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A B S T R A C T

The environmental challenges associated with food production can be addressed via the thermochemical 
upcycling of agro-industrial biomass. Two such methods, hydrothermal carbonization (HTC) and pyrolysis, can 
be coupled to first reduce the water content of wet biomass wastes by producing a hydrochar (HC) via HTC and 
then a bio-oil via pyrolysis of the HC. However, HTC of biomass results in the formation of secondary char (SC), 
an amorphous tar-like mixture resulting from organic compounds released into the aqueous phase that adsorb, 
recondense and polymerize on the parent biomass. This study investigated how HTC temperature impacts the 
formation of SC from apple pomace and the SC’s subsequent impact on fast pyrolysis products. HCs were pro
duced at temperatures of 175◦C, 200◦C, and 250◦C. Lower HTC temperatures favor the formation of biorefinery 
platform chemicals such as 5-hydroxymethylfurfural and levulinic acid, while higher temperatures result in 
increased lignin degradation products (i.e., phenolics). HCs were subjected to fast pyrolysis before and after SC 
extraction in two analytical pyrolysis instruments. Fast pyrolysis of HC produced compounds similar to those 
found in SC, but with variations in CO and CO2 emissions. The combination of SC extraction and fast pyrolysis 
demonstrates promise for recovering value-added compounds from agro-industrial waste biomass while retaining 
a solid char for fuel and carbon management.

1. Introduction

Upcycling agro-industrial waste is vital to mitigate the environ
mental impacts of modern agricultural and food production practices 
[1]. By recovering biomass destined for landfills, carbon can be 
reclaimed to produce value-added compounds [2]. Thermochemical 
conversion processes offer promising solutions to convert biomass car
bon into sustainable fuels or valuable chemicals and occur orders of 
magnitude faster than anaerobic digestion that produces relatively 
low-value methane [3,4].

The choice of thermochemical treatment process depends on feed
stock properties and treatment objectives. Hydrothermal carbonization 
(HTC) is often chosen to produce char from wet wastes. Because HTC 
occurs in an aqueous environment, a drying step is not required [5]. 
Pyrolysis is the more commonly chosen thermochemical conversion 
process but requires a step in which latent moisture content is removed 

before pyrolysis [6]. During fast pyrolysis, heating rates range between 
10 and 10,000 ◦C/min with a residence time of mere seconds [16]. The 
bio-oil yield is higher from fast pyrolysis than from slow pyrolysis 
(residence times range from minutes to hours), but a very dry biomass, 
(with a moisture content < 10 %) is ideal [17,18]. Pyrolysis, specifically 
fast pyrolysis, is more commonly elected to produce bio-oil, while HTC 
(temperature ranging from 175 to 250◦C) is typically utilized to produce 
a solid hydrochar (HC). Both treatments concentrate fixed carbon into a 
solid char, but due to the closed-system reactor that is used in HTC, a 
portion of the compounds that are initially hydrolyzed from the biomass 
into the water phase undergo condensation and polymerization re
actions to form a secondary layer of char (secondary char, SC) on the 
surface of the primary layer of char [7] (primary char, PC). We note that 
SC is a complex amorphous mixture that contains products of secondary 
polymerization reactions as well as hydrolyzed compounds adsorbed 
from the liquid phase. Preliminary studies show that HC poses a threat to 
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the environment when applied to land, as it is potentially phytotoxic (an 
effect ascribed to the SC [8]). However, several papers have acknowl
edged that by extracting SC from HC, PC can be isolated and is more 
inert, showing properties more akin to a biochar which is often used in 
environmental applications. Isolated SC contains compounds that may 
have value in other fields [7,9–11].

Hydrochar was previously explored as a feedstock for pyrolysis in a 
cascading thermochemical conversion pathway [12,13]. Pyrolyzing HCs 
causes devolatilization of both the carbonaceous matrix and the semi
volatile SC on the surface, all of which can be condensed into a bio-oil. 
Few studies have investigated fast pyrolysis of HC. One demonstrated 
that cellulosic HC can produce value-added compounds during fast py
rolysis, including furans, which can form polyfuranics via poly
condensation and polymerization reactions [14]. Another study using 
almond shell hydrochar found that fast pyrolysis at 500◦C for 15 s 
produced a valuable bio-oil consisting of phenolics and sugars, indi
cating that valuable compounds can be retrieved from this cascading 
thermochemical pathway [15].

However, no study to date has attempted to deconvolute the devo
latilization of secondary char (SC) from other pyrolytic reactions that 
occur during pyrolysis of HC. We hypothesize that valuable compounds 
present in the SC can be concentrated by either solvent or pyrolytic 
extraction; as such, we set out to investigate the devolatilization of these 
compounds during fast pyrolysis in a quantitative manner. The moti
vation for SC extraction was two-fold: first, to determine the composi
tion of SC and to understand the role SC devolatilization plays in HC 
pyrolysis, separate from that of PC pyrolysis. Second, to determine if 
extracting the SC before pyrolysis yields value-added compounds (in the 
SC extract) and impacts the pyrolysis bio-oil. In this study, SC was 
extracted from HC before analytical fast pyrolysis to investigate the 
composition of the pyrolysis products when PC is pyrolyzed, as 
compared to pyrolysis of HC. Using analytical fast pyrolysis, the for
mation of pyrolysis vapors was quantified to determine their composi
tion as a function of HTC process conditions. Although chemical 
extraction informs us of the composition of SC, it cannot shed light on 
the compounds that are devolatilized when SC undergoes pyrolysis – a 
critical question to ask in the context of compound recovery. The 
composition of vapors released from hydrochar were examined, both 
before and after SC extraction, by pyrolyzing HC and post-extraction PC, 
to determine the degree to which SC influences the compounds within 
the vapors.

2. Methods and materials

Apple pomace (AP) was produced using Ruby Frost apples (Malus 
domestica) grown in New York State, which were cored, pulverized, and 
pressed to make AP. AP was stored at −4◦C and thawed prior to 
experimentation. AP was hydrothermally carbonized at three tempera
tures (and one residence time). The HCs were characterized and a 
portion of each subjected to solvent extraction and analysis. The HCs 
were subjected to three different analytical pyrolysis techniques. An 

experimental flowchart is show in Fig. 1; method details are provided 
below.

2.1. Hydrothermal carbonization of AP

AP was carbonized in a 1-L Parr Series 4525 Bench Reactor equipped 
with a 4848 Parr Controller at Cornell University in Ithaca, NY. Exper
iments were performed at either 175◦C, 200◦C, or 250◦C, with a resi
dence time at final temperature of 2 hours. The AP was loaded into the 
reactor with deionized water at a ratio of 15 % dry biomass to 85 % 
water. The reactor was flushed three times with high purity nitrogen and 
then pressurized with nitrogen to 0.55–0.57 MPa to eliminate oxygen 
from the system. The reactor was heated to temperature at an average 
heating rate of 2.6 ◦C/min. These temperatures were chosen to test 
within the bounds of hydrothermal carbonization (175–250◦C). Upon 
reaching 60◦C, the reactor was set to stir at 400 RPM. After a hold of 
2 hours at the reaction temperature, the reactor was rapidly cooled 
using an ice bath and then depressurized. The hydrochar and process 
water were separated using vacuum filtration on a cellulose filter paper 
(Whatman, 45 µm). The mass of HC was recorded to determine the yield 
and the gas yield was calculated by applying the ideal gas law, using the 
difference in pressure before HTC and after quenching. Liquid yield was 
calculated by difference.

2.2. Secondary char extraction and analysis

Secondary char extraction was performed using dichloromethane 
(DCM) in a Dionex 350 Accelerated Solvent Extractor (ASE, Thermo
Fisher). For mass balance purposes, 10 mL extraction cells and a cellu
lose filter were pre-weighed, after which 0.50 g of AP HC were added. 
The cell was sealed and placed in the autosampler. The programmed 
method for extraction was as follows: the cell was heated to 100 ◦C 
during two 5-minute extraction cycles with a static time of 4 minutes in 
between. During each cycle, 10 mL of DCM was pumped through the cell 
at 10.34 MPa (1500 PSI). Over two cycles, the total DCM use was 20 mL. 
After the cell cooled, it was placed in an oven overnight at 80 ◦C and the 
final mass of primary char, cell and filter paper was recorded. The mass 
of the SC was determined by difference. The extracted SC was stored in 
glass vials in the refrigerator (at 4◦C) prior to analysis.

1 mL of the extracted secondary char in DCM was added to a vial for 
compositional analysis via Gas Chromatography-Mass Spectroscopy 
(GC-MS). A Shimadzu GC 2010 Plus GC-MS with a Restek Rtx-5sil MS 
30 m fused silica column was used for compound detection and quan
tification of the SC. Samples were run on a split ratio of 10:1, and the GC- 
MS was programmed with a column oven temperature of 40 ◦C, injection 
temperature of 280 ◦C, ion source temperature of 230 ◦C, and interface 
temperature of 320 ◦C. The oven temperature started at 40 ◦C, was held 
was held for 6 minutes, ramped to 300 ◦C at at 5 ◦C/min where it was 
held for 5 minutes, and then cooled at a rate of 20 ◦C/min to 250 ◦C 
before cooling to ambient conditions. The compounds detected by the 
MS were identified using a NIST library with at least 70 % match and 
quantified by area counts using a calibration of 89 compounds often 
seen in treated lignocellulosic biomass. An open-source Python code was 
used for data analysis published by Pecchi and Goldfarb [19].

2.3. Solids characterization

Proximate analysis was performed using approximately 6 mg of 
sample added to 70 μL ceramic crucibles in a TA Instruments Simulta
neous Thermal Analyzer 650. Samples were heated at 50 ◦C/min under 
high purity nitrogen flowing at 100 mL/min to 110 ◦C and held for 
30 minutes to remove moisture. The temperature was then increased at 
a rate of 10 ◦C/min to 900 ◦C and held for 30 minutes to determine 
volatile matter (VM) content. The gas was then switched to dry air 
flowing at 100 mL/min and the temperature ramped to 950 ◦C at 
10 mL/min to determine fixed carbon (FC) content. Analyses were run 

Fig. 1. Experimental flowchart to explore the impact of secondary char on fast 
pyrolysis of apple pomace hydrochars.
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in triplicate.
Higher heating values (HHV) were determined according to CEN/TS 

14918 standards using a Parr 6200 Calorimeter calibrated with benzoic 
acid. HC and PC samples were measured in triplicate. Raw-AP was 
excluded due to the slurry nature of the sample, with a moisture content 
of ~80 %. Energy yield (reported on dry basis) was determined from 
HHV values as follows [20]: 

Energy yield (%) = HHVHC / HHVRaw-AP * (Solid yield %)               (1)

Ultimate analysis was performed on Raw-AP, HCs and PCs using a 
CE-440 Elemental Analyzer (Exeter Analytical Inc.) to determine the 
elemental composition (C, H, N, and O by difference; available in Sup
plemental Information, SI). The higher heating value (HHV) of the Raw- 
AP was calculated based on the elemental analysis (available in SI) ac
cording to the modified Dulong’s Equation [21].

Surface areas of the char samples were analyzed on a Micromeritics 
3Flex. Samples were degassed at 180 ◦C for 48 hours under vacuum 
prior to analysis. BET surface area was measured using five isotherm 
points between 0.05 and 0.30 relative pressure with confidence intervals 
reported based on the linear regression of BET curve fitting [22].

2.4. Analytical pyrolysis

Three unique analytical pyrolysis systems were used at two separate 
locations. At the National Renewable Energy Laboratory (NREL) in 
Golden, CO a tandem micro-furnace pyrolyzer (PY-2020iS, Frontier 
Laboratories, Japan) was coupled to an Agilent 7890/5974 GC-MS-FID- 
TCD. Approximately 500 μg of HC and PC samples were loaded into 
80 μL stainless steel cups, which were placed into the autosampler 
which dispensed samples into the pyrolysis zone at 600 ◦C (with inter
face at 350 ◦C). Pyrolytic vapors were carried in He flowing at 54 mL/ 
min over a liquid nitrogen trap to collect the condensable vapors. Non- 
condensable vapors were carried into a GS-GasPro column and were 
measured by a thermal conductive detector (TCD). The condensed va
pors were separated in an Ultra-Alloy-5 capillary column that utilized a 
stationary phase of 5 % phenyl and 95 % dimethyl polysiloxane. The GC 
oven was programmed to hold at 40 ◦C for 3 minutes and then ramped to 
240 ◦C at a rate of 6 ◦C/min. A NIST library was used to identify the 
compounds and quantification was performed using FID, which was 
calibrated with nonane and checked against several other short-chain 
alkanes. A response factor was calculated for 42 compounds based on 
the effective carbon number, as described in Scanlon and Willis (1985) 
[23]. The TCD and MS were calibrated by area to quantify CO and CO2, 
respectively.

Pyrolysis-molecular beam mass spectrometry (Py-MBMS) was also 
used at NREL to analyze pyrolysis vapors from HCs and PCs [24–26]. 
Approximately 5 mg of sample was added to an 80 µL stainless steel 
crucible and loaded onto an autosampler. The sample was then intro
duced to a quartz pyrolysis reactor at 600◦C with a 0.9 L/min helium 
carrier gas flow. MS data was recorded at m/z 30–450 over 60 s using 
17 eV electron impact ionization. Data was taken in triplicate. MS data 
was acquired using an Extrel Super-Sonic MBMS Model Max 1000 and 
then processed using Merlin Automation Software (V3).

At USDA-ARS Eastern Regional Research Center in Wyndmoor, PA, 
micropyrolysis experiments were conducted on hydrochar produced at 
200◦C (AP-HC-200) and raw apple pomace (AP-Raw). A Frontier Lab 
Double-Shot micro pyrolyzer PY-3030iD with a Frontier Lab Auto-Shot 
Sampler AS-1020E, with a Shimadzu GC-2020 GC-MS-FID attached 
was coupled with a catalytic microreactor (Polyarc, Activated Research 
Company), which converted all organic compounds to methane for 
universal response detection by a flame ionization detected (FID), and 
used to quantify volatiles from pyrolysis. Separately, a Py-GC-MS was 
used to identify the compounds in the pyrolysis vapors. For this analysis, 
500 μg of sample was added to a steel cup that was loaded into the 
autosampler, which dropped the sample into a micropyrolyzer (Multi- 

Shot Pyrolyzer EGA/PY 3030D, Frontier Laboratories Ltd), which was 
connected inline to a GC. A 2.5 mL/min flow of He was used as a carrier 
gas and the volatiles were sent through a Restek RTX-1701 GC column 
with 0.25 mm ID x 60 m length and a 0.25 μm film thickness. The inlet 
temperature was held at 280 ◦C and a split ratio of 30:1 was used. The 
column oven was initially held at 45 ◦C for 4 minutes and then heated at 
3 ◦C/min to 280 ◦C, where it was held for 20 minutes. The Polyarc 
reactor was heated to 300 ◦C. Compounds were detected by the FID at 
300 ◦C with a hydrogen flow rate of 1.5 mL/min and an air flow rate of 
350 mL/min. AP-Raw was pyrolyzed at 550 ◦C and HC-200 was pyro
lyzed at 550◦C and 700 ◦C, all in triplicate. A NIST library was used to 
identify compounds. Quantification was done using integrated peak 
areas which was quantified relative to the integrated peak area of o- 
cresol, an external standard.

3. Results and discussion

Apple pomace (AP) underwent HTC at three temperatures: 175, 200, 
and 250◦C, and the resulting HCs underwent SC extraction to isolate PC 
as a solid and SC in a DCM liquid phase. The HCs and PCs underwent fast 
pyrolysis at 600◦C to quantitatively determine the composition of vol
atile and semivolatile compounds produced. AP Samples were named 
using their status as HC, PC, or SC and the carbonization temperature; i. 
e., HC-175 or PC-175, etc.

3.1. Hydrochar and primary char yields and properties

The yields of HC (Table 1) show that as temperature increased, solid 
(HC) yield decreased, and gas and liquid yields increased. The gas is 
expected to be a mixture of predominantly CO2 and some CO as decar
bonylation, decarboxylation, and deoxygenation reactions proceed 
during HTC [27,28]. The liquid phase was not a focus of this study, but 
as an aqueous solution enriched with carbon, it may have applications in 
chemical and nutrient recovery or recirculated in further HTC experi
ments [29], and will be more thoroughly discussed in future work.

Higher heating value (HHV) quantifies the energy density of the 
samples in MJ/kg hydrochar while the energy yield shows the amount of 
energy in the feedstock that was recovered post-HTC and SC extraction. 
Shown in Table 1, the HHVs and the energy yields increase with HTC 
temperature and decrease post-SC extraction compared to HC equiva
lents. The HHV of HC-250 is notable at 35.55 MJ/kg, as it is very near to 
the energy density of bituminous coals, which can range from 35 to 45 
MJ/kg [30]. The HHV values are all statistically significantly different 
from the Raw-AP (p-value <.01, two-tailed t-test of pairwise data), and 
the HCs all show significant differences from one another. The HHV of 
HC and PC produced at 200◦C are not statistically significantly different, 
which may indicate that SC extraction both isolates valuable compounds 
from the HC and retains the energy density in the PC. PC-200 also has 
the lowest yield (12.90 ± 0.98 wt%) which may be a factor in the high 
retained energy density. The energy densities of HC- and PC-175 as well 
as HC- and PC-250 are both significantly different from each other, 
which indicates that removing SC from the HC (with the exception of 
200◦C) removes valuable materials from an energy perspective, but it 
may also indicate that the compounds in SC have value as isolated 
compounds in other applications.

Raw AP, HCs and PCs were characterized via thermogravimetric 
analysis to determine volatile matter (VM) and fixed carbon (FC) con
tent, as shown in Fig. 2. The proximate analysis results show Raw AP to 
have the lowest FC content, and both high VM and ash content (provided 
in SI). As HTC temperature increases, FC increases. Additionally, FC 
content increases and VM decreases post-SC extraction; however, only 
HC-175 and PC-175 show statistically significant differences (p-value <
0.05) among these data.

Values are shown as an average of three replicates ± one standard 
deviation.
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3.2. Secondary char composition

The secondary char composition as analyzed by GC-MS (Fig. 3) 
highlights the impact of HTC temperature on SC formation and 
condensation of organics on the surface of primary char. At low 
carbonization temperatures, 5-hydroxymethylfurfural (5-HMF) is 
dominant as it is the main dehydration product of glucose [31]. As the 
5-HMF further degrades it decomposes into a mixture of carbonyls (al
dehydes and ketones) and levulinic acid, a C5 short-chain acid resulting 
from the furan ring opening. At higher temperatures, 5-HMF compounds 
merge together via alpha-carbons to form the carbonaceous scaffold of 
hydrochar in the form of a polyfuran [32]. The concentration of 5-HMF 

decreases as the temperature increases, with AP-175 having 17 wt% 
5-HMF, AP-200 having 11 w%, and AP-250 having 0.43 wt%, while 
levulinic acid concentration increases from 0.19 wt% to 0.52 wt% to 
1.68 wt% as the carbonization temperature increases. Fatty acids are 
present in apple skin [33] and are present in concentrations of 2 %, 4 %, 
and 3 %, for AP-175, 200, 250, respectively. Pecchi et al. [34] found the 
hydrolysis of triglycerides to be correlated with carbonization temper
ature up until 250◦C, at which point reactions proceed without kinetic 
limitations. Here, the fatty acid content in AP-200 and AP-250 is not 
significantly different (p>0.05), nor is the fatty acid content in AP-175 
and AP-250, so no conclusions can be drawn with regards to any dif
ference in fatty acid concentration with increased carbonization tem
peratures. Phenols and other aromatics present in AP-SC-250 are likely 
due to a breakdown of the lignin content of the AP [35], which can be 
found in the range of 15–23 % [36]. The total yield displayed in Fig. 3
represents the percent of the SC that was detected via GC-MS.

SC recovery appears to decrease with carbonization temperature 
(statistically significantly different between SC-175, SC-200 and SC- 
250). As the extraction was performed with DCM, it is possible that 
the compounds present in the SC from higher temperatures were insol
uble due to increased polarity or they consisted of molecules that are not 
detectable via GC-MS due to boiling point.

3.3. Pyrolysis product composition as determined by Py-GC-MS

Analytical pyrolysis allows for pyrolysis vapor identification in situ 
and is useful for analysis of pyrolysis products. The compounds devo
latilized during HC and PC pyrolysis were identified by a MS and then 
quantified using FID and a set of standards. Composition and total 

Table 1 
HTC and secondary char extraction yields reported on a dry AP basis and HC basis, respectively. Liquid yields calculated by difference for both HC and PC. Heating 
values of raw AP and HC, PCs. Values are reported as an average of three samples ± one standard deviation.

HTC and Extraction Yields (wt%) HHV (MJ/kg) of Solid Energy Yield (% feedstock basis)

Solid Liquid Gas

As-Carbonized Hydrochar Yields
Raw ​ - ​ ​ - ​ ​ - ​ 18.14 ± 0.13 -
HC−175 49.3 ± 1.7 49.5 ± 1.4 1.3 ± 1.3 22.92 ± 0.43 62 %
HC−200 48.6 ± 7.0 47.2 ± 7.1 4.2 ± 0.2 25.79 ± 0.42 69 %
HC−250 43.1 ± 2.1 50.4 ± 2.4 6.5 ± 0.4 35.55 ± 0.85 85 %
Secondary Char Extraction Yields
PC−175 76.64 ± 3.12 23.36 ± 3.12 - 21.56 ± 0.31 45 %
PC−200 87.10 ± 0.98 12.90 ± 0.98 - 25.09 ± 0.87 59 %
PC−250 85.46 ± 2.01 14.54 ± 2.01 - 27.36 ± 1.14 64 %

Fig. 2. Volatile matter and fixed carbon content on a dry basis of the AP-Raw, 
HC, and PCs.

Fig. 3. GC-MS analysis of SC-175, 200, 250 extracted in DCM, shown as 
functional groups detected on the basis of wt% of SC. Reported as an average of 
three triplicates ± one standard deviation.

Fig. 4. Pyrolysis vapors as determined by Py-GC-MS-FID-TCD at 600◦C. Re
ported on a HC-wt% basis. Values are reported as an average of three samples ±
one standard deviation.
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detectable yield of pyrolysis vapors emitted from HC and PC are shown 
in Fig. 4. Values are provided on a basis of wt% hydrochar, to allow 
comparisons between the HC and PC that demonstrate the loss of 
compounds from the SC extraction. The use of TCD also allows for 
quantification of the CO that can be produced during pyrolytic cracking 
[37].

HC-175 and PC-175 show a total product identification of 30 % and 
20 %, respectively. As PC makes up 75 % of HC, it appears that the 
change in detected compounds may be directly correlated to the com
pounds removed during SC extraction. Statistically, these two values 
show a significant difference in total product identification (p < 0.05). 
Yet, these samples show nearly identical CO and CO2 emissions during 
fast pyrolysis, which indicates CO and CO2 are formed from the pyrolysis 
of PC, whereas the SC devolatilization does not produce these gases. 
Instead, SC reactions may be dehydration or rehydration reactions or the 
formation of other small molecules that are not detected by the 
analytical equipment. Not surprisingly, the furans present in the low- 
temperature SC are devolatilized during this rapid pyrolysis; the fur
anic compound yield for PC-175 is almost 75 % lower than HC-175. 
Similarly, the relative amounts of phenols and acids decrease in bio- 
oil, and there’s a slight increase in the relative abundance of carbonyls 
produced from PC-175 vs HC-175 due to extraction.

The HC-200 and PC-200 show a total product identification of 25 % 
and 20 %, respectively, though these values do not show a statistically 
significant difference (p>0.05). The smaller difference in detected 
compounds from that of HC-175 and PC-175 may be due to the smaller 
amount of SC on the surface of HC-200 (12.9 %). For both 175 and 200 
◦C, there is a lower concentration of furans in the PC as they are 
extracted as SC. There is a significant difference between the CO2 

produced during HC and PC pyrolysis, which may be due to the 
increased acid concentration in the SC undergoing cracking reactions, 
producing CO2.

The HC-250 and PC-250 show a total product identification of 21 % 
and 23 %, respectively, though these values are not statistically signif
icantly different from one another (p>0.05). It is possible that there 
were few detectable compounds released from SC-250.

The data in Fig. 4 shows that AP carbonized at 175◦C has the most 
volatiles, likely due to the high 5-HMF content on surface of HC-175 as 
well as the relatively lower carbonization that occurs at 175◦C, versus 
200◦C and 250◦C. As the carbonization temperature increases, furans 
are likely to either degrade into smaller compounds, including CO and 
CO2, or become part of the carbonaceous matrix as a polyfurans, which 
would point towards the decreased volatiles released during pyrolysis.

The MBMS data in Fig. 5a shows the mass normalized total ion count 
TIC (in TIC/ g char) binned in groups of 30 m/z ratios from 30 to 450 m/ 
z (Full spectra available in SI). The figure shows 175◦C HTC temperature 
to have increased volatilization compared to the other HTC tempera
tures, with the sum of mass-normalized intensities peaking at approxi
mately 4 ×10 TIC/g char, while 200◦C and 250◦C show maximum TIC 
sums around 10 ×107 TIC/g char. The increased vapors detected from 
HC- and PC-175 are likely due to the increased volatile matter present in 
these samples. Spectra at 175◦C and 200◦C show the majority of py
rolysis vapors to have smaller m/z ratios, below 150 m/z, while HC and 
PC-250 had pyrolysis vapors that ranged from 30 to 250 m/z. This is 
likely due to the degradation of lignin that occurs at 250◦C, which ul
timately allows for a higher aromatic content in the pyrolysis vapors. For 
instance, 2-methoxyphenol (m/z 124), eugenol (m/z 55, 91, 131), and 
coniferyl alcohol (m/z 179, 225) and aldehyde (m/z 147, 178) are 

Fig. 5. Py-MBMS spectra of HC and PC samples.
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present at much higher intensities in HC and PC-250 than at other 
temperatures.

Overall, MBMS showed that PCs produce a greater amount of py
rolysis vapors than HCs, which is counterintuitive as PC is expected to 
produce less pyrolysis vapors due to the extraction of SC. One possible 
explanation may be the possible presence of solvent still remaining on 
the surface of the primary char, but this would produce high intensities 
at m/z values typical for the solvent (DCM). However, it is more likely 
that SC inhibits the cracking of PC during pyrolysis or alters is structure. 
It appears that the presence of SC causes HC to have a lower surface area, 
which can be correlated to a lower amount of active sites on the surface 
of HC wherein pyrolytic reactions can occur, a phenomenon which has 
been previously reported [38,39]. The surface area of the PCs was found 
to be an order of magnitude higher than that of the HCs (provided in SI), 
which further supports the theory that removing SC provides more 
active sites for pyrolytic reactions to occur, thus producing more py
rolysis vapors.

3.4. Influence of temperature on fast pyrolysis

A representative hydrochar sample, HC-200, was analyzed using a 
Py-GC-MS-FID instrument at 550◦C and 700◦C in an attempt to under
stand how fast pyrolysis temperature influences bio-oil composition 
(Fig. 6). Raw AP was also pyrolyzed at 550◦C to investigate the differ
ence that carbonization has on bio-oils resulting from fast pyrolysis. The 
raw-AP primarily produced furans and acids during fast pyrolysis, with a 
total of 17 % of the initial HC identified. The increase in phenol con
centration between raw AP and HC-200 points towards the lignin matrix 
in AP undergoing some decomposition during carbonization, such that 
when the HC is pyrolyzed, it further degrades into phenolic compounds 
[40]. This is in agreement with previous studies comparing fast pyrolysis 
of raw biomass and hydrochar [15]. As 5-HMF is an initial degradation 
product of glucose, it is likely that more 5-HMF is released during py
rolysis of AP that has been carbonized, as glucose is further broken down 
relative to raw AP. The increase in hydrocarbons seen during fast py
rolysis at 700◦C indicates decomposition of fatty acids and carbonyls at 
higher temperatures.

3.5. Utilizing fast pyrolysis to recover value-added compounds

The overall motivation of this work was to investigate how the bio- 
oil composition in a cascading pathway is influenced by the presence 
of SC on the surface of AP HC, and what compounds could be recovered 
by fast pyrolysis of hydrochar. Using Py-GC-MS-FID-TCD, it was 

determined that removing the SC directly correlated to a decrease in CO2 
output due to fewer compounds being available to undergo pyrolytic 
reactions producing CO2. This was particularly true for AP carbonized at 
200 and 250◦C. At 175◦C, the HC and PC had no significant differences 
in CO2 formation but did show differences in CO and furans yield. The 
HTC yields as well as fast pyrolysis yields, SC composition, and proxi
mate analysis demonstrate that a carbonization temperature of 200◦C is 
sufficient to recover value-added compounds from hydrochar, though 
175◦C is more optimal for 5-HMF recovery. Recovery of 5-HMF is 
greater in both SC at 175◦C and pyrolysis of HCs. One might suppose 
that it would be more efficient to separate this 5-HMF via solvent 
extraction of the HCs rather than bio-oil separation. Future work could 
probe the recovery efficiencies and selectivities of SC vs bio-oil recovery 
of 5-HMF to optimize process design.

Some literature suggests that HTC residence time, rather than tem
perature, may be a more important factor in bio-oil composition, 
particularly due to increased lignin degradation occurring during longer 
residence times, ultimately producing more phenols in the bio-oil [15]. 
While reaction time was beyond the scope of this study (aimed at 
deconvoluting the impact of SC on pyrolysis of HCs), this reaction var
iable could be the basis of future work to optimize the conversion of AP 
to biofuels.

In terms of compound value and recovery, 5-HMF and levulinic acid 
are regarded as platform chemicals which have value as food additives, 
precursors to bioplastics, and other functional materials [2,41–43]. As 
illustrated in Fig. 7, these compounds form at relatively 
low-temperature HTC (175–220◦C), and as HTC temperature increases, 
they transform to polyfurans.

CO is a syngas component that is often produced using environ
mentally harmful catalysts, such as Ni-Co bi-metallic catalysts [44] and 
CeO2 – Ni/CaO-Al2O3 catalytic systems [45], but here we produce CO as 
a byproduct of fast pyrolysis of waste biomass. While tracking gas phase 
composition was beyond the scope of the present work, future studies 
could explore how to enhance CO production by building a more precise 
reaction map. The present work – as seen in Fig. 7 – demonstrates the 
feasibility and role of SC in recovering valuable bio-oils compounds via 
pyrolysis of HCs. Through this work, we demonstrated that a combina
tion of secondary char extraction and fast pyrolysis is a potential 
pathway to extract value-added compounds from agro-industrial waste 
hydrochar.

4. Conclusions

Apple pomace (AP), a waste biomass from agro-industrial activities, 
was carbonized at 175, 200, and 250◦C and the subsequent hydrochar 
was subjected to fast pyrolysis before and after secondary char extrac
tion. Hypothesizing that valuable compounds were present in the sec
ondary char, we set out to investigate the devolatilization of these 
compounds during fast pyrolysis in a quantitative manner. Secondary 
char (SC) derived from AP was found to have high 5-HMF and levulinic 
acid content at lower carbonization temperatures. These compounds are 
valuable platform chemicals that typically are produced from a virgin 
feedstock. Importantly, the presence of SC decreases the surface area of 
HC, which ultimately causes an inhibition of pyrolytic reactions. A 
combination of SC extraction and fast pyrolysis was found to allow for 
extraction of value-added compounds from hydrochar while maintain
ing a char material suitable for solid fuel applications.
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