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Graphical Abstract 43 
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 47 

Highlights 48 

⚫ Co-HTC of manure mixture enhanced the hydrochar yield compared to individual 49 

HTC. 50 

⚫ The interaction of HTC intermediates from the mixed manures improved 51 

deoxygenation. 52 

⚫ Co-HTC favored carbon and nitrogen enrichment in the hydrochar. 53 

⚫ Synergistic effect of co-HTC improved the combustion properties of hydrochar. 54 

⚫ Interaction of co-HTC intermediates impacted the features of liquid products. 55 
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Abstract 57 

Swine and chicken manures are abundant solid wastes that can be converted into 58 

carbonaceous materials through hydrothermal carbonization (HTC). Owing to their 59 

unique biochemical compositions, co-HTC of these two types of manures may have 60 

significant implications for the generated products. We investigated the co-HTC of 61 

swine manure and chicken manure to understand the influence of the interaction 62 

between contrasting manures on the properties of the derived products. The results 63 

indicated that co-HTC treatment enhanced the formation of solid product and improved 64 

the C and N contents, heating value, and energy yield of the resulting hydrochar. 65 

Regarding the ignition temperature and comprehensive combustion index, the 66 

combustion properties of the hydrochar were enhanced owing to the mutual effect of 67 

the HTC intermediates. Additionally, the interaction of the intermediates significantly 68 

impacted the transfer of nitrogenous species and generation of organic acids and organic 69 

polymers with fused-ring structures. Therefore, co-HTC processing of animal manures 70 

could potentially provide a sustainable pathway for the conversion of animal waste into 71 

solid products with improved characteristics compared to those produced by treating 72 

the two feedstocks separately. 73 

 74 

Keywords: Biowaste; Hydrochar; Animal waste; Clean energy; Circular economy  75 
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1. Introduction 76 

Animal husbandry has rapidly expanded in recent years, generating large 77 

quantities of manures that pose an environmental threat (Hu et al., 2017; Yuan et al., 78 

2018). Manure composting is a primary upcycling technique to deal with large amounts 79 

of animal waste. However, manure composting inevitably leads to bad odor and soil 80 

pollution because of the accumulation of organic pollutants, such as the veterinary 81 

antibiotics contained in manure (Lang et al., 2019a). Furthermore, the bioavailability 82 

and toxicity of heavy metals increases during composting (Guo et al., 2012; He et al., 83 

2009). Thus, identifying a sustainable pathway for the safe and effective management 84 

of different animal manures is significant, in line with the concept of a circular economy. 85 

Animal manures hold a great potential as feedstocks for the generation of heat and 86 

power and the production of materials and chemicals owing to their high organic 87 

content. 88 

Hydrothermal carbonization (HTC) has been widely adopted to treat wet 89 

feedstocks such as animal manure to produce solid fuels. This is because the HTC 90 

process generally operates at a moderate temperature and in an aqueous environment, 91 

facilitating the direct utilization of wet feedstock without the need for pre-drying 92 

(Sharma et al., 2020; Wang et al., 2018a). Additionally, HTC treatment promotes a 93 

reduction in the bioavailable fractions of heavy metals whereas the stable fraction of 94 

heavy metals is increased possibly through complexation, precipitation, adsorption, or 95 

other pathways during the reaction process, suggesting that HTC facilitates the 96 

immobilization of heavy metals to minimize their environmental impact (Wang et al., 97 

2019). The structure of the resulting hydrochar is similar to that of coal, thus making it 98 

applicable as a solid fuel, soil amendment, and adsorbent (Nogueira et al., 2019; Tan et 99 

al., 2016). Previous studies on the HTC of swine manure or chicken manure have 100 

demonstrated their potential in the production of solid fuels (Lang et al., 2019b; Mau et 101 

al., 2016). 102 

Several reactions occur during HTC, including hydrolysis, decomposition, re-103 

polymerization, and condensation (Funke & Ziegler, 2010). The reaction mechanisms 104 
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of the feedstock components and the derived intermediates determine their reaction 105 

networks. Various feedstocks generate intermediates that exhibit different charring 106 

potentials (Heidari et al., 2019; Lu & Berge, 2014). Thus, it is feasible to preferentially 107 

modifying the charring process to generate more solid products with desirable 108 

properties by altering the types or abundance of the derived intermediates. Swine 109 

manure and chicken manure exhibit distinct properties and compositions, thus 110 

generating different reaction intermediates. The underlying interactions among the 111 

degraded fragments may impact the characteristics of HTC-derived products. 112 

Understanding this mutual interaction process facilitates the evaluation of the HTC 113 

mechanism in animal manure. Moreover, the practical relevance of the co-HTC of 114 

various animal manures is the reduction in the industrial operation cost, as the 115 

segregation of animal waste based on origin is not required.  116 

In this study, we investigated the co-HTC mechanism of two types of animal 117 

wastes including swine manure and chicken manure, and analyzed the produced liquid 118 

and hydrochar using various techniques. The primary purpose of this work were to: (1) 119 

evaluate the physicochemical properties of hydrochar produced by co-HTC at different 120 

mixing ratios (compositions, surface functional groups and combustion characteristics); 121 

(2) investigate the feature of the chemical components of co-HTC liquid; and (3) 122 

explicit the mutual interaction effect during co-HTC. 123 

 124 

2. Materials and methods 125 

2.1. Materials  126 

Swine manure (SM) and chicken manure (CM) were acquired from a pig and 127 

poultry farm in Jinan, China. The raw materials were dried in an oven, followed by 128 

grinding in a ball-mill equipment and sieving to obtain the required particle size fraction 129 

(20–40 mesh). All the chemicals used (analytical grade) in the study were supplied from 130 

Tianjin Fuyu Fine Chemical Co., Ltd. (Tianjin, China).  131 

The biochemical compositions of SM and CM were investigated to evaluate their 132 

co-HTC behavior, which was determined based on the dried manure feedstock. The 133 
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protein content was determined using Kjeldahl method (National Standard in China GB 134 

5009.5-2010). Lipid content was measured with Soxhlet extraction method (National 135 

Standard in China GB 5009.6-2016). The carbohydrate content was calculated via mass 136 

difference (carbohydrates% = 100% - lipids% - proteins% - ash%, dry basis) (Chen et 137 

al., 2017). The lipid and carbohydrate contents of SM were 9.6% and 54.7%, 138 

respectively, which were higher than those of CM (6.3% and 44.9%). However, the 139 

protein content of SM (12.5%) was lower than that of CM (16.7%). These differences 140 

in biochemical composition could affect their mutual interaction during the co-HTC 141 

process. 142 

Additionally, the inorganic elements in SM and CM (dry basis) were detected 143 

using 3600 X-ray fluorescence (XRF, Thermo Fisher Scientific Company, Waltham, 144 

MA). The content of inorganic species was calculated based on manure ash. The results 145 

showed that Ca, Si, and K were the primary inorganic species in SM (30.86%, 16.83%, 146 

and 10.48%, respectively) and CM (21.92%, 27.16%, and 12.19%, respectively). In 147 

addition, traces of Mg, Al, Na, and Fe species were also detected in the raw materials. 148 

 149 

2.2. Hydrothermal carbonization 150 

The HTC experiments were conducted at 240 ℃ for 10 h in a 100-mL stainless 151 

autoclave. In a typical run, a mixture of 5 g of feedstock (SM, CM, or their mixture 152 

with mass ratios of 2:1, 1:1, or 1:2, respectively) and 50 mL of deionized water was 153 

placed within the equipment. The reactor was assembled and purged with nitrogen to 154 

displace the air inside and subsequently pressurized up to 3 MPa using nitrogen before 155 

heating. The reactor was maintained at a pre-set temperature for the required duration 156 

before being allowed to cool naturally. The solid product was separated from the solid-157 

liquid mixture via vacuum filtration. The corresponding filtrate was collected for 158 

further analyses. The solid fraction was dried in an oven at 105 ℃ for 12 h. The solid 159 

yield was determined by weighing the mass of the dried solid product.  160 

𝐻𝑦𝑑𝑟𝑜𝑐ℎ𝑎𝑟 𝑦𝑖𝑒𝑙𝑑 =
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 ℎ𝑦𝑑𝑟𝑜𝑐ℎ𝑎𝑟

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑟𝑎𝑤 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘𝑠
× 100%                         (1)  161 

For simplicity, the hydrochars derived from SM, CM, and their mixture are 162 
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indicated as H-SM, H-CM, SM2CM1, SM1CM1, and SM1CM2, respectively, where 163 

H represents the hydrothermal carbonization, and the numbers represent the mass ratio 164 

of SM to CM in the mixture. All solid samples were milled to a fine powder for 165 

characterization. 166 

 167 

2.3. Characterization methods 168 

2.3.1. Analysis of hydrochar 169 

The contents of C, H, N, and S in the hydrochar were examined by a Thermo 170 

Scientific Flash 2000 Organic Elemental Analyzer (CHNS Analyzer). The O content 171 

was obtained by subtracting the contents of C, H, N, S, and ash. Proximate analysis of 172 

the hydrochar was conducted based on the Chinese national standard procedures (GB/T 173 

212-2008). Important indicators, including the higher heating value (HHV), C and N 174 

recovery rates, and energy yield derived from the solid samples, were calculated using 175 

the following equations (Channiwala & Parikh, 2002; Kim et al., 2016): 176 

𝐻𝐻𝑉 = 0.3491 𝐶% + 1.1783 𝐻% + 0.1005 𝑆% − 0.1034 𝑂% − 0.015 𝑁% −177 

0.021 𝑎𝑠ℎ%                                                        (2) 178 

C recovery rate = Hydrochar yield × 
𝐶𝑖𝑛 ℎ𝑦𝑑𝑟𝑜𝑐ℎ𝑎𝑟

𝐶𝑖𝑛 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘
                           (3) 179 

N recovery rate = Hydrochar yield × 
𝑁𝑖𝑛 ℎ𝑦𝑑𝑟𝑜𝑐ℎ𝑎𝑟

𝑁𝑖𝑛 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘
                           (4) 180 

Energy yield = Hydrochar yield × 
𝐻𝐻𝑉ℎ𝑦𝑑𝑟𝑜𝑐ℎ𝑎𝑟

𝐻𝐻𝑉𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘
                            (5) 181 

The surface functional groups of the HTC solids and feedstocks were obtained using 182 

Fourier-transform infrared spectroscopy (FTIR; Nicolet iS50). The sample was mixed 183 

with KBr at a ratio of 1: 199 and compacted into a pellet. The background from the air 184 

scans was subtracted from these samples. FTIR spectra in the 400–4000 cm-1 region 185 

were observed after 16 scans. Additionally, in situ diffuse reflection infrared Fourier-186 

transform spectroscopy (DRIFTS) analysis was conducted to investigate the thermal 187 

stability of the functional groups in the solid. The temperature of the solid increased to 188 

700 ℃ at a heating rate of 10 oC/min. During heating, changes in the functional groups 189 

were recorded. The crystal structures of the hydrochars were identified with X-ray 190 
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diffraction (XRD, Rigaku Ultima IV) with a Cu Kα radiation source. These samples 191 

were tested from 10° to 80° with a scan rate of 20 o/min. 192 

To evaluate the combustion properties of these solid samples, a thermogravimetric 193 

analyzer (TGA) was employed to obtain the corresponding thermogravimetric (TG) and 194 

differential thermal gravimetric (DTG) profiles. The solid samples (around 10 mg) were 195 

heated to 900 ℃ at a heating rate of 20 ℃/min. A comprehensive combustion index S 196 

was used to assess the combustion property of the hydrochar, which is defined as 197 

follows (Chen et al., 2018): 198 

𝑆 =
𝐷𝑇𝐺𝑚𝑎𝑥×𝐷𝑇𝐺𝑚𝑒𝑎𝑛

𝑇𝑖2×𝑇𝑓
                                                  (6) 199 

where DTGmax and DTGmean represent the maximum mass loss rate and average 200 

mass loss rate, respectively. Ti stands for the ignition temperature at which the solid 201 

fuel starts burning, and Tf represents the burnout temperature at which the combustion 202 

reaction ends. 203 

The simplified first-order kinetic model was used with the Coats-Redfern integral 204 

method to calculate the activation energy for combustion (Zheng et al., 2019). The 205 

adopted equations are as follows:  206 

𝛼 =
𝑚0−𝑚𝑡

𝑚0−𝑚∞
                                                         (7) 207 

ln [
− ln(1−𝛼)

𝑇2 ] = ln
𝐴𝑅

𝛽𝐸
−

𝐸

𝑅𝑇
                                              (8) 208 

where α is the conversion rate; m0, mt and m∞ refer to the initial mass, mass at a 209 

certain time t, and final mass of solids, respectively; β is the heating rate; T is the 210 

reaction temperature; R means the universal gas constant; and A and E represent the 211 

pre-exponential factor and activation energy, respectively.  212 

Additionally, the corresponding theoretical value was calculated based on the 213 

parameters from the single feedstock and mixing ratio. A synergistic coefficient (SC) 214 

was introduced to describe the difference between the experimental values and the 215 

theoretically calculated values. The SC could quantitatively evaluate the extent of 216 

synergistic effects from the co-HTC of SM and CM, and was calculated as follows: 217 

SC = 
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑣𝑎𝑙𝑢𝑒−𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑣𝑎𝑙𝑢𝑒

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑣𝑎𝑙𝑢𝑒
× 100%                             (9) 218 
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 219 

2.3.2. Characterization of liquid products  220 

The chemical components in the liquid products were analyzed using gas 221 

chromatography-mass spectrometry (GC-MS Shimadzu, QP2020). A capillary column, 222 

30 m length and 0.25 mm diameter, was utilized for the separation of organics. The 223 

column temperature increased from 50 to 250 ℃ at a heating rate of 10 ℃/min and 224 

maintained for 10 min. The carrier gas used was helium with a flow rate of 4.0 mL/min. 225 

The specific compositions of organics in the liquid were identified using the standard 226 

library (NIST MS Search 2014), and the relative content of each species was determined 227 

using the area normalization method.  228 

An RF-6000 UV-fluorescence spectrophotometer (Shimadzu, Japan) was 229 

employed to analyze the structural characteristics of the soluble polymeric components 230 

in the liquid. The samples were diluted with ethanol to 800 ppm before examination. 231 

The initial excitation wavelength and emission wavelength were set to 220 and 250 nm, 232 

respectively. With a scan speed of 600 nm/min, the fluorescence spectra were acquired 233 

in the synchronous mode. In the case of 3D fluorescence spectra, the excitation 234 

wavelengths were ranged from 200 to 400 nm, and the emission wavelengths from 250 235 

to 500 nm were selected for the sample analysis. The slit widths of the excitation and 236 

emission were 5.0 nm at a scan speed of 600 nm/min. 237 

 238 

3. Results and discussion 239 

3.1. Hydrochar yield from different HTC systems 240 

The yield of solid products from the HTC of individual SM, CM, and their 241 

combinations were investigated. Each experiment was conducted in triplicate, and the 242 

average values and standard deviations are displayed in Fig. 1. The solid yield (44.57%) 243 

of the CM feedstock was higher than that from the SM feedstock (43.41%), which was 244 

attributed to their different biochemical compositions. Notably, a higher yield of 245 

hydrochar was derived from the manure mixtures (50.17% from SM2CM1, 52.57% 246 

from SM1CM1, and 54.57% from SM1CM2). Additionally, the comparison of 247 
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hydrochar yields between the experimental and theoretical values indicated that 248 

blending of the feedstocks had a remarkable effect on the formation of the solid 249 

products during the co-HTC process, as evident from the considerably higher solid 250 

yields. Furthermore, the difference between the experimental and calculated yields was 251 

expressed through the SC defined in Eq. 7. The SC increased with increasing 252 

proportions of CM, implying that the addition of CM favored the formation of 253 

hydrochar. Due to high protein content of CM, the increased proportion of CM in the 254 

mixture may enhance the interactions among intermediates from the degraded protein 255 

and carbohydrate fractions in the mixed manures, and consequently improve the solid 256 

yield (Li et al., 2019b).  257 

 258 

3.2. Basic properties of the feedstock and hydrochar 259 

The ultimate analysis, atomic ratios, and recovery rates of the raw feedstocks and 260 

hydrochars are presented in Table 1. The C content of the hydrochars was higher than 261 

that of the feedstocks, except for H-CM. This phenomenon was mainly due to the 262 

hydrolysis and carbonization occurring during HTC, which affected the C content. The 263 

H and O contents of the hydrochars decreased considerably, which was possibly 264 

attributed to the degradation of organic species in the feedstock. The molar ratios of 265 

H/C and O/C in the feedstock and hydrochar are shown in the Van Krevelen diagram 266 

(Fig. 2). After the HTC treatment, an evident reduction in the H/C and O/C ratios of the 267 

hydrochars occurred due to dehydration and decarboxylation reactions (Cantero-268 

Tubilla et al., 2018). Both the H/C and O/C ratios derived from H-CM (1.20 and 0.15, 269 

respectively) were lower than those of H-SM (1.23 and 0.22, respectively), suggesting 270 

that organic matter readily degraded in the CM. The O/C ratio of the co-HTC solids 271 

exhibited a pronounced decline in comparison with that of the individual feedstock. 272 

This implied that the co-presence of SM and CM improved the deoxygenation 273 

performance, which helped to increase in the heating value of the resulting hydrochar. 274 

Besides, the H/C ratios decreased with increasing proportions of SM, which was 275 

possibly associated with the enhanced dehydration due to the mutual interaction of 276 
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reactive biochemical fragments. Consequently, the C content of the hydrochars 277 

increased owning to co-HTC treatment.  278 

The recovery of carbon and nitrogen from the tested samples is also presented in 279 

Table 1. Compared with H-CM and H-SM, a higher C recovery rate was obtained from 280 

the co-HTC solids, indicating that the co-HTC process favored the enrichment of 281 

carbonaceous species in the hydrochars. This was likely due to the re-polymerization 282 

and carbonization reactions among the reactive substances produced during the thermo-283 

degradation of SM and CM biomolecules (Cao et al., 2011). The lowest N recovery rate 284 

was found for H-CM, implying that a substantial amount of N was transformed into the 285 

liquid and gas phases instead of the solid phase. However, co-treatment of SM and CM 286 

was beneficial for the enrichment of nitrogenous species in the hydrochars during the 287 

co-HTC process. The preservation of N in the char is particularly important if it is aimed 288 

to be used as a fertilizer or for other applications where N-doped carbons exhibit 289 

superior performance, such as environmental remediation (Kang et al., 2018).  290 

The proximate analysis, HHV, and energy yield of the solid samples are displayed 291 

in Table 2. The enhancement of the fixed carbon content in the hydrochars was also 292 

indicative of a high degree of carbonization (Kim et al., 2014). The decrease in the 293 

volatile matter content due to its degradation at high temperatures was responsible for 294 

the decreased H, N, and O contents of the hydrochars. As expected, the ash content of 295 

the hydrochars was higher than that of the feedstocks, which may be ascribed to the 296 

transformation of volatile matter or other components. The hydrochar generated during 297 

the HTC of the mixed feedstock showed higher C and H contents, thus resulting in a 298 

higher heating value compared to that of H-CM. Moreover, increasing the ratio of SM 299 

during co-HTC increased the heating value. These results indicated that mixing of SM 300 

with CM could enhance the fuel properties of hydrochars. Additionally, the co-HTC of 301 

SM and CM also improved the energy yield of the hydrochars compared to those from 302 

the individual feedstocks.  303 

Additionally, the synergistic coefficient was utilized to reveal the mutual effect 304 

between the SM and CM. The co-presence of SM and CM exerted a synergistic 305 



13 

 

interaction during the co-HTC process (Table 3). The combination of feedstocks at 306 

various mixing ratios showed a prominent influence on the hydrochar properties. The 307 

highest synergistic coefficient related to the C content, C recovery rate, and energy yield 308 

were achieved from SM1CM1, whereas the highest value of fixed carbon was obtained 309 

from SM2CM1. The synergistic effects from the mixture could possibly be ascribed to 310 

two reasons. Firstly, a Maillard reaction may have occurred among the intermediates 311 

derived from the degradation of the protein and carbohydrate fractions of the feedstocks 312 

(Wei et al., 2018). Alternatively, the presence of inorganic species in the feedstocks 313 

could have affected the decomposition of the fragments and further impacted the 314 

formation of solid products (Liu et al., 2019).  315 

 316 

3.3. Thermal characteristics and combustion behavior of the hydrochars 317 

The combustion performance of the feedstocks and derived hydrochars was 318 

investigated via thermogravimetric characterization in air. Figures. 3a-c illustrate the 319 

TG and DTG profiles of the feedstocks and hydrochars obtained from the different 320 

mixed systems; Fig. 3d shows the mass loss percentages of all the solid samples. 321 

According to the TG analysis of raw materials, the total mass loss from SM (82.4%) 322 

was higher than that from CM (66.6%), implying that a larger quantity of volatile 323 

organics was present in the SM than in CM. The corresponding temperatures of the 324 

mass loss peaks for SM were lower than those for CM. Additionally, the mass loss from 325 

the SM-derived solid was higher than that from the CM-derived solid. In the case of 326 

mixture systems, the mass loss from SM1CM2 was remarkably lower than that from 327 

the other combinations, which could be associated with the higher ash content in CM.  328 

The raw materials, H-SM, and H-CM exhibited two mass loss peaks, whereas the 329 

mixed feedstocks exhibited three characteristic peaks. The first peak (at approximately 330 

288 ℃) in the DTG profile of the feedstocks was probably associated with the 331 

degradation of volatile matter containing protein and carbohydrate fractions (Fig. 3a) 332 

(Xu et al., 2018). The second peak located at around 460 and 500 ℃ for SM and CM 333 

was ascribed to the transformation of fixed carbon (Xu et al., 2019a). The initial 334 
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decomposition temperature of the resulting hydrochars significantly increased, owing 335 

to the partial decomposition of organics during the HTC treatment. Notably, a wide 336 

peak between 210 and 613 ℃ in the DTG graph of H-CM suggested that the degradation 337 

rate of the organic species was slower than that of the feedstocks, possibly because of 338 

the highly stable organics in the hydrochar. Considering the DTG profiles of the 339 

feedstock mixtures, a fresh peak at around 255 ℃ indicated the presence of light 340 

volatile matter, which could be the new organic species derived from the interaction of 341 

the HTC intermediates. This result further verified that the intermediates produced from 342 

the feedstocks underwent carbonization during their mutual interaction. The second and 343 

third peaks at around 330 and 450 ℃ represented the decomposition of heavy volatile 344 

matter and fixed carbon, respectively. All the peak temperatures for the co-HTC 345 

hydrochars were similar, whereas the rates of mass loss varied remarkably. In the case 346 

of SM2CM1, the mass loss rate for the peaks was higher than that for the other 347 

combinations. This implied that increasing the proportion of SM in the mixture would 348 

introduce more volatile matter, consequently increasing the DTG1 and DTG2 peaks. 349 

Moreover, the occurrence of cross-linking reactions among the carbohydrate-derived 350 

sugar species and protein-derived amino acids would further convert the organic species 351 

into fixed carbon via polymerization and aromatization reactions (Wang et al., 2018b). 352 

Thus, the DTG3 peak was high for the hydrochar obtained from the co-HTC of 353 

SM2CM1.  354 

Furthermore, some key combustion process characteristics were measured to 355 

evaluate the combustion performance of the co-HTC solids, as displayed in Table 4. 356 

The ignition temperatures (Ti) of the co-HTC solids were lower than those of H-SM 357 

and H-CM, implying that co-HTC treatment improved the combustion properties of the 358 

products. However, the burnout temperature (Tf) of the co-HTC solids was lower than 359 

that of the H-CM. The thermal degradation behavior of these samples was also 360 

evaluated using the comprehensive combustion index S. A higher S value of hydrochar 361 

suggested that the products were easier to ignite (Xu et al., 2019b). The S values of 362 

SM2CM1 and SM1CM1 were higher than those of H-SM and H-CM, implying that co-363 
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HTC of the feedstock mixtures could improve the combustion properties of the 364 

hydrochar owning to the mutual biochemical interaction of the derived intermediates, 365 

as previously discussed.  366 

To further evaluate the combustion behavior of the feedstocks and derived 367 

hydrochars, the kinetic parameters were determined from the DTG results. Based on 368 

previous studies, a first-order reaction model was employed to investigate the 369 

combustion performance (Luo et al., 2011). The thermal decomposition of the solid 370 

samples was divided into three stages, and the corresponding temperature ranges, 371 

activation energy, and correlation coefficients are presented in Table 5. A high 372 

correlation coefficient (R2 > 0.93) implied that the first-order kinetic model 373 

appropriately expressed the combustion process. The combustion process of raw 374 

materials exhibited two reaction stages. In the first stage, the activation energy of SM 375 

was lower than that of CM, indicating that SM was easier to burn. This phenomenon 376 

was in good agreement with the low ignition temperature of SM. In the second 377 

combustion stage, the E value obtained from SM was higher than that from CM, 378 

indicating a higher stability of the fixed carbon in SM. Nevertheless, the E value in H-379 

CM was higher than that in H-SM. This phenomenon was possibly attributed to the 380 

reactions including hydrolysis and carbonization of the manure components that may 381 

affect its combustion properties after HTC treatment (Li et al., 2019a).  382 

In stage 1, the E value obtained from SM2CM1 was the highest among the mixed 383 

feedstock systems (Table 5). In stage 2, the E values of the co-HTC solids were 384 

obviously higher than those of the single feedstock products. This implied that the 385 

volatile species in the co-HTC hydrochars were more stable, possibly because of the 386 

mutual cross-linking reaction of the degraded biomolecule fragments. In stage 3, the E 387 

value of the co-HTC solids was lower than that of H-CM, demonstrating that the co-388 

HTC of CM with SM improved the combustibility of the fixed carbon in the hydrochar. 389 

 390 

3.4. Surface functional groups of the hydrochars   391 

The functional groups on the surface of the solid samples and raw materials were 392 
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determined by FTIR characterization, as shown in Fig. 4a. Co-HTC of SM and CM had 393 

no remarkable effect on the distribution of the functional groups on the hydrochars. The 394 

absorption bands at around 3410 cm-1 represented the vibration of the hydroxyl group 395 

(Zhang et al., 2015). In comparison to SM and CM, the intensity of the -OH band was 396 

weaker for the hydrochars, being attributed to the dehydration occurring during the 397 

HTC. The peaks from 2950 to 2850 cm-1 were related to the antisymmetric and 398 

symmetric stretching vibration of the alkyl groups (Parshetti et al., 2013). The relative 399 

intensities of the alkyl bands became stronger after the HTC treatment, indicating an 400 

increased hydrocarbon content in the hydrochars. The bands at around 1650 cm-1 in the 401 

feedstock spectra showed the presence of -C=N in amide groups (de Oliveira Silva et 402 

al., 2012), which completely disappeared in the hydrochars. This phenomenon revealed 403 

the degradation of the protein and lipid fractions in the raw materials, and some N-404 

containing components were transferred into the liquid phase.  405 

Due to the overlap of bands from 1800 to 1500 cm-1, all hydrochar spectra were 406 

deconvoluted into three specific peaks (Figs. 4b-f). The first fitted peak, centered at 407 

around 1700 cm-1, belonged to the -C=O groups of aliphatic carboxylic acids, which 408 

mainly originated from the dehydration of the carbohydrate fraction (Lievens et al., 409 

2011). The second band at ca. 1620 cm-1 was related to the stretching vibration of 410 

carbonyl groups from the hydroxyl unsaturated aldehydes/ketones (Lievens et al., 2011). 411 

The third peak at ca. 1570 cm-1 combined with the absorption at 1450 cm-1 were 412 

attributed to the characteristics of aromatic rings (Zhai et al., 2013), and their intensities 413 

in the hydrochar spectra were stronger than those of the raw materials. The FTIR results 414 

corroborated the fact that the carbonization reaction promoted the formation of aromatic 415 

structures during HTC. Additionally, the intensity of the peak at 1020 cm-1 associated 416 

with the -C-O-C vibration mode was enhanced in the hydrochars when compared with 417 

the feedstock spectra, implying that the aliphatic ether bonds were difficult to degrade 418 

(Peng et al., 2016). Bands in this region could also occur because of the -Si-O group in 419 

the ash of the hydrochars (Lang et al., 2018).  420 

The surface chemical characteristics of the co-HTC hydrochars, which are affected 421 
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by the increasing treatment temperature, were further explored. The evolution of 422 

functional groups during the thermal treatment was investigated using DRIFTS analysis 423 

under a N2 atmosphere (Fig. 5). Additionally, the DRIFTS results of the hydrochars 424 

derived from the individual feedstocks are displayed in Fig. S1 in the Supplementary 425 

Material. In the entire sample spectra, the intensity the -OH peak (at ca. 3300 cm-1) 426 

declined with increasing temperature, implying that the hydroxyl groups were 427 

eliminated through dehydration at elevated temperatures. At higher temperatures, the 428 

band at about 3010 cm-1 revealed the presence of =C-H groups in alkenes, which 429 

possibly originated from the dehydration and cracking of the alkane components (Zhou 430 

et al., 2020). The absorption in the spectral range of 2900-2800 cm-1 belonged to the 431 

vibration of C-H groups in alkanes. Moreover, the band intensity increased dramatically 432 

with increasing temperature, which was consistent with the enhanced C-H bending 433 

vibration at ca. 970 cm-1 (Apaydın-Varol & Pütün, 2012). Such phenomenon implied 434 

that the abundance of the hydrocarbon species was enhanced after the HTC treatment, 435 

resulting in an improved degree of carbonization of the solid samples. Besides, the 436 

intensity of the peak related to carbonyl groups (at ca. 1730 cm-1) initially increased, 437 

possibly due to dehydration and the Maillard reaction occurring between the 438 

carbohydrate- and protein-derived intermediates. Subsequently, the peak intensity at 439 

1730 cm-1 decreased at higher temperatures, likely because of decarbonylation. Notably, 440 

the C=N band at about 1660 cm-1 became stronger during the thermal treatment, 441 

indicating the formation of N-containing species on the surface of the solid samples. 442 

The enhancement of the band intensity attributed to the C=C groups (at around 1600 443 

and 1450 cm-1) along with the increasing temperature indicated an improvement in 444 

carbonization. In comparison with the hydrochar of the individual feedstock, changes 445 

in the evolution of the C=C and C=N groups in the co-HTC hydrochar spectra suggested 446 

an enhancement in the carbonization degree and generation of nitrogenous species, 447 

which further affected the formation of the hydrochar and its properties.  448 

 449 
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3.5. Inorganic components of the hydrochars 450 

The crystalline structures of the inorganic species in the raw materials and 451 

hydrochars were determined by XRD characterization, and the results are shown in Fig. 452 

S2 in the Supplementary Material. Three types of inorganic crystalline phases were 453 

detected in the solid samples. The diffraction reflections at 2θ = 21° and 26° were 454 

indicative of quartz in SM and CM, and those at 2θ = 29°, 36°, and 39° confirmed the 455 

presence of calcite (Cao & Harris, 2010; Xin et al., 2018). The reflections at 2θ = 28° 456 

and 35° were likely associated with calcium phosphate (Lang et al., 2019b). The 457 

corresponding reflection intensity in the XRD patterns of CM and H-CM was higher 458 

than that of SM and its derived hydrochar, which was attributed to the possible sintering 459 

of the existing inorganic species. The crystallite sizes of the minerals were calculated, 460 

and the results are listed in Table S1. The crystallite sizes of CaCO3 and SiO2 in the co-461 

HTC hydrochars were larger than those in H-SM, whereas the crystallite sizes of 462 

Ca2P2O7 became smaller. This phenomenon proved that the mutual interaction of 463 

chemical species also affected the evolution of inorganic components in the hydrochars.  464 

 465 

3.6. Chemical composition and conjugated degree of liquid   466 

The chemical composition of the liquid derived from the HTC system was 467 

analyzed using GC-MS (Table S2). According to their structural characteristics, the 468 

liquid components were classified into seven groups: organic acids, nitrogenous 469 

compounds, phenols, ketones, alcohols, esters, and aldehydes. The liquid from the co-470 

HTC system contained higher amounts of organic acids than those from the individual 471 

feedstock (Fig. 6). The increased fraction of organic acids in the co-HTC liquids could 472 

be attributed to the enhanced cracking of carbohydrates such as cellulose and xylan 473 

(Deng et al., 2014). In addition, the hydrolysis of lipids and deamination of proteins 474 

could also produce acidic species (Li et al., 2014; Wilson & Novak, 2009). Nitrogen-475 

containing species were mainly produced during the protein degradation. Additionally, 476 

the ammonium produced from the deamination of proteins would react with 477 

carbohydrate-derived intermediates to form nitrogenous substances (Xu et al., 2020). 478 
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The relative abundance of N-containing components was lower in the co-HTC liquids 479 

than in the CM, which was possibly ascribed to further transformations such as thermal 480 

degradation and condensation. The phenolic components primarily originated from the 481 

decomposition of lignin and the condensation of cellulose-derived species (Singh et al., 482 

2014; Tymchyshyn & Xu, 2010). The combined feedstock systems showed no 483 

noticeable effect on the formation of phenolic species, as their relative amounts varied 484 

slightly. The relative contents of alcohols and esters decreased after the co-HTC process, 485 

likely because they were converted into other organic compounds. However, N-486 

containing heterocyclic components generated from the interaction of the protein and 487 

carbohydrate fractions were not detected in the liquid phase, as they were presumably 488 

further polymerized into the solid phase. 489 

To gain insight into the abundance of π-conjugated structures in the liquid products 490 

of the HTC process, the liquids were characterized by UV-fluorescence spectroscopy. 491 

Based on the previous study (Mourant et al., 2013), the absorption at around 300 nm 492 

represented the presence of chemical species with two fused aromatic rings, and the 493 

peaks at about 360 nm referred to the chemical compounds with more than three fused 494 

benzene rings. Compared with the liquid from the HTC of CM, the peak intensity of 495 

the SM-derived liquid at 303 nm was higher, whereas that at 364 nm was lower (Fig. 496 

7a). During the HTC process, the organic substances present in SM and CM were 497 

decomposed into reaction intermediates, which further polymerized to form aromatic 498 

structures. According to this hypothesis, a number of polymers with larger π-conjugated 499 

ring systems were formed in the CM-derived liquid, whereas major organics with 500 

smaller π-conjugated structures were produced from the HTC of SM. In the mixed 501 

feedstocks, various mixing ratios had different impacts on the formed polymers. In the 502 

case of SM1CM1, the intensity of the peak at 303 nm was higher than that of the other 503 

mixture systems, whereas for the SM1CM2 system, a higher peak intensity was 504 

achieved at 364 nm.  505 

Based on the peak intensity of the liquid from the individual feedstocks and their 506 

mixtures, the calculated intensity was compared with the experimental data (Fig. 7b). 507 
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The experimental values of the combined feedstock systems were higher than the 508 

theoretical values, except for the peak at 364 nm from SM2CM1. These phenomena 509 

indicated that the mutual interaction of the fragments generated from CM and SM could 510 

promote the formation of unsaturated species. A large difference was observed between 511 

the experimental and calculated intensities at 303 nm for SM1CM1, suggesting a 512 

stronger interaction between the blending feedstocks.  513 

To further study the characteristics of the liquid components from the different 514 

reaction systems, 3D fluorescence spectra were employed (Fig. 8). According to 515 

previous work, the spectra can be divided into five regions representing varied types of 516 

fluorescent substances (Chen et al., 2003). The observed regions I and II at the shorter 517 

excitation and emission wavelengths correspond to chemical species similar to simple 518 

aromatic proteins, and region III is associated with fulvic acid-like materials. Region 519 

IV at moderate excitation wavelengths and shorter emission wavelengths indicates the 520 

existence of soluble microbial byproduct-like substances or other large aromatic 521 

proteins. Additionally, region V is related to humic acid-like compounds. In comparison 522 

with the CM-derived liquid, the intensity of region IV from the mixed feedstocks 523 

showed a notable enhancement, implying that the interaction between the two 524 

feedstocks promoted the generation of organics with larger π-conjugated structures. 525 

With regard to SM1CM1, the intensity of region IV was the highest, which was 526 

consistent with the 2D fluorescence results. Besides, the intensity of region V from the 527 

combined feedstocks was lower than that of the single feedstock. This phenomenon 528 

implied that the co-HTC of the feedstock mixtures would impact the reaction processes 529 

such as hydrolysis, condensation, and re-polymerization, which further affected the 530 

polymeric structure of the hydrochar. 531 

 532 

3.7. Co-HTC mechanism 533 

Based on the experimental results, the possible co-HTC mechanisms of SM and 534 

CM are proposed in Fig. S3 in the Supplementary Material. Animal manure mainly 535 

consists of carbohydrates, proteins, and lipids, which degrade into different fragments 536 
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during the reaction process (Lv et al., 2010; Provenzano et al., 2014). During HTC, the 537 

carbohydrate fractions were hydrolyzed into sugar derivatives at low temperatures. The 538 

produced monosaccharides such as fructose and glucose were then transformed into 539 

furan derivatives, which could form carbonaceous materials through polymerization 540 

and aggregation reactions. Furthermore, the monosaccharides could also be converted 541 

into cyclopentenone derivatives, which were the major ketone compounds in the liquid 542 

product. Meanwhile, the amino acids derived from protein conversion could either 543 

degrade into carboxylic acids and amines or condense with carbonyl to form pyrrole 544 

species (He et al., 2013). The mutual interaction between the amino acids and sugars 545 

generated nitrogenous compounds through the Maillard reaction, which could further 546 

transform into a solid residue via polymerization. In addition, under HTC conditions, 547 

the lipid fractions were readily decomposed into fatty acids and glycerin by hydrolysis. 548 

Subsequently, the glycerol was transformed into a range of aldehydes, ketones, and 549 

alcohols via a series of degradation pathways, and the formed alcohol species could 550 

react with fatty acids to produce esters (Pedersen et al., 2015). Additionally, with 551 

sufficient carbonization time, certain reactive intermediates produced from the 552 

degradation of manure components could mutually interact to form large substances, 553 

which were further converted into solid particles through re-polymerization, 554 

condensation, and aromatization. Simultaneously, some chemical species were also 555 

transformed into the aqueous phase.  556 

 557 

4. Conclusions 558 

This study investigated the co-HTC of SM and CM with various mixing ratios, 559 

and analyzed the properties of the derived hydrochar and liquid. The results 560 

demonstrated that the mutual interaction of the reaction intermediates from different 561 

types of animal manure promoted the formation of hydrochar. Additionally, the 562 

synergistic effects during the co-HTC were beneficial to N and C enrichment in the 563 

hydrochar owning to the enhanced re-polymerization and carbonization. The co-HTC 564 

of the manure mixture also boosted the deoxygenation and as a result improved the fuel 565 
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properties of the hydrochar compared with the HTC of individual feedstock. This was 566 

confirmed by the lower O/C ratio and higher energy yield. The combustibility of the 567 

co-HTC hydrochar was upgraded with respect to the ignition temperature and 568 

comprehensive combustion index. Furthermore, the co-HTC interactions in the mixed 569 

feedstocks favored the formation of organic acids and polymeric species with π-570 

conjugated structures, and influenced the transfer of nitrogenous species in the liquid 571 

products. This study demonstrated that co-HTC of SM and CM was advantageous in 572 

producing hydrochar with improved properties than those from the individual treatment. 573 
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Fig. 1. The yield of solid products from the HTC of the single feedstocks and the 757 

manure mixtures with varied mass ratios. The experimental conditions for the HTC 758 

were 240 oC and 10 h. 759 
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Fig. 3. TG-DTG profiles of the feedstocks (a) and the derived hydrochars (b and c); the 769 

mass loss percentage from all solid samples (d).  770 
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Fig. 4. FTIR spectra of the feedstocks and derived hydrochars (a); the spectral 774 

deconvolution at the 1850-1500 cm-1 band region of the hydrochars: H-SM (b), H-CM 775 

(c), SM2CM1 (d), SM1CM1 (e), and SM1CM2 (f).  776 
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777 

 778 

 779 

Fig. 5. DRIFTS results of the derived hydrochar: SM2CM1 (a), SM1CM1 (c), and 780 

SM1CM2 (e); (b), (d), and (f) are the corresponding 2D DRIFT spectra. 781 
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Fig. 6. GC-MS analysis of the liquid components derived from different systems. 784 
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Fig. 7. UV-fluorescence spectra of the derived liquid products (a), and the difference 789 

between the experimental and theoretical peak intensity at 303 and 364 nm (b). 790 
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 792 

Fig. 8. 3D UV-fluorescence spectra for the liquid fraction derived from different 793 

reaction conditions. 794 
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Tables  

Table 1. Ultimate analysis, atomic ratio, and recovery rate of solid samples (wt.%, dry basis). 

Sample Ultimate analysis (db, %)  Atomic ratio   Recovery rate (%)  

 C H N Oa S  H/C O/C  C recovery rate N recovery rate 

SM 37.19±0.70 4.93±0.18 2.14±0.11 32.27±0.03 0.25±0.02  1.59±0.02 0.65±0.01  - - 

CM 30.4±0.80 4.32±0.25 3.22±0.14 29.66±0.30 0.35±0.14  1.71±0.14 0.73±0.01  - - 

H-SM 40.61±0.91 4.15±0.10 2.11±0.12 11.72±1.29 0.18±0.03  1.23±0.00 0.22±0.03  47.40±0.75 42.79±0.29 

H-CM 28.44±1.08 2.84±0.13 2.05±0.17 5.65±0.05 0.25±0.01  1.20±0.10 0.15±0.01  41.69±1.08 28.33±0.72 

SM2CM1 39.74±0.29 4.15±0.12 2.26±0.12 5.58±1.10 0.17±0.02  1.25±0.03 0.11±0.02  57.08±0.25 45.36±2.62 

SM1CM1 38.19±0.17 4.11±0.10 2.42±0.09 5.38±1.69 0.20±0.02  1.29±0.03 0.11±0.03  59.07±1.15 47.21±2.13 

SM1CM2 34.54±0.76 3.80±0.08 2.17±0.01 5.39±0.40 0.20±0.05  1.32±0.03 0.12±0.01  57.69±0.10 41.41±0.03 

a Calculated by difference: O%=100%-C%-H%-N%-S%-ash% (dry basis) 
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Table 2. Proximate analysis, HHV, and energy yield of the solid samples. 

Sample Proximate analysis (%) HHV (MJ/Kg) Energy yield (%) 

 Moisture Fixed carbona Volatile matter Ash   

SM 8.32±0.08 17.86±1.46 50.60±0.60 23.22±0.78 14.96±0.47 - 

CM 7.63±0.17 15.25±1.75 45.07±1.07 32.05±0.85 11.95±0.01 - 

H-SM 0.93±0.05 20.31±0.59 37.53±0.11 41.23±0.43 16.97±0.56 49.25±0.68 

H-CM 0.61±0.07 14.53±1.00 24.09±0.21 60.77±0.72 11.40±0.25 42.55±1.56 

SM2CM1 0.76±0.08 21.19±1.00 29.95±0.53 48.10±0.55 17.15±0.34 61.68±0.52 

SM1CM1 0.41±0.04 19.26±0.93 30.63±0.42 49.70±1.31 16.55±0.32 64.32±0.98 

SM1CM2 0.89±0.07 17.28±0.62 27.93±0.33 53.90±0.22 14.83±0.21 62.48±0.78 

a Calculated by difference: Fixed carbon%=100%-moisture%-volatile matter%-ash%
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Table 3. Synergistic coefficient of various parameters from the hydrochars. 

Synergistic coefficient (%) Samples 

 SM2CM1 SM1CM1 SM1CM2 

C content 8.72±0.06 10.62±0.76 6.28±0.98 

Fixed carbon 15.24±0.88 10.55±0.29 5.06±1.75 

C recovery rate 25.46±0.94 32.59±0.53 32.35±1.64 

Energy yield 31.18±0.93 40.12±0.31 39.53±0.79 
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Table 4. Combustion parameters of the feedstocks and derived hydrochars.   

 
Sample Ti

a  

(ºC) 

Tf
b  

(ºC) 

Tp1
c 

(ºC) 

DTG1
d
 

(%/min) 

TP2
c
 

(ºC) 

DTG2
d
 

(%/min) 

TP3
c 

(oC) 

DTG3
d
 

(%/min) 

S 

(10-6 ºC 

-3 min-2) 

SM 260.4 510.5 -  288.4 -22.2 459.8 -12.3 3.4 

CM 262.5 555.3 -  289.2 -25.7 501.5 -17.3 2.7 

H-SM 264.8 552.2 -  324.5 -7.7 440.7 -9.9 0.97 

H-CM 318.4 743.4 -  445.9 -26.0 706.2 -6.2 0.57 

SM2CM1 229.3 553.9 265.5 -10.6 335.1 -28.1 447.6 -35.3 3.4 

SM1CM1 220.2 560.8 251.6 -4.3 333.7 -13.7 449.7 -19.0 1.9 

SM1CM2 222.7 543.2 254.1 -1.5 342.3 -4.5 451.3 -6.5 0.61 

a Ti: the ignition temperature (oC).  

b Tf: the burnout temperature (oC). 

c Tp1, Tp2, Tp3: peak temperature (oC). 

d DTG1, DTG2, DTG3: corresponding mass loss rate. 
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Table 5. Kinetic parameters of the feedstocks and derived hydrochars. 

Sample Stage 1  Stage 2  Stage 3 

 Tr
a Eb R2c  Tr E R2  Tr E R2 

SM - - -  230-350 57.0 0.990  420-540 54.4 0.997 

CM - - -  220-380 59.0 0.996  440-590 26.2 0.957 

H-SM - - -  270-360 36.0 0.998  380-600 37.1 0.999 

H-CM - - -  230-600 36.6 0.999  630-770 58.6 0.934 

SM2CM1 200-280 66.7 0.992  285-370 49.0 0.995  380-610 40.3 0.999 

SM1CM1 210-270 41.9 0.998  280-370 41.8 0.998  385-620 39.3 0.999 

SM1CM2 210-280 28.6 0.996  285-370 44.2 0.996  380-600 43.7 0.999 

a Tr: temperature range (oC). 

b E: activation energy (KJ/mol). 

c R2: correlation coefficient. 
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Fig. S1. DRIFTS results of the derived hydrochar: H-SM (a) and H-CM (c); (b) and (d) are the 

corresponding 2D-DRIFT spectra.   

3500 3000 2500 2000 1500 1000

-C=N

=C-H

100
o
C

200
o
C

300
o
C

400
o
C

500
o
C

600
o
C

-C-H

-C-O

-C=C-O-H

-C=O

A
b

so
rb

a
n

ce
 (

a
.u

.)

 

 

Wavenumber (cm
-1
)

-C-H

700
o
C

(a) (b)H-SM

3000

-OH

=C-

H

C-H

600

700

500

400

300

200

100

T
em

p
er

a
tu

re
 (

o
C

)

Wavenumber (cm-1)
3550 10001750

C=

O
C=C

C-O

C-H

C=

N

H-SM

3000

-OH

=C-H

C-H

600

700

500

400

300

200

100

T
e
m

p
e
r
a
tu

re
 (

o
C

)

Wavenumber (cm-1)
3550

600

700

500

400

300

200

100

4000 3000 1000

-OH

=C-H

C-H C=O C=C
C-O

C-HT
e
m

p
e
r
a
tu

re
/o

C

Wavenumber/cm-1

17503550

C=N

(d)(c)

3500 3000 2500 2000 1500 1000

-C=N

=C-H -C-H

-C-O

-C=C

-C=O

-C-H

-O-H

100
o
C

200
o
C

300
o
C

400
o
C

500
o
C

600
o
C

700
o
C

A
b

so
rb

a
n

ce
 (

a
.u

.)

 

 

Wavenumber (cm
-1
)

H-CM H-CM



44 

 

10 20 30 40 50 60 70 80



 CaCO
3

 Ca
2
P

2
O

7
 SiO

2

 



    SM1CM2

  SM1CM1

  SM2CM1

  H-CM 

  H-SM 

CM 

 

 

2-Theta/degree

 SM 



 

Fig. S2. XRD patterns of the feedstocks and derived hydrochars.  
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Fig. S3. Co-HTC mechanism of SM and CM. 

Swine 

manure

Chicken 

manure

Hydrolysis

Hydrolysis

Mutual interaction 

Carbohydrate

Protein

Lipid

Maillard; 

Cross-linking;

Polymerization;

Condensation;

Dehydration;

Decarboxylation;

……

Hydrolysis



46 

 

Table S1. Crystalline sizes of key mineral phases in the feedstocks and hydrochars obtained in 

different reaction systems. 

Solid sample Crystalline sizes (nm) 

 SiO2 CaCO3 Ca2P2O7 

SM 33.1 22.2 25.6 

CM 39.8 23.0 35.3 

H-SM 36.7 14.2 56.4 

H-CM 49.8 40.8 26.2 

SM2CM1 40.8 19.8 48.4 

SM1CM1 40.2 27.0 45.9 

SM2CM1 47.5 26.2 41.4 

 

Table S2. Compositional analysis of the liquid product derived from the HTC of the individual 

feedstocks and their mixtures. 

Compound Relative content (%) 

 SM CM SM2CM1 SM1CM1 SM1CM2 

Organic acids      

Acetic acid 33.36 61.48 41.61 39.36 45.49 

Propanoic acid 13.72 - 13.58 12.13 9.17 

Butanoic acid 12.43 - 12.57 12.37 2.08 

Hexanoic acid 2.54 - 2.80 2.87 8.08 

Propanedioic acid, propy- 1.24 - - - - 

Ketones      

2-Piperidinone 5.70 - 4.47 3.86 3.02 

2(1H)-Pyridone, 6-methyl- - - 0.97 - 1.57 

4,4-Dimethyl-2-cyclopenten-1-one - - 0.44 - - 

(S)-(+)-2',3'-Dideoxyribonolactone - - 0.49 - - 

2-Pyrrolidinone 1.66 4.43 - 2.84 2.05 

2,5-Pyrrolidinedione, 1-methyl- - - - 1.03 - 

Nitrogenous compound      

Acetamide 2.20 - 3.81 - 1.99 

Propanediamide 1.80  - 4.42 - 

Propanamide 0.40  - 1.27 - 

Butanamide - - - 1.28 0.79 

Urazole  - - - - 1.16 

Formamide, N, N-dimethyl- - - 1.13 - - 

Pentanamide, 5-hydroxy-  - - 1.42  - 

Pyrazine, 5-butyl-2,3-dimethyl- - - 0.33  - 
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2-Amino-4-methylpyrimidine  - 2.84 -  - 

3,5-Dimethyl-1-butylpyrazole - 4.04 -  - 

 Pyrrole, 2,3,4,5-tetramethyl- - 1.41 -  - 

Phenols      

Mequinol  1.17 - 1.13 - 0.92 

Phenol, 3-methyl- 0.48 0.74 - - - 

3-Pyridinol  0.71 - - - - 

Phenol - - 0.95 0.68 0.91 

Phenol, 4-methoxy- - - - 0.59 1.97 

Alcohols      

3-Pyridinol 15.95 25.07 13.34 14.07 19.89 

3-Pyridinol, 6-methyl- - - 0.95 1.07 - 

3-Pyridinol, 2-methyl- - - - 1.11 - 

Esters      

Diethyl Phthalate 6.29 - - - - 

Pyridin-3-yl 2-methylbutanoate 0.36 - - - - 

2-Hydroxy-gamma-butyrolactone - - - 1.04 - 

Aldehydes      

Butanal, O-methyloxime - - - - 0.91 

 

 

 


