectivity to the esters in the 544 

bio-oil was significantly reduced by 30%, 60% and 70% at 600, 700 and 800 °C, respectively after 545 

the pre-treatment. The high selectivity to esters was a result of metals present in the ash in USB. 546 

As the temperature increased, the selectivity to esters decreased from 5.17% at 600 °C to 1.87% 547 

and 1.58% at 700 and 800 °C, respectively. This reduction at higher temperatures can be attributed 548 

to the cracking of esters.   549 

The bio-oil from the pyrolysis of PSB was found to be rich in nitrogen-containing 550 

compounds such as amines/amides, cyano/nitriles and nitrogen-containing heteroatomic aromatic 551 

compounds. This is a result of high nitrogen-content in PSB (4.65%) as compared to USB (2.8%) 552 

(Table 1). The selectivity to amides/amines increased from 10.25% at 600 °C to 13% at 700 °C 553 
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and then reduced to 9.80% at 800 °C. This increment in amides from 600 to 700 °C can also be 554 

corroborated with a reduction in selectivity to carboxylic acids as they react with ammonia evolved 555 

from pyrolysis of amino acids. It can be inferred from this observation that the presence of AAEMs 556 

inhibited the reaction of carboxylic acids with ammonia as selectivity to amides from the pyrolysis 557 

of USB increased from 9.95% to 13% (PSB) at 700 °C. The major amide in the bio-oil was 558 

hexadecanamide followed by 9-octadecenamide and octadecanamide. The dehydration of amides 559 

resulted in the formation of cyano/nitriles and their selectivity decreased as the temperature 560 

increased as follows: 5.19% (600 °C) > 4.68% (700 °C) > 2.55% (800 °C). Owing to the presence 561 

of minerals, the selectivity to nitriles from pyrolysis of USB at 800 °C was higher (6.86%) as 562 

compared to that from PSB (2.55%). This suggested the AAEMs present in SB facilitated the 563 

formation of cyano/nitriles compounds via dehydration reactions.         564 

  The bio-oil from the pyrolysis of PSB had N-containing aromatics in significant amounts. 565 

The selectivity to these compounds followed the trend: 8.05% (600 °C) < 29.73% (700 °C) < 566 

31.6% (800 °C). This can be attributed to the increased cyclization and aromatization reactions at 567 

high pyrolysis temperature. Gautam and Vinu41 also observed an increase in heteroatomic nitrogen 568 

containing aromatic compounds from the pyrolysis of protein-rich alga with temperature. At 600 569 

°C, 2-pyrrolidinone, 1H-indole, and β-carboline were the most abundant compounds in the bio-570 

oil. 5-(2-Methyl propyl)-2,4-imidazolidine, 5-ethyl-5-methyl-2,4-imidazolidine, 2-571 

methylpyrazine, pyridine and 1,4,5-trimethyl imidazole were observed to be the major compounds 572 

at 700 °C. At 800 °C, 1H-indole, 3-pyridinol, 3-methyl-2,5-pyrrolidinedione, 2-aminopyridine and 573 

picolinamide were observed. The plausible conversion pathways for the formation of these 574 

compounds are depicted in Scheme 1. 575 

Toluene (0.98–2.95%) was the major aromatic hydrocarbon identified in the bio-oil from 576 

the pyrolysis of PSB. The selectivity to polycyclic hydrocarbons such as naphthalene derivatives 577 

increased from 0.75% (600 °C) to 2.13% (700 °C). The formation of polycyclic compounds 578 

increase with increase in pyrolysis temperature. In the bio-oil from PSB, the selectivity to aromatic 579 

compounds was observed to be in the range 5.5–5.8% and no significant variations were observed. 580 

However, these selectivities were higher than those observed in the bio-oil from pyrolysis of USB 581 

which were in the range of 2.8–4.6%. In addition to aromatic compounds, the amount of phenols 582 

increased in the bio-oil. The phenols increased with the temperature as follows: 4.74% (600 °C) < 583 
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7.52% (700 °C) < 13.36% (800 °C). At all the pyrolysis temperatures, phenol, p-cresol and another 584 

lignin derivative, guaiacol (2-methoxyphenol) were observed in the bio-oil from PSB.  585 

The pre-treatment of biomass did not affect the conversion pathways largely as observed 586 

from the compounds in the pyrolysis bio-oil (Table S1, in supplementary data). However, a 587 

significant ash removal from the biomass enhanced the bio-oil yield, and, in addition, promoted 588 

the decarboxylation, cracking, aromatization and cyclization reactions. This resulted in conversion 589 

of amino acids to heterocyclic nitrogen-containing aromatic compounds. The presence of AAEMs 590 

in significant amounts inhibited the extraction of the fatty acids in the bio-oil from pyrolysis of 591 

USB. It is worthwhile to highlight that the nitrogen-containing compounds, phenols and aromatic 592 

hydrocarbons have several uses such as pharmaceuticals, food preservatives, fuel additives and 593 

platform chemicals. The potential of Salicornia biomass can be tapped efficiently by using 594 

catalysts to selectively produce these valuable platform chemicals. It is important to mention that 595 

the analysis of evolved gases during pyrolysis of SB can certainly shed more insights on the 596 

decomposition mechanism. So, this can be performed as future work for a better understanding of 597 

the pyrolysis of Salicornia biomass.    598 

3.4. Characterization of biochar 599 

3.4.1. Elemental Analysis 600 

Table 3 presents the properties of the biochar obtained from the pyrolysis of SB. USB 600, 601 

USB 700 and USB 800 represent the char obtained from the pyrolysis of untreated biomass at 600, 602 

700, and 800 °C, respectively. A similar representation was used for the biochar obtained from the 603 

pyrolysis of PSB. The elemental analysis (C, H, N, S, O) and ash content of different biochars are 604 

presented in Table 3. The carbon content of the biochar from the pyrolysis of USB and PSB was 605 

in the range of 47.9 to 50.6% and 47.1 to 48.8%, respectively. The carbon content in the different 606 

biochar samples was in a similar range. The hydrogen content in the biochar decreased as the 607 

pyrolysis temperature increased and the trends were as follows: 2.37% (USB600) > 1.47% 608 

(USB700) and 2.52% (PSB600) > 1.47% (PSB700). The oxygen content in the biochar from 609 

pyrolysis of USB and PSB decreased with an increase in temperature. The oxygen content 610 

decreased from 10.50% (600 °C) to 4.8% (700 °C) and then further decreased to 3.6% (800 °C) in 611 

the biochar from the pyrolysis of USB. The oxygen content was high in the biochar obtained from 612 

the pyrolysis of PSB and the following trend was observed: 31.20% (600 °C) > 28.66% (700 °C)  613 
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Table 3. Properties of biochar obtained from pyrolysis of USB and PSB at different temperatures. Elemental analysis is reported in 614 

wt.% (dry basis) and the data are reported as mean (S.D.), n=3 615 

 C (%) H(%) N (%) O (%) ASH (%) H/C O/C pH EC 

(mS/cm-1) 

Specific 

surface area 

(m2 g-1) 

Pore 

volume 

(cm3 g-1) 

USB600 49.23 

(1.4) 

2.37 

(0.3) 

 

6.60 

(0.1) 

 

10.50 

(1.8) 

31.3 

 

0.57 
 

0.16 10.06 

(0.02) 

 

23.80 

(0.12) 

2.23 0.007 

PSB600 48.75 

(1.3) 

 

2.52 

(0.2) 

 

5.23 

(0.2) 

 

31.20 

(1.7) 

12.3 0.62 0.48 9.98 

(0.1) 

 

12.84 

(0.75) 

6.68 0.026 

USB700 50.6 

(0.8) 

 

1.47 

(0.3) 

 

6.05 

(0.1) 

 

4.8 

(1.2) 

37.8 0.35 0.07 11.86 

(0.07) 

 

24.75 

(0.21) 

2.35 0.011 

PSB700 47.27 

(1.4) 

 

1.47 

(0.1) 

5.6 

(0.1) 

 

28.66 

(1.6) 

17 0.37 0.45 11.27 

(0.13) 

 

16.13 

(0.08) 

7.94 0.026 

USB800 47.90 

(0.8) 

1.50 

(0.2) 

5.22 

(0.1) 

3.6 

(1.1) 

41.8 0.37 0.06 

 

 

11.44 

(0.12) 

 

30.4 

(0.5) 

1.30 0.001 

PSB800 47.07 

(0.7) 

1.47 

(0.2) 

4.36 

(0.1) 

20.6 

(0.8) 

26.5 0.37 0.33 11.43 

(0.06) 

17.02 

(0.1) 

5.30 0.022 

616 
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> 20.6% (800 °C). This reduction in the hydrogen and oxygen content in the pyrolysis biochar can 

be attributed to the enhanced deoxygenation and dehydration reactions at high pyrolysis 

temperatures. The low oxygen content in the biochar from USB can be attributed to the high ash 

content. The nitrogen content in the char decreased with an increase in temperature as high 

temperature facilitates the release of nitrogen in the gas phase.  

Van Krevelen diagram (Figure S3 in supplementary data) captures the transition from SB biomass 

to biochars obtained from the pyrolysis at different temperatures. The H/C ratios decrease 

significantly as compared to the feedstock. The H/C and O/C ratios decreased from 1.85 to 0.37, 

whereas O/C ratio decreased from 0.63 to 0.06 for the case of USB 800 biochar. For PSB, H/C 

and O/C values were 1.73 and 0.42, respectively which decreased to 0.37 and 0.33, respectively 

for PSB800 biochar. This decreasing trend slowed as the samples were pyrolyzed at higher 

temperatures. The reduction in these ratios with increase in pyrolysis temperature occurs due to 

dehydration and decarboxylation reactions. The ratio H/C is an indicator of the degree of 

carbonization: low values of this ratio indicate a high degree of unsaturation (number of bonds 

C=C) and aromaticity. It is possible to notice that at the same pyrolysis temperature, the 

demineralization treatment decreased the aromaticity and increased the polarity of the biochars, as 

indicated by the increasing atomic ratios of H/C and O/C in Table 3. It is important to mention that 

the biomass material typically consists of recalcitrant oxygen and labile oxygen fraction.51 This 

fraction during the initial heating is quickly lost, whereas the recalcitrant oxygen is left in the final 

product. 

However, the O/C ratios offer information about biochar stability and degree of 

aromatization. When the O/C ratios of biochar decrease, the stability increase. In fact, the 

aromatics are more stable when they show a minor oxygen percentage. Biochar is extensively 

recognized as a relatively stable form of C, due to its prominent aromatic structure. At higher 

temperatures, the biochar from untreated biomass has the lowest O/C, which indicated that the 

USB 800 biochar is more stable.  This stability can be attributed to the presence of a large amount 

of aromatic organic matter.52 At high temperatures, biochar has low O/C ratio which is a result of 

formation of an aromatic ring structure representing a stable crystal. These stable crystals resemble 

graphite-like structures. Biochar with O/C ratio more than 0.6 have half-life of less than 100 years, 

while the O/ C ratio between 0.2 and 0.6 result in the half-life between 100 and 1000 years and 

finally the low O/C ratio (< 0.2) possess the half-life of more than 1000 years.53 
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3.4.2. Mineral content 

The mineral content of the biochar was determined using the ICP-OES and detailed ash 

composition was revealed. The ash content in the biochar increased as the temperature increased 

and the trend was as follows: 31.3% (USB600) < 37.8% (USB700) < 41.8% (USB800). The trend 

of the ash content in the biochar obtained from the pyrolysis of PSB was: 12.3% (PSB600) < 17% 

(PSB700) < 26.5% (PSB800). This increase in the biochar can be attributed to a growing 

concentration of minerals and the progressive volatilization of lignocellulosic matters as the 

pyrolysis temperature increased.53 The mineral composition of SB ascertained the presence of 

various elements such as Na, Mg, and Si, and with a minor amount of Al, Ca, and Fe.  These metals 

individually increased in the biochar as the pyrolysis temperature increased. For example, Na 

content in USB biochar increased with temperature as follows: 12.6% (600 °C) < 12.8% (700 °C) 

< 13.57% (800 °C). The detailed composition of these metals in the ash is given in Table 4. The 

identified metals in the biochars obtained from the pyrolysis of PSB were less as compared to the 

biochar from USB. 

Table 4. Mineral content of the biochar obtained from pyrolysis of USB and PSB at 

different temperatures. The values are in wt.% (dry basis). 

 
Al (%) Ca (%) Fe (%) Mg (%) Na (%) Si (%) 

USB600 0.40 0.30 0.45 1.80 12.60 0.98 

PSB600 0.45 0.27 0.38 1.80 5.80 0.42 

USB700 0.46 0.63 0.57 2.20 12.80 1.10 

PSB700 0.57 0.30 0.46 1.43 6.10 0.53 

USB800 0.57 0.65 0.62 2.50 13.57 1.15 

PSB800 0.62 0.42 0.36 1.60 6.30 0.80 

 

3.4.3. FTIR analysis of biochar 

The FTIR spectra of USB and biochar obtained from the pyrolysis of USB at different 

temperatures are depicted in Figure 7. Different functional groups were identified in the biochar 

are given in Table S2 (in Supplementary data).  The identification of different functional groups 

in the FTIR spectra of USB also confirmed the presence of lignin (phenols), amino acids (NH 
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bends and stretching), and carboxylic acids (carbonyl group and C-H stretching) in the matrix of 

the biomass. The aliphatic C-H stretch is associated with C-H stretching of methylene (-CH2). The 

presence of aromatic ring stretch and in- and out-of-plane bends can be attributed to the presence 

of phenolic backbone of lignin and aromatic amino acids such as phenylalanine. The similar 

vibrations were observed in the FTIR spectra of Nannochloropsis oculata owing to the presence 

of high amounts of proteins.41 The presence of amino acids in the matrix of the biomass can be 

justified by the identification of NH secondary amine, NH stretch and bend in the FTIR spectra of 

USB. C-O and C-O-C bonds of polysaccharides have also contributed to a distinct band observed 

at 1030 cm-1. 

From Figure 7, it is observed that the functional groups in the residual char disappeared 

significantly. The disappearance of the broad O-H stretching in the FTIR spectra of biochar can 

be attributed to the dehydration reactions. However, a few peaks were observed in the spectra and 

they were primarily because of presence of the aromatic structures in the biochar (874 cm-1). This 

indicated the presence of polycyclic aromatic compounds which may be formed during the 

pyrolysis of carbon and hydrogen containing matter. The small peaks corresponding to the 

secondary amine bends at 1625 and 1573 cm-1 were seen in the FTIR spectra of the biochar owing 

to the presence of nitrogen (Table 3). The peak at 1573 cm-1 disappeared as the pyrolysis 

temperature increased beyond 600 °C. This can be attributed to the deamination reactions of the 

amino acids present in the SB. Pyrolysis char from microalgae model compounds had compounds 

such as 2,2-diphenyl-1-picrylhydrazyl and 3-nitrophthalic acid.33 The presence of these 

compounds in the biochar strengthens the assertion that such heteroatomic polycyclic nitrogen-

containing compounds are present in the biochar. It is also worthwhile to mention that the FTIR 

spectra of biochar obtained from the pyrolysis of PSB were similar in terms of identified peaks. 

Figure S4 (in Supplementary data) depicts the comparison of FTIR spectra of raw biomass and 

biochar obtained from pyrolysis of PSB at different temperatures. Dissolving the biochar in 

multiple solvents to determine the compounds will provide more insights on the formation of 

compounds in the biochar during the pyrolysis of SB.33 
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Figure 7. FTIR spectra of USB and pyrolysis biochar obtained at different temperatures. 

3.4.4. pH and electrical conductivity (EC) measurements of biochars 

The values of PH and electrical conductivity (EC) are shown in Table 3. The produced 

biochars were generally alkaline (pH > 7) and the pH values were found to increase with an 

increase in pyrolysis temperature. This is due to the devolatilization of acidic groups containing 

oxygen, such as decarboxylation and decarbonylation of carboxyl and carbonyl groups, 

respectively. These reactions were enhanced as the temperature increased. As phenols are also 

weak acids, the reduction in the pH can be attributed to lignin deconstruction during the pyrolysis 

of SB. The pH value of biochar obtained from carbonization of SB at 350 °C for 6 h was 8.6.54 

This observation in the literature clearly shows that the pH value of the biochar increases as the 

pyrolysis temperature increases. Furthermore, it was observed that the pre-treatment of SB did not 

affect the pH values of the biochar irrespective of the temperature and the pH values were between 

10 and 11.86. Due to high alkalinity of biochars, they can be used for soil amendment to increase 

soil pH and neutralizing soil acidity.55 More importantly, the application of pyrolysis biochar for 

soil amendment is strictly governed by environmental regulations imposed by different countries 

across the globe. 
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Table 3 shows that the values of EC increased with an increase in temperature. The amount 

of metal content had an effect on EC values of the biochar. This can be understood by the fact that 

the pre-treatment reduced the metal content and biochar obtained from PSB had lower EC as 

compared to USB. For example, at 800 °C, EC values followed the trend: 30.4 mS cm-1 (USB) > 

17.02 mS cm-1 (PSB). The mineral content values from Table 4 can be translated to understand the 

trend of EC values of various biochars. The low EC values of the biochar may restrict their 

applications for the development of supercapacitors. The application of the biochar for fuel 

purposes ignores this aspect where electrical conductivity is irrelevant. Finally, from the above 

discussion, the ash content, the mineral content, EC and pH were noticed to have a correlation. 

Furthermore, as the temperature increased, the conductivity, the ash content and the pH increased. 

3.4.5. Surface properties  

In this section, surface morphology, surface area, and pore size distribution are discussed. 

The BET adsorption isotherms of the biochars are provided in the supplementary data (Figure S5). 

The adsorption isotherms of the biochar obtained from the pyrolysis of USB and PSB were 

qualitatively similar at all the pyrolysis temperatures. The isotherms were observed to have a high 

and low-pressure hysteresis as a result of the non-elasticity of the material. The precise 

determination of pore size distribution becomes difficult owing to hysteresis. As per the IUPAC 

classification, the form of the adsorption isotherm is typical of type II isotherms that are obtained 

in the case of a non-porous or macroporous solid. The knee of the isotherm indicates the stage in 

which an adsorbate monolayer covers the surface of the material. For higher partial pressures, 

multilayer adsorption occurs. The BET surface area and pore volume of the biochar samples are 

given in Table 3. 

Biochars from PSB have slightly higher values as compared to USB. This high surface area 

of the biochars from PSB can be attributed to the less inhibited pyrolysis by the removal of the 

metals from the matrix of the biomass. The specific surface area of biochar samples from the 

pyrolysis of USB and PSB was in the range 1.30–2.35 and 5.33–7.94 m2 g-1, respectively. The low 

lignin content (2–10%) reported for SB biomass may have resulted in the low surface area of the 

biochar.44 Marzooqi et al.54 also observed low BET surface area (1.72 m2 g-1) of the biochar from 

SB. In fact, the low structural stability during the charring process can be attributed to this small 

amount of lignin in the biomass. The high salt content in SB biomass can also be held responsible 
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for this low surface area values as the salt concentration (in ash) in USB might have clogged the 

pores. In a recent study by Wei et al.56, BET surface area of biochar obtained from the pyrolysis 

of a low ash containing halophyte, Jerusalem artichoke stalks, was in the range of 7–8.5 m2 g-1. It 

can be concluded that the ash content has a direct effect on the surface area of the pyrolysis biochar.     

The surface areas of biochar samples from both, USB and PSB first increased as the 

temperature increased from 600 to 700 °C and then decreased considerably at 800 °C. Pyrolysis 

of biomass results in the decomposition and condensation of biochemical constituents leading to 

the formation of pores. The change in the pyrolysis temperature changes the surface morphology 

and surface area. Above 700 °C, the pore structures collapsed and justified the reduced specific 

surface area at higher temperatures. The similar trend was observed in the literature by Irfan et 

al.19 and reported low surface areas of the biochar from the pyrolysis of halophyte grass, 

Achnatherum splendens L. The surface area increased from 7.03 m2 g-1 (300 °C) to 12.56 m2 g-1 

(500 °C) and then decreased to 5.24 m2 g-1 (700 °C). A detailed review by Tomczyk et al.57 to 

understand the physicochemical properties of biochars from various biomasses is published 

recently. It is worthwhile to mention that the use of the biochars from the pyrolysis of halophyte 

species has shown promising results for adsorption of toxic metals and to stimulate the biological 

activity of the soil.54,56 This suggest that the pyrolysis biochar from SB has a good potential for 

future researches involving adsorption and soil amendment.       

The surface morphology of the biochar was revealed by SEM images of the biochar. 

Figures 8 (a) and (b) depict the SEM images of the biochar obtained from the pyrolysis of USB 

and PSB, respectively at 800 °C. Figure 8 (a) clearly shows the holes and relatively large 

cylindrical tube-like structures. This can be attributed to the formation of nanostructures in the 

biochar. Recently, Osman et al.58 used Miscanthus grass, lignocellulosic biomass rich in alkali 

silicates to produce carbon nanomaterials via pyrolysis. In another study by Bernd et al.59, carbon 

nanostructures were produced by pyrolyzing wood saw dust at similar pyrolysis temperature 

(750°C) in a tubular reactor. It can be inferred that the presence of alkali metals in the matrix of 

the SB aided in the formation of carbon nanostructures on the surface of the biochar. The opening 

of holes on the surface of the biochar from PSB is evident from Figure 8 (b). The opening of these 

holes increased the specific surface area of the biochar from PSB by more than 4 times (from 1.30 

to 5.55 m2 g-1) as compared to USB. The pore volume of the biochar also increased to 0.022 cm3 

g-1 (PSB) from 0.001 cm3 g-1 (USB). The AAEMs in USB also restricted the opening of the pores 
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on the biochar. It can be seen from Figure 8 (a) that the tube-like structures were sparsely 

distributed which also corroborates with the low specific surface area. From the viewpoint of future 

research, various techniques such as acid pre-treatment and chemical activation prior to pyrolysis 

can be used for opening the pores of raw SB biomass which in turn can produce the biochar rich 

in carbon nanostructures. 

 

(a) 

 

(b) 

Figure 8. SEM images of biochar obtained from the pyrolysis of (a) USB and (b) PSB at 800 °C. 

4. Conclusions  

This study presents the effect of water-washing pre-treatment on the product yields from 

pyrolysis of Salicornia bigelovii. Optimum pyrolysis temperature for the bio-oil production was 

700 °C. The bio-oil yields from PSB were 25% higher as compared to bio-oil yield from USB at 

600 °C and 700 °C. GC/MS analysis of bio-oil unraveled that the degradation of SB occurred via 

reactions such as dehydration, decarboxylation, decarbonylation, deamination, amination, 

aromatization, and cyclization. In the bio-oil from pyrolysis of USB, carboxylic acids (10–21%) 

and N-aromatic compounds (12–18%) were the major products. Whereas, in the bio-oil from 

pyrolysis of PSB, carboxylic acids (33%) were the major products at 600 °C and N-aromatic 

compounds were the major products at 700 °C (29.7%) and 800 °C (31.6%). The presence of 

AAEMs in SB had an inhibiting effect for a majority of reactions occurring during pyrolysis. The 

highest biochar yield was observed at 600 °C (45.7%) from the pyrolysis of USB which reduced 

to 36.7% from the pyrolysis of PSB. It was also revealed that the pre-treatment of SB resulted in 

the opening of the pores in the pyrolysis biochar, whereas, biochar from USB exhibited the 

presence of carbon nanostructures on its surface. This pre-treatment step provides a basis to 
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evaluate alternatives like acid-washing and chemical activation to enhance product yields. The 

selective production of valuable chemicals via catalysis and obtaining carbon nanostructures rich 

pyrolysis biochar are the prospects to be looked upon in the future. 
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Table S1. GC/MS Analysis of bio-oil obtained from pyrolysis of USB and PSB at different temperatures. 
 

Area%  
USB PSB 

Alkanes  
600 °C 700 °C 800 °C 600 °C 700 °C 800 °C 

Octane 0.1 
   

0.11 
 

Undecane 0.44 0.25 
  

0.17 
 

2-Isobutylbicyclo[2.2.1]heptane 0.12 
     

Tridecane  0.34 0.32 0.12 1.1 0.25 
 

Tetradecane 0.26 0.14 0.26 0.04 
  

Pentadecane 0.89 1.6 0.92 0.84 0.54 
 

Hexadecane 0.59 0.62 0.41 0.2 0.24 
 

Heptadecane 0.58 0.74 0.42 0.4 0.34 
 

Octadecane 0.32 0.29 0.29 
 

0.08 
 

Cyclopropane, 1-butyl-2-methyl- 0.08 0.08 
  

0.15 
 

Cyclopropane,-1-methyl-1-ethenyl 
   

0.11 
  

Nonadecane 0.23 0.32 0.19 
   

Eicosane 0.57 0.8 0.24 
 

0.57 
 

Alkenes 

1,3-Cyclopentadiene 0.36 0.83 0.88 0.64 1.01 0.96 

1-Heptene 
    

0.07 
 

2-Octene 0.07 
 

0.26 
 

0.05 
 

Cyclooctene 
 

0.06 
    

1-Nonene 0.14 0.07 
  

0.22 
 

Cycloheptene, 5-methyl-  
 

0.11 
    

1-Decene 
 

0.15 
   

0.06 

1-Undecene 
    

0.84 
 

1-dodecene 0.47 0.16 0.17 
 

1.93 1.71 

Cyclohexene, 3,5,5-trimethyl-  0.13 0.26 0.31 0.08 0.03 0.56 

1-Tridecene 0.49 0.39 0.16 0.34 0.25 
 

1-Tetradecene  0.9 0.85 0.34 0.67 0.91 
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1-Pentadecene 0.52 
 

0.48 0.59 0.71 0.47 

1-Hexadecene 0.35 0.4 0.39 0.38 0.47 
 

: 6(E),8(E)-Heptadecadiene  0.28 0.36 0.11 0.29 0.23 
 

 8-Heptadecene  0.93 1.71 0.83 0.92 0.26 
 

1-Heptadecene  0.2 0.76 0.5 0.26 0.69 
 

 6(E),8(E)-Heptadecadiene  0.65 
 

0.74 0.89 
  

(5E)-5-Tetradecene  
  

0.07 
   

(4E)-8-Methyl-4-decene 
 

0.64 0.57 0.57 
 

0.35 

Cyclonona-1,2,6-triene  
 

0.08 
 

0.22 
  

1-Nonadecene 0.27 0.19 0.28 0.21 0.2 
 

Cyclohexene, 1-pentyl-4-(4-propylcyclohexyl)-  
 

0.83 0.34 0.23 0.19 0.4 

Cyclooctene, 1,2-dimethyl-  0.04 
  

0.15 
  

1-Tricosene 0.16 0.3 0.12 
 

0.14 
 

Alkynes 

2-Hexyne, 4-methyl 
      

5-Undecyne 0.45 
     

1-Hexadecyne  
 

0.08 
    

7-Pentadecyne 
 

1.38 
 

1.38 0.57 0.47 

Amides/Amines 

Acetamide  0.25 
 

0.74 0.27 0.04 0.82 

N,N-Dimethyl formamide 0.91 0.26 0.53 0.1 1.23 0.45 

Acetamide, N-methyl-  0.11 
 

0.36 
 

0.33 0.45 

Propanamide  0.12 
 

0.38 
 

0.13 0.24 

N,N-Dimethylacetamide  2.84 1.48 2.73 0.93 4.65 3.72 

Pentanamide 
  

0.15 
 

0.08 0.09 

Propanamide, N,N-dimethyl- 0.06 
 

0.08 
   

Butanamide, 3-methyl-  
 

0.34 0.33 0.06 0.48 0.21 

Pentanamide, 4-methyl-  
    

0.57 
 

Hexadecanamide 0.91 2.01 0.53 3.84 1.27 1.16 

N-Methylhexadecanamide  0.95 0.65 
 

0.65 0.32 
 

N ,N-Dimetylpalmitamide 1.15 1.07 0.58 1.03 0.44 0.18 
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9-Octadecenamide 1.34 1.88 1.74 2.15 1.44 1.93 

Octadecanamide 0.2 
  

0.34 0.28 0.03 

Non-7-enoic acid, dimethylamide  
 

0.75 0.35 
   

9-Octadecenamide, N,N-dimethyl-  1.25 0.59 0.18 0.73 0.59 
 

Behenic amide 
 

0.16 0.13 
   

Methylamine, N,N-dimethyl- 0.42 
 

0.44 
 

0.51 
 

3,5-dimethyl-benzenamine  
    

0.2 
 

Benzenamine, 3,4-dimethyl-  0.1 
     

1,3-Benzenediamine  0.12 
 

0.24 
  

0.35 

Benzenemethanol, 2-(methylamino)-  
    

0.14 
 

2-Buten-1-one, 3-amino-1-phenyl-  
 

0.33 
    

Benzenamine, 3-methoxy-  
     

0.18 

Benzenemethanamine, N,N,4-trimethyl-  0.18 0.43 
  

0.26 
 

Aromatic hydrocarbons 

Toluene 0.48 0.2 0.35 2.95 0.98 2.57 

Xylene 0.07 
 

0.05 0.02 0.12 
 

Styrene 0.11 0.04 0.16 0.13 0.18 0.18 

Benzene, 2-propenyl-  
    

0.03 
 

Benzene, propyl-  0.1 0.1 0.07 0.08 0.19 
 

Benzene, 1-ethyl-3-methyl- 
 

0.12 
  

0.02 
 

Benzene, 2-propenyl- 0.05 0.04 
  

0.07 
 

Benzene, 3-butenyl- 
    

0.16 
 

Benzene, butyl-  0.43 0.24 0.18 0.16 0.71 
 

1-Methyl-1H-indene  
    

0.29 
 

Benzene, pentyl-  0.41 0.42 0.25 0.41 0.35 
 

Benzene, 1-methyl-4-butyl  0.66 0.21 
    

1,4-Dihydronaphthalene  
  

0.1 
 

0.11 
 

2,6-Xylene 
  

0.28 
  

0.29 

Naphthalene  
 

0.34 0.38 0.24 0.76 0.61 

Benzene, hexyl- 0.9 
  

0.54 0.28 
 

Naphthalene, 1,2-dihydro-6-methyl- 
    

0.23 0.54 
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Naphthalene, 2-methyl-  0.26 0.07 0.39 0.17 0.19 0.11 

Benzene, heptyl-  0.17 0.23 0.43 0.28 
  

Benzene, 1,4-bis(1-methylethenyl)-  
    

0.09 
 

Benzene, heptyl-  
    

0.08 
 

1-Methyl-4-n-hexylbenzene  0.14 0.07 
 

0.09 0.06 
 

Naphthalene, 2,7-dimethyl-  
 

0.08 
 

0.18 0.15 
 

Benzene, 2,5-cyclohexadien-1-yl- 0.2 
    

0.57 

Naphthalene, 1,4,5-trimethyl-  0.19 0.4 0.18 0.21 0.4 0.32 

Benzene, (1-methyldecyl)-  0.42 0.28 0.76 
   

Isopropyl biphenyl 
  

0.07 
   

(4aR,5R,6R,8aR)-3,4,4a,5,6,7,8,8a-Octahydro-5-(2'-

hydroxyethyl)-5,6,8a-trimethylnaphthalene-1(2H)-one ethylene 

  
0.16 0.19 

  

Carbonyl compounds 

2-Pentanone  
    

0.08 
 

Cyclopentanone 
 

0.2 
 

0.06 
  

2-Cyclopenten-1-one  
 

0.12 
 

0.17 
  

2-Heptanone  0.04 0.06 
 

0.04 0.07 
 

2-Cyclopenten-1-one, 2-methyl- 0.34 0.83 0.42 
 

0.45 0.91 

2-Cyclopenten-1-one, 3-methyl- 0.6 0.89 0.69 0.4 0.65 1.29 

2-Cyclopenten-1-one, 2-hydroxy 
 

1.39 0.89 0.37 
  

2-Cyclopenten-1-one, 2,3-dimethyl-  0.48 0.45 0.96 0.19 0.66 1.6 

2-Cyclopenten-1-one, 3-ethyl-2-hydroxy-  
 

0.11 
  

0.16 
 

2-METHYL-3-PARA-TOLYL PROPIONALDEHYDE  0.67 0.46 
  

0.15 
 

E-9-Tetradecenal  
   

0.12 
 

0.16 

9-Undecen-2-one, 6,10-dimethyl- 
   

0.06 
  

2-Cyclohexen-1-one, 2-hydroxy-3,5,5-trimethyl-  
     

1.86 

9-Undecenal, 2,10-dimethyl- 
  

0.09 0.28 0.18 
 

9-Hydroxy-7-methyl-8-

oxatetracyclo[5.4.1.1(3,10).0(5,9)]tridecane-2-one 

0.03 
 

0.15 
 

0.04 
 

Cyclopropanecarboxaldehyde, 1-methyl-2,2-diphenyl-  
   

0.08 
  

28-Norolean-17-en-3-one  
 

0.26 2.43 0.63 0.96 
 

Carboxylic compounds 



43 
 

Propanoic acid, 2-methyl-  
 

0.17 
    

Pyruvic acid 
   

0.18 
  

Butanoic acid, 3-methyl-  
 

0.52 
 

0.02 
 

0.24 

Butanoic acid, 2-methyl-  
   

0.19 
  

Octanoic acid 
 

0.12 0.01 
   

Benzenepropanoic acid  
   

0.08 
  

Nonanoic acid 
 

0.19 
    

Undecylenic acid  0.16 0.12 
 

0.56 0.28 
 

Cyclopentanecarboxylic acid, 3,3-dimethyl-  0.4 0.12 
    

Dodecanoic acid  
   

0.27 
  

2-Butenoic acid, 3-methyl- 
 

0.05 
    

n-Hexadecanoic acid 13.85 6.43 5.74 24.43 2.25 
 

Linoleic acid 6.3 4.83 4.22 4.93 0.39 1.42 

Octadecanoic acid 
   

2.76 
  

Esters 

Propanoic acid, 2-oxo-, ethyl ester  
 

0.08 
    

Methyl 3-dimethylaminopropionate  
     

0.36 

Decanedioic acid, didecyl ester  0.45 0.35 
 

0.15 
  

2-Butynedioic acid, di-2-propenyl ester  
 

0.04 
  

0.15 
 

Acetic acid, (1,2,3,4,5,6,7,8-octahydro-3,8,8-trimethylnaphth-2-

yl)methyl ester 

 
0.57 

    

Hexadecanoic acid, methyl ester  1.07 0.89 0.89 0.73 0.47 0.14 

Hexadecanoic acid, ethyl ester 0.91 0.22 0.67 0.81 
  

9,12-Octadecadienoic acid, methyl ester 2.09 0.78 0.71 1.49 0.88 0.18 

cis-13-Octadecenoic acid, methyl ester  0.96 0.79 0.55 0.64 
 

0.13 

cis-7,cis-11-Hexadecadien-1-yl acetate  
     

0.23 

9-Hexadecenoic acid, methyl ester 0.56 
 

0.31 0.47 0.26 
 

9,12-Octadecadienoic acid, ethyl ester 1.07 
 

0.33 
   

cis-7,cis-11-Hexadecadien-1-yl acetate  0.12 0.21 
  

0.11 0.19 

9-Octadecynoic acid, methyl ester  0.09 
     

Methyl 9-cis,11-trans-octadecadienoate  
 

0.14 
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Methyl 9,12-heptadecadienoate 0.08 0.21 1.04 0.11 
  

Ethyl 9,12-hexadecadienoate  0.07 
 

0.57 0.77 
 

0.35 

Methyl 9,12-heptadecadienoate 
 

0.34 0.31 
   

N-aromatic compounds 

2-Methyl-1-pyrroline 
  

0.31 
 

0.39 0.3 

1H-Pyrazole, 1-ethyl-3,5-dimethyl-  
  

0.28 
 

0.48 0.37 

Pyrazine 0.26 0.29 
 

0.15 
  

Pyrimidine  0.07 
   

0.07 
 

1H-Pyrrole, 1-methyl- 0.77 0.39 0.51 
 

1.48 0.92 

Pyridine 1.16 
   

1.1 0.39 

(1H)-pyrrole  0.59 0.39 0.47 0.16 1.16 0.83 

Pyridine, 2-methyl-  1.06 0.69 0.84 0.29 1.79 1.32 

2-methyl pyrazine  0.03 
     

1H-Pyrrole, 1-methyl- 0.18 
  

0.15 0.05 
 

Pyridine, 2-ethyl- 0.69 0.8 0.38 
 

0.94 0.64 

Pyrazine, 2,6-dimethyl- 0.14 0.08 0.1 0.05 0.19 0.18 

Pyrazine, ethyl-  
    

0.15 0.17 

Pyrazine, 2,3-dimethyl-  0.35 0.22 0.19 0.42 0.6 0.42 

Pyridine, 2,4-dimethyl-  0.07 0.12 
    

Pyridine, 2,3-dimethyl- 0.02 0.03 0.04 
 

0.03 
 

Pyridine, 3-ethyl-  
  

0.28 
  

0.27 

2-Pyrimidinamine  0.13 0.54 
  

0.11 0.13 

Pyrazine, 2-ethyl-6-methyl-  0.28 0.13 0.3 0.09 0.33 0.35 

Pyridine, 3-methoxy-  
 

0.5 0.17 0.16 
  

2,3,5-trimethyl pyrazine  0.81 0.26 0.47 0.2 1.06 1.5 

2-Aminopyridine  0.09 
   

0.06 
 

Pyridine, 2-ethyl-6-methyl-  0.08 
     

Dimethyl-(1H-pyrrol-3-ylmethyl)-amine  
    

0.22 
 

1H-Pyrrole-2-methanamine, N,N-dimethyl-  0.55 0.13 0.8 0.08 1.16 0.63 

2-Amino-4-methylpyrimidine  
 

0.17 0.23 0.11 
 

0.26 

Ethanone, 1-(1H-pyrrol-2-yl)-  0.53 0.07 
  

1.27 0.46 
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1H-Pyrazole, 1,3,5-trimethyl-  0.23 1.36 0.49 1.29 0.62 0.8 

2-Pyrrolidinone  0.21 
     

Pyrazine, 2-ethyl-3,5-dimethyl- 
   

0.02 0.39 
 

2-Pyridinamine, 3-methyl-  0.51 
   

0.14 
 

2-Amino-4,6-dihydroxypyrimidine 
   

0.09 
  

2-Pyrazinamine  
 

0.11 1.17 0.06 0.68 1.87 

3-Pyridinol  
 

0.13 
  

0.53 
 

2(1H)-Pyridinone, 6-methyl-  
  

0.2 
 

0.34 
 

4-Pyrimidinamine, 2,6-dimethyl-  
 

0.8 0.39 0.13 
 

0.31 

2,5-Pyrrolidinedione  0.36 
     

3,4,5-Trimethylpyrazole 
   

0.38 
 

1.74 

2,5-Pyrrolidinedione, 3-methyl- 0.14 
 

0.68 
   

Pyrazine, 3,5-diethyl-2-methyl-  
 

0.14 
    

3-Pyridinol, 6-methyl-  
  

0.5 
 

1.35 
 

Imidazole, 1,4,5-trimethyl-  
  

0.18 
 

0.14 0.19 

1H-Imidazole, 4,5-dimethyl-  0.62 
     

2-methyl 5H-6,7-dihydrocyclopentapyrazine  0.43 
   

1.28 0.08 

1H-Pyrazole, 1,3,4,5-tetramethyl-  
  

0.67 
   

1H-Imidazole, 1,2,4,5-tetramethyl-  0.31 0.16 0.19 
 

0.1 
 

2-Amino-4-methylpyrimidine  
 

0.55 
   

0.18 

1,2-Bis(2-propenyl)pyrrole  0.17 0.28 0.52 
 

0.47 1.28 

Picolinamide 
 

0.36 
  

0.25 1.52 

5,5-Dimethyl-1-oxy-4,5-dihydro-3H-pyrrol-2-ylamine  
  

0.3 
   

Pyrazine, 2-ethyl-5-methyl-  1.42 0.82 2.58 1.23 0.98 3.99 

1H-Indole  
    

1.01 0.2 

2,4-Imidazolidinedione, 5,5-dimethyl- 0.12 
 

0.04 
   

2,4-Imidazolidinedione, 5-methyl 0.32 0.22 
    

5-(3-Ethoxy-4,5-dihydro-isoxazol-5-yl)-5-methyl-imidazolidine-

2,4-dione  

    
0.22 1.23 

3-Methoxy-2,5-dimethylpyrazine 
  

0.15 0.11 0.15 0.15 

2,4-Imidazolidinedione, 5-ethyl-5-methyl-  
    

2.23 0.3 
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1H-Indole, 5-methyl-  0.35 0.27 0.58 0.53 
 

0.91 

1H-Benzimidazole, 2-methyl-  
    

0.11 
 

2,4-Imidazolidinedione, 5-(2-methylpropyl)- 
  

0.59 
 

2.53 1.18 

5-Isopropyl-2,4-imidazolidinedione  1.15 
     

Pyridine, 4-ethyl-  
 

0.25 
  

0.07 0.18 

1,2-Dimethyl-5-vinylpyrrole  
  

0.21 
 

0.15 0.14 

6-Methylthieno[2,3-b]pyridine  
    

0.42 0.45 

(3R,8aS)-3-Methyl-1,2,3,4,6,7,8,8a-octahydropyrrolo[1,2-

a]pyrazine-1,4-dione 

0.29 
 

0.8 
 

0.33 2.09 

2-Amino-3-cyano-5-aldoximinopyrazine-1-oxide 
   

0.05 
  

Ethanone, 1,1'-(3-amino-2,4-pyridinediyl)bis- 
  

0.49 0.56 
  

Thioguanine  
 

0.14 
    

Pyrrolo[1,2-a]pyrazine-1,4-dione, hexahydro- 0.28 0.27 0.47 0.49 0.29 1.03 

Acetamide, N-(4-oxo-1,4-dihydro-2H-quinazolin-3-yl) 
    

0.16 0.29 

9H-Carbazole 0.12 
  

0.19 0.13 
 

3,7-dimethyl-1H-purine-2,6(3H,7H)-dione 
 

0.06 
  

0.09 0.15 

5H,10H-Dipyrrolo[1,2-a:1',2'-d]pyrazine-5,10-dione, octahydro- 
 

1.1 1.04 
 

1.67 1.4 

9H-Pyrido[3,4-b]indole 0.24 0.24 0.26 1.06 0.65 0.68 

Pyrrolo[1,2-a]pyrazine-1,4-dione, hexahydro-3-(phenylmethyl)-  
  

0.36 
  

0.42 

Nitriles/Cyano compounds 

Methane, isothiocyanato- 
 

0.1 0.08 
 

0.08 
 

Butanenitrile, 3-methyl 
    

0.18 0.16 

Acetonitrile 
  

2.37 0.11 
  

Cyanamide, dimethyl-  
  

0.24 
   

Pentanenitrile, 4-methyl- 
  

0.19 
 

0.24 
 

Pentanitrile 0.11 
  

0.27 
  

Hexanenitrile  0.05 
     

Propanenitrile, 3-(dimethylamino)-  0.29 0.19 0.5 0.1 1.77 0.57 

3-Dimethylaminoacrylonitrile  
    

0.11 
 

Benzyl nitrile  0.23 0.23 1.08 0.21 0.28 0.29 

2-Butenenitrile, 2-(ethylamino)-  
    

0.07 
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Benzene-propanenitrile  0.45 0.59 0.34 0.45 0.57 0.81 

Benzeneacetonitrile, 4-methoxy-  0.11 
 

0.12 
 

0.23 0.19 

2-Butenenitrile, 4-(2-methyl-4-thiazolyl)-4-oxo- 
   

0.11 
 

0.14 

Pentadecanenitrile 1.81 2.74 1.12 2.07 0.76 0.39 

Oleanitrile  1.1 0.32 0.38 0.72 0.29 
 

heptadecanenitrile  1.32 0.52 0.13 0.32 
  

Octadecanenitrile  0.29 0.76 0.12 0.18 0.1 
 

Nonadecanenitrile 0.29 0.48 0.19 0.65 
  

Other N-containing compounds 

2-Piperidinone 0.26 0.17 0.23 
  

0.6 

Glutarimide  
 

0.14 
 

0.08 
  

2-Pyrrolidinone, 4,4-dimethyl-5-methylidene-  
     

0.2 

Piperazine, 1,4-dimethyl-  
    

0.53 
 

5-Ethylhydantoin  
  

1.69 
 

1.71 3.43 

4-Morpholineethanamine 1.15 
     

Piperidine, 2-propyl- 
   

0.34 
  

5-Isopropyl-2,4-imidazolidinedione 
 

0.36 0.09 
  

4.37 

4-(2-Hydroxypropyl)morpholine  
  

1.85 
 

4.2 0.23 

2,4-Dimethyl-3-nitrobicyclo[3.2.1]octan-8-one 
 

0.05 
   

0.12 

Indeno[1,2-b]azirine, 1,1a,6,6a-tetrahydro-3-methoxy-  
 

0.03 
    

Phenols 

1,3-Benzenediol, 2-methyl-  
    

0.12 0.14 

Phenol 0.38 2.37 0.2 0.83 1.19 3.2 

o-Cresol 0.25 0.14 
 

0.04 
  

m-Cresol 
   

0.03 
  

p-Cresol 0.33 1.63 2.33 0.5 2.23 3.9 

Phenol, 2-methoxy-  1.06 1.51 1.66 0.86 
 

2.32 

Phenol, 4-methoxy 0.3 
   

0.82 0.82 

Phenol, 2,3-dimethyl-  
 

0.4 
  

0.28 
 

m-Ethyl-phenol  0.19 0.1 0.81 0.31 
 

0.58 

Guaiacol, 4-ethyl- 0.21 0.56 0.16 0.23 0.13 
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2-Methoxy-4-vinylphenol  0.06 0.32 0.21 0.43 
 

0.44 

Phenol, 2,6-dimethoxy-  0.11 0.46 1.42 0.22 
 

0.57 

Phenol, 2-methoxy-4-(2-propenyl) 0.07 0.18 0.13 0.29 
  

(3-Methylphenyl) methanol, n-propyl  
 

0.16 0.42 
  

0.12 

Benzene, 1-methyl-4-(phenylmethyl)-  
  

0.91 0.46 
  

1-Hydroxy-1-phenyl-2-butyne  
  

0.13 
   

Phenol, 4-phenoxy- 
 

0.74 
  

0.47 
 

Phenol, 3,5-dimethoxy-  
 

0.27 1.26 
 

1.08 0.9 

Phenol, 3,4-dimethoxy- 0.32 0.17 0.75 0.54 
 

0.37 

Others 

[1,4,7]Trioxonane 
 

0.08 
    

2-Propanone, 1-(acetyloxy)-  
   

0.12 
  

2H-Pyran-2-one  
 

0.1 0.11 
   

1H-Inden-1-one 
   

0.09 
  

1-Methoxy-1,3-cyclohexadiene  
    

0.21 
 

5-Methylene-1,3a,4,5,6,6a-hexahydropentalen-1-ol  
 

0.19 
    

Bicyclo[2.2.1]heptan-2-ol, 1,7,7-trimethyl-,  
 

0.09 
   

0.11 

6-Octen-1-ol, 3,7-dimethyl- 
 

0.22 
 

0.12 
  

3-Phenpropanol, 2'-hydroxy-3',4',6'-trimethyl-  
 

0.11 0.39 
   

Pentamethylenehydantoin  0.25 
 

0.17 0.12 0.45 
 

1-Oxaspiro[4.5]dec-3-ene, 2,6,6-trimethyl-10-methylene-  
     

0.14 

3,5,5-Trimethyl-2-hydroxy-1-cyclohexanone-2-ene  
 

0.68 0.12 
   

9-Hydroxy-7-methyl-8-

oxatetracyclo[5.4.1.1(3,10).0(5,9)]tridecane-2-one  

0.09 0.1 0.08 0.08 0.1 0.16 

6-Methylbicyclo[4.4.0]decane-2,9-diol  
   

0.14 
  

E,E,Z-1,3,12-Nonadecatriene-5,14-diol  
 

0.18 
    

8-Methyl-nonanoic acid, pyrrolidide 
 

0.12 
 

0.14 
  

Undecanoic acid, pyrrolidide  0.14 
     

2-[4-(2-Oxiranylmethoxy)phenyl]acetamide 
 

0.28 
    

Glycine, N,N-dimethyl-, ethyl ester  
  

1.05 
   

N,N-dimethyl urea 0.09 
  

0.2 
 

0.36 
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Oxazole, trimethyl-  
 

0.25 0.9 
 

1.36 0.41 

3,5-Dioxo-1,2,4-triazine  
 

0.41 
    

Furan derivatives 

2-Furanmethanol 
    

0.06 0.19 

Ethanone, 1-(2-furanyl)- 
 

0.31 0.26 
 

0.41 0.59 

2(3H)-Furanone, dihydro-  0.38 
  

0.09 
  

2(3H)-Furanone, dihydro-5-methyl-  
 

0.05 
    

2,4-Dimethylfuran 
    

1.12 
 

4-Methyl-2(5H)-furanone  
 

0.13 
    

Ethanone, 1-(2-furanyl)-2-hydroxy-  
  

0.67 
   

2,5-Dimethyl-3-ethylfuran  
  

0.17 
   

2,3-Dihydro-benzofuran  
   

0.06 0.04 
 

5-Ethyl-2-furaldehyde  
 

0.17 
  

0.24 
 

2(3H)-Benzofuranone, 3a.alpha.,4,5,6,7,7a.alpha.-hexahydro- 
 

0.3 
 

0.03 
  

2-Methyl-3-furanthiol  
  

0.05 
  

0.38 

4-Hydroxy-5-hexylfuran-2(5H)-one  0.34 
 

0.3 
  

0.46 

4,5-dihydro-3aH-benzo[e]benzofuran-2-one 
   

0.99 
  

5-Isopropylidene-3,3-dimethyl-dihydrofuran-2-one 0.7 
     

2,5-Furandione, 3-dodecyl- 0.24 0.56 0.1 0.73 
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Table S2. Different functional groups observed in the FTIR spectra of biochar obtained from the 

pyrolysis of USB and PSB.  

Wavenumber (cm-1) Functional group assigned 

3325 
O-H stretching/ aliphatic secondary amine, 

NH stretching 

2925 and 2855 aliphatic C-H stretching 

1737 C=O (aldehydes/ketones) 

1625 secondary amine, NH bend 

1573 
aromatic C=C-C ring stretching/ secondary 

amine NH bend 

1407 phenol or tertiary alcohol OH bend 

1370 
methyne C-H bend/ phenol or tertiary alcohol 

OH bend 

1240 skeletal C-C vibrations 

1030 

skeletal C-C vibrations/ cyclohexane ring 

vibrations/ aromatic C-H in-plane-bend/ C-O 

and C-O-C bonds stretch 

900–940 
skeletal C-C vibrations/ aromatic C-H out-of-

plane bend 

828–874 aromatic C-H out-of-plane bend 
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Figure S1. Effect of time and temperature on the Na content present in SB. 
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Figure S2 (a). Selectivity to various hydrocarbons in the bio-oil obtained from pyrolysis of USB 

and PSB at different temperatures. 
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Figure S2 (b). Selectivity to various oxygenated compounds in the bio-oil obtained from the 

pyrolysis of USB and PSB at different temperatures. 
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Figure S3. Van Krevelen diagram of the biomass (USB and PSB) and the biochars obtained from 

the pyrolysis of USB (USB 600, USB 700 and USB 800) and PSB (PSB 600, PSB 700 and PSB 

800) at 600, 700 and 800 °C. 
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Figure S4. FTIR spectra of PSB and pyrolysis biochar obtained at different temperatures. 
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(a) 

 

(b) 

Figure S5. Adsorption isotherm obtained for the char from the pyrolysis of (a) USB and (b) PSB 

at 600 °C. (Note: The adsorption isotherms for biochars obtained at 700 and 800 °C were 

qualitatively similar for both the cases). 


