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Abstract: Pine as a softwood and poplar as a hardwood pretreated with hydrochloric acid (HCI),
phosphoric acid (H3POy), and hypophosphorous acid (H3PO;) are studied for the pyrolytic properties
and products in thermogravimetry (TG) and fixed bed reactor. The pyrolysis performances are
pronouncedly distinguished due to the compositional and structural changes induced by the acid
pretreatments. Reduction in the mineral content in the biomass feedstocks by pretreatment with the
acids results in significant changes in the pyrolytic products. The residual P in the H3PO,-pretreated
biomass apparently catalyzed the biomass deeper dehydration in pyrolysis compared to the other two
mineral acids. TG analysis shows a shift of the temperature of maximum mass loss (T'max) by more
than 40 °C to lower temperature in the decomposition of the H3PO,-pretreated biomass from that of
the untreated and the HCl- and H3PO4-pretreated biomass. Inspired by the striking differences in
TG profiles of biomass pretreated by the three acids, thermal pyrolysis of pretreated biomass was
carried out in a fixed bed reactor aimed at producing biochemicals at low temperatures (330 °C
and 400 °C). The liquid products obtained from the fixed bed reactor show remarkably different
major anhydrosugars as a result of pretreatment by the three acids. While phenolics dominate in
the collected pyrolysis liquid from untreated biomass samples, biomass pretreated with all three
acids results in substantially reduced phenolics in the bio-oils. The reduction in phenolic compounds
in the bio-oil may be attributed to the reduction in mineral content in the feedstock. Consequently,
the yields of anhydrosugars, mainly levoglucosan (LG) and levoglucosenone (LGO) are increased.
LG yields of 20.9-28.5% from the cellulose content are obtained from HCIl- and H3POy-pretreated
pine/poplar, with very low LGO yield (less than 1.7%). However, H3PO,-pretreated biomass is
selective to produce LGO, especially at 330 °C. LGO yields of 7.4% and 6.7% are obtained from
H3PO;-pretreated pine and poplar, respectively.

Keywords: lignocellulosic biomass; acids pretreatment; hypophosphorous acid; thermal degradation;
fixed bed pyrolysis; levoglucosenone; levoglucosan

1. Introduction

Due to greenhouse gas-related environmental concerns linked to fossil resources,
the abundant renewable biomass has been regarded as a promising alternative for the
production of sustainable biofuels and high value-added chemicals [1-3]. Pyrolysis is a
thermochemical conversion process to produce bio-oils by cleavage of the lignocellulosic
organic matter in an inert atmosphere. The rapid development of pyrolysis technology in
recent years has made it one of the most energy efficient technologies in biomass utiliza-
tion [4-7]. Among pyrolysis products, pyrolysis oil, also known as bio-oil, contains various
valuable chemicals such as acids, aldehydes, ketones, furans, phenols, and anhydrosugars.
However, typical pyrolysis oil of raw biomass contains a complex mix of hundreds of
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organic compounds, and it is also very difficult to recover specific valuable chemicals
owing to their low contents. One of the strategies for increasing pyrolysis product quality
and value is to produce specific types of products with narrow distribution by developing
biomass pretreatment technology [8].

Anhydrosugars are valuable chemicals that can be made from pyrolysis of biomass-
derived polysaccharides [9]. Among anhydrosugars, particular interest has been placed
on obtaining levoglucosan (LG) and levoglucosenone (LGO) from thermal degradation of
cellulose component of biomass. LG and LGO (Figure 1) are optically active compounds
suited for the synthesis of biologically active products, and accordingly, are promising
monomers for the chemical and pharmaceutical industry [10,11]. However, thermal pyrol-
ysis of untreated lignocellulose biomass typically produces phenolic-rich complex mixture
of pyrolysis oil. A high level of inorganic minerals present in most biomass feedstocks
has been reported to catalyze fragmentation reactions that dramatically lower the yield of
simple sugars like LG [12]. In addition, some soluble inorganic species may be retained in
the produced bio-oil, and may negatively impact the physical properties and the storage
stability of the bio-oil [13].
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Levoglucosan (LG) Levoglucosenone (LGO)

Figure 1. The chemical structures of levoglucosan and levoglucosenone.

Biomass pretreatment is one of the key steps to improve biomass structural and com-
positional properties for pyrolysis process. Commonly used techniques include acid treat-
ment [13-16], alkali treatment [14,17], steam explosion [18], hot-water extraction [19,20], etc.
Acid pretreatment as a chemical method is effective in removing minerals from lignocellu-
losic biomass and can significantly increase the bio-oil yield in thermal pyrolysis [17,21,22].
Previous studies also demonstrated that the removal or passivation of minerals in biomass
by mineral acid is an effective method for improving the yields for anhydrosugars from
the pyrolysis of biomass [21,23]. Hence, biomass pretreatment with dilute acidic chemicals
have been considered an advantageous approach to improve the bio-oil quality.

In this work, we systematically studied the effect of hydrochloric acid (HCI), phos-
phoric acid (H3PO,) and hypophosphorous acid (H3PO,) in biomass pretreatment on the
biomass composition, the thermal decomposition profile, and the pyrolysis oil composition
and quality. Pine as a softwood and poplar as a hardwood are studied as representative
forest biomass feedstocks. Although two typical mineral acids HCl and H3PO4 have been
used for biomass pretreatment [24,25], there is no report on the effect of H3PO, pretreat-
ment on biomass pyrolysis. H3PO, is a phosphorus oxyacid; its formula is generally
expressed as H3PO;. A more intuitive presentation of H3PO, is HOP(O)H, to highlight
its monoprotic and P-H bond characters. In addition to its acid functionality, the two P-H
bonds in H3PO, are reactive to organic groups such as aldehyde [26]. Therefore, the dual
acid and reactive P-H functions of H3PO, may effectively modify the physicochemical
properties of biomass and hence may offer unique pyrolysis product compositions.

Because TG analysis offers the unique advantages of rapid assessment and precise
determination of the decomposition temperature profile, it has been used as one of the most
important techniques in investigating thermal behavior of biomass during combustion,
gasification, and pyrolysis processes [27,28]. However, limited by a small amount of sample
mass, TG experiment is not suited to collect the solid, liquid, and gaseous products for
unambiguously determining the mass balance. Therefore, a fixed or fluidized bed reactor
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can complement the study in order to obtain detailed information on product composition,
distribution, and properties.

In this study, three acids (HCI, H3PO4, and H3PO,) are used in the acid pretreatment
of pine and poplar. The pyrolysis characteristics of the pretreated biomass are then investi-
gated in detail using TG-DTG and a fixed bed reactor. The objective of this work is to study
the effect of different acid pretreatments on the structure and composition of softwood
and hardwood biomass and on their corresponding thermal decomposition profiles and
pyrolysis oil compositions.

2. Experimental
2.1. Materials

Two biomass species were chosen to represent two types of forestry feedstocks: pine
for softwood and poplar for hardwood. The pine and poplar were obtained from China
National Pulp and Paper Research Institute. The samples were ground using a mill
(SM200 Rostfrei, Retsch, Frankfurt, Germany) to pass through a 40 mesh (~1 mm) screen.
The moisture contents of pine and poplar were 8.7 wt % and 7.4 wt %, respectively, in
reference to the oven-dry material. A 50 wt % H3PO; solution in water and the other
reagents and solvents were obtained from commercial suppliers and were used without
further purification.

2.2. Biomass Composition Analysis

The compositions of biomass before and after acid pretreatment were analyzed via
a two-step acid hydrolysis according to the National Renewable Energy Laboratory (NREL)
protocol [29]. Eath sample was treated with 72% (w/w) sulfuric acid in a water bath at
30 °C for 1 h. Upon completion of the 60-min hydrolysis, the 72% sulfuric acid was diluted
to 4% by adding deionized water. The sample tube was then placed in the autoclave for
hydrolysis at 121 °C for 1 h. The hydrolysis solution was filtered and analyzed for sugar
content. The hydrolysis products, glucose and xylose, were quantified by HPLC equipped
with a refractive index detector (Agilent 1260 series, Anaheim, CA, USA) and an HPX-87H
column (300 x 7.8 mm, Bio-Rad, Hercules, CA, USA). The HPLC running temperature was
65 °C, and a 5 mM sulfuric acid solution was used as the mobile phase at a flow rate of
0.6 mL/min. The injection volume was 25 uL with a run time of 60 min. According to the
method of “Determination of Structural Carbohydrates and Lignin in Biomass” from the
National Renewable Energy Laboratory (NREL) [29], the concentration of the polymeric
sugars from the concentration of the corresponding monomeric sugars was calculated,
using an anhydro correction of 0.88 (or 132/150; the molecular weight of xylose is 150, the
dehydrated xylose has a molecular weight of 132) for C-5 sugars (xylose and arabinose)
and a correction of 0.90 (or 162/180; the molecular weight of glucose is 180) for C-6 sugars
(glucose, galactose, and mannose).

2.3. Biomass Acid Pretreatment

A 3 g (dry basis) portion of biomass was treated with acid (typical dosage is 5 mmol
acid/g biomass) in 30 mL solvent (contain 28 mL 1, 4-dioxane and 2 mL water) in a 100 mL
flask at 80 °C for 5 h. We have also evaluated different acid concentrations in the range of
3.3-10 mmol acid /g biomass. The results were not affected by the acid concentration in
this range. In order to compare the pretreatment differences of these three acids, 5 mmol
acid/g biomass was used as the pretreatment acid concentration. The content in the flask
was hot filtered after pretreatment. The solid part was washed with water until the solution
turned neutral. The biomass with and without acids pretreatment was dried according to
the National Renewable Energy Laboratory (NREL) protocol [29]. All the biomass samples
were dried at 105 °C for 24 h to a constant weight. We also determined that there was no
loss of water in TG up to 200 °C.
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The pretreated biomass composition was calculated as follows:

Cellulose (wt %) = (’Zfl’) x 100
O

Hemicellulose (wt %) = (n;HP> x 100
O

mLP
mo

Lignin (wt %) = ( ) x 100,

where mp and mg are recovered mass (g) of the acid-pretreated biomass and the mass (g) of
raw biomass, respectively. mc,, my,, and my, are the mass (g) of cellulose, hemicellulose,
and lignin in the pretreated biomass, respectively.

2.4. Characterization Methods

X-ray fluorescence (XRF) method: The mineral compositions of the samples were
determined using a PANalytical AxiosmAX X-ray fluorescence spectrometer with a 4 KW
water-cooled X-ray tube with Rh anode, 75 pm Be window, and 60 KV maximum acceler-
ation voltage. The recorded spectra were evaluated with the precalibrated/standardless
software Super Q (PANalytical, delivered with the XRF instrument) for analysis of approxi-
mately 70 elements from F to U.

CHNS analysis: Ultimate analysis of the biomass (CHNS) was performed using
an elemental analyzer (Vario EL cube, Elementar, Hesse, Germany). The oxygen content
was calculated by the difference method.

The morphology of biomass and biochar: The biomass and biochar samples were
exposed in a helium ion microscope (HIM (Orion Nano Fab, Carl Zeiss, Jena, Germany) to
a 25 keV focused helium ion beam at a working distance of 8-10 mm. Helium pressure
was maintained at 2 x 10~° Torr during the exposure and a 10 um beam-limiting aperture
was selected. A beam current of 1.66-2.19 pA was used.

2.5. Pyrolysis
2.5.1. Thermogravimetric Analysis (TGA)

Thermogravimetric profiles were obtained on a thermal analyzer (STA 449 F3, NET-
ZSC, Germany). The untreated biomass and acid-pretreated biomass samples were heated
from room temperature to 800 °C at a rate of 10 °C/min under N, at a flow rate of
20 mL/min. Prior to the measurement, the samples were extensively dried for 24 h in an
oven at 105 °C to eliminate water.

2.5.2. Pyrolysis in Fixed Bed Reactor

Rapid pyrolysis experiments of untreated and acid-pretreated biomass samples were
performed using a fixed bed pyrolysis reactor, as shown in Figure 2. The pyrolysis assembly
consists of the following components: a nitrogen cylinder, a mass flowmeter, a thermocou-
ple, a feedstock container, a quartz reactor, an electric furnace, a temperature controller,
and a three-flask condenser unit. High-purity nitrogen was used as carrier gas with a flow
rate of 200 mL/min. When the temperature of the tubular quartz pyrolysis reactor steadily
reached 400 °C or 330 °C, a biomass sample was directly drop-fed into the reactor from the
feedstock container. The feedstock container has a specially designed seal from the reactor,
preventing the pyrolysis gas stream from leaking through the container. The quartz tube
has a diameter of 2 cm and a length of 60 cm. One gram of sample was used for each experi-
ment and the pyrolysis time was controlled for 15 min at the set pyrolysis temperature. The
volatile pyrolysis matter in the product stream passed through the condensers where the
condensed liquid was collected. The solid residue (biochar) was removed from the reactor
and weighted. The yields of biochar and liquid products were obtained by weighing while
that of noncondensable gas was calculated by difference.
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Figure 2. Schematic of fixed bed pyrolysis unit.

The liquid product was analyzed with a gas chromatography—mass spectrometry
instrument (GC-MS, Agilent, 7890B-5975C, Palo Alto, Santa Clara, CA, USA) equipped
with a capillary column, HP-5MS (length 30 m, i.d. 0.25 mm, and film thickness 0.25 um,
Diiren, Germany). The temperatures of the injection port and ion source were held at 280
and 250 °C, respectively. The GC oven temperature was initially held at 50 °C for 3 min,
ramped up to 280 °C at a rate of 10 °C/min, and maintained at 280 °C for 2 min. The ion
chromatographic peaks were identified according to NIST MS library 2.0 and the peak areas
of identified products from different pyrolysis conditions were recorded. The LG and LGO
yields in the liquid products were quantitatively determined using external calibration by
GC. The yields of LG and LGO are calculated based on the masses of cellulose fractions
in the biomass feedstocks on dry basis. The GC instrument (Agilent, 7890A, Santa Clara,
CA, USA) was equipped with a capillary column, DB-1 (length 60 m, i.d. 0.32 mm, and
film thickness 0.50 um). Nitrogen was used as carrier gas. The injector temperature and
detector (FID) temperature were 280 and 300 °C, respectively. The oven program was the
same with the GC-MS.

2.6. Experiment Repeatability

All experiments were replicated three times, and the averaged analytical data were
used. The relative error was generally less than 5%.

3. Results and Discussion
3.1. Compositional and Morphology Changes of the Biomass Resulting from the Acid Pretreatments

The compositions of pine and poplar from proximate and ultimate analyses before and
after acid pretreatments are given in Table S1 (see Supplementary File). After pretreatment
with the three acids, changes in composition and ash content for pine and poplar are
similar. For clarity of data presentation and discussion, we only display the results on
pine in Figure 3A to illustrate the effect of acid pretreatments. Similar changes due to acid
pretreatment on poplar are shown in Figure S1.
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Figure 3. (A) Cell wall compositions of untreated and acid-pretreated pine, corrected for the measured solid recovery rate

and (B) mineral species and contents of untreated and acid-pretreated pine.

For untreated pine (Figure 3), the major plant cell wall components are 40.9% cellulose,
23.0% hemicellulose, 27.5% lignin, and 0.7% ashes. Solid recovery refers to the mass
in weight percentage recovered after each pretreatment of the untreated biomass (dry
weight). After HCI pretreatment of pine, the solid recovery was about 68% (Figure 3A).
Most of hemicellulose (52.6%) and some lignin (30.0%) were removed. The removal of
portions of biomass constituents, mostly hemicellulose and lignin, led to an increase in the
cellulose content in the HCl-pretreated biomass. In comparison, the solid recoveries after
H;3PO4 or H3PO, pretreatment of both pine and poplar were much higher (>90%). The
relative mass of the three major cell wall components, cellulose, hemicellulose, and lignin,
and the C/H/N/S contents for the H3POy- and H3PO,-pretreated biomass did not show
substantial change compared to the untreated biomass.

Biomass typically contains mineral elements, such as K, Ca, Na, Mg, etc. The mineral
species are known to affect the yield and composition of pyrolysis oils by catalytically
altering the biomass pyrolytic decomposition pathways [8]. Significant impact of mineral
species on the characteristics of pyrolysis products has been reported in thermal decompo-
sition of biomass [12,30,31]. These minerals, particularly K, Na, Ca, Mg, and Cl elements,
are known to catalyze the secondary reactions of the primary pyrolysis products, with in-
creased biochar, syngas, and water yields by suppressing the bio-oil yield. The ash content
and mineral species of pine before and after the acid pretreatment are presented in Table S1
and Figure 3B. After HCI, H3PO4, and H3PO, pretreatments, the ash content of the samples
was markedly decreased. The levels of K and Ca elements, as two most prominent mineral
species, were significantly reduced in all acid-pretreated biomass samples. The levels of
Mg, Al, and Fe elements were also reduced in all acid-pretreated biomass samples, but
the removal efficiency of these elements was lower than that of K and Ca. Among the
three acids, the H3PO,-pretreated biomass showed the most prominent residual P element
content, indicative of a strong interaction between H3PO; and biomass.

The morphology changes of the biomass samples were investigated by helium ion
microscope (HIM). The HIM micrographs of untreated pine and acids-pretreated pine are
shown in Figure 4. The results show that the untreated pine has a highly fibrillar and intact
morphology. The cell wall structure was disrupted in the samples from the pretreatment
of acids. It was found that holes and loose structure appeared on the surface of the acids-
pretreated pine, although there are no discernable differences in the pretreated samples by
the three acids (Figure 4B-D). The observation phenomenon implies that the connection
between the three major components of biomass is disrupted during the acid pretreatment.
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Figure 4. Helium ion microscope (HIM) images of pine with or without acid pretreatment. (A) Virgin
pine sample and (B-D) pine pretreated with HCI (aqueous), H3PO4, and H3PO,, respectively.

3.2. TG-DTG Decomposition Profiles of Untreated and Acid-Pretreated Biomass

Thermogravimetry (TG) and differential thermogravimetry (DTG) studies provide
thermal decomposition profiles of the biomass components. The TG and DTG profiles have
been used to understand the changes in biomass from biomass pretreatment [27].

The thermal decomposition profiles for untreated and acid-pretreated pine are shown
in Figure 5A (TG results) and Figure 5B (DTG results). Compared to untreated pine,
the main decomposition temperature of HCl- and H3zPO4-pretreated pine did not signifi-
cantly change. However, the decomposition peaks shifted to substantially lower tempera-
tures for the H3PO,-pretreated pine. A shoulder peak corresponds to the decomposition of
hemicelluloses, and the main peak has been assigned to the decomposition of cellulose and
lignin [32]. For the biomass pretreated with HCI, the shoulder peak disappeared due to loss
of bulk hemicellulose, in agreement with the compositional change for pine in Figure 3A
and Table S1. Although some lignin was also removed through the HCl pretreatment, the
temperature at which maximum mass loss did not substantially change. The TG and DTG
profiles of untreated and acids-pretreated poplar (Figure 52) again show similar changes as
with the pine samples.



Sustain. Chem. 2021, 2

15

100

80

60

Mass loss(%)

a0}

Untreated
Pine_H3PO,
F'lnefH3PO4 =
Pine_HCI g
S
T
s
12
12
o
1
1%}
g Untreated
PinefH3P02
Pine_H4PO,
—3"v4
A B o
ine_HCI
1 1 1 1 1 1 1 _25 1 1 1 1 1
100 200 300 400 500 600 700 200 250 300 350 400 450 500

T°c T/°c

Figure 5. (A) Thermogravimetry (TG) profiles and (B) differential thermogravimetry (DTG) profiles of untreated and

acid-pretreated pine.

For the convenience of comparison on quantitative basis, the DTG characteristic
parameters for the pine sample derived from Figure 5 are listed in Table 1 (pine) and that for
the poplar samples derived from Figure S2 are listed in Table S2. The parameters are defined
as follows: the initial decomposition temperature Tj, the final decomposition temperature
T¢, which is the termination temperature beyond the maximum weight loss peak, and the
maximum mass loss rate (AW /dt)max corresponding to temperatures Trmax. The results in
Table 1 indicate that decomposition of untreated biomass occurred across a wide range
between T; (~200 °C) and Tt (400 °C, Table 1, entry 1). Although HCl pretreatment of
pine resulted in substantial loss of both hemicellulose and lignin (Figure 3A) compared to
H3POy4 pretreatment, the DTG characteristic parameters of HCl- and H3POy-pretreated
pine (Table 1), also for identically pretreated poplar (Table S2), did not appreciably differ
from that of untreated biomass. However, for the H3PO,-pretreated pine and poplar, the
range of T; and Tt was significantly shifted to lower values, e.g., to the range of 200-335 °C
for the H3PO,-pretreated pine (Table 1, entry 2), which was a decrease in 71 °C in the
decomposition temperature range as a result of H3PO, pretreatment of the pine. The
changes in Tmax followed the decomposition temperature range (Table 1). For example, the
Tmax (310 °C) of H3PO,-pretreated pine shifted by 60 °C to lower temperature compared to
the Tmax of the untreated pine. The maximum mass loss rate, i.e., the (dW/dt)max value, of
pine is 10.3%/min. The (AW /dt)max value of H3PO,-pretreated pine is about two times that
of untreated pine (Table 1, entry 1 and 2). The H3PO, pretreatment on the poplar caused a
similar effect. It should be noted that the rate (AW /dt)max and Tmax are indicative of the
reactivity of the sample during pyrolytic degradation; a higher (AW /dt)max value reflects
rapid decomposition, and a lower Tmax reflects higher reactivity of the sample. Therefore,
compared to HCI- and H3POy-pretreated samples, the H3PO;-pretreated biomass exhibited
a lower Trmax and higher (AW /dt)max, indicating high degradation reactivity of the H3PO;-
pretreated sample during the temperature programmed decomposition process [33]. In
view of the P content, 1540 ppm for pine and 650 ppm for poplar, from the H3PO,-
pretreated biomass, the distinctively lowered Tmax values (Figures 5A and S2) compared
with untreated biomass could be ascribed to catalytic effect of residual acidic phosphorous
species on the decomposition of a specific component of the sample during pyrolysis, while
the residual phosphorous content may also be responsible for the increased char yields
as phosphorus compounds are well-known flame-retardants resulting in increased char
yield [26].
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Table 1. Characteristic parameters derived from thermogravimetric profiles.
Entry Samples T; T T max (dW/dt) max
°C %/min
1 Pine 198 404 370 10.3
2 Pine_H3PO, 200 335 310 20.4
3 Pine_H3POy4 198 402 363 13.7
4 Pine_HCl 210 405 366 154

Tj: initial decomposition temperature; Ty: final decomposition temperature (in this study, it is the termination
temperature of maximum weight loss peak); Tmax: the temperature of maximum mass loss; (AW /dt)max: the

maximum mass loss rate.

3.3. Pyrolysis Product Selectivity of Untreated and Acid-Pretreated Biomass

The results for pine in Figure 3B, and that for poplar in Figure S1B, showed that the
HCl, H3POy, and H3PO, acid pretreatment removed most of the mineral ions. While
the solid recoveries (>90%) and the recovered biomass compositions from H3zPO4 and
H;3PO; pretreatments are similar (Figure 3A), the recovered biomass sample pretreated
by H3PO, showed dramatically enhanced thermal decomposition reactivity compared
to that pretreated by H3POj,, as evidenced by the TG profiles and DTG parameters
(Figure 5 and Table 1). The dramatically reduced decomposition temperature by H3PO,
pretreatment inspired us to investigate whether it could be advantageous to produce anhy-
drosugars at a low temperature. We then investigated the production of anhydrosugars
by conducting pyrolysis in a fixed bed reactor at low pyrolysis temperatures (330 and
400 °C), which may be beneficial to achieve high anhydrosugar selectivity. We carried out
pyrolysis experiments in the fixed bed pyrolysis reactor (Figure 2) systematically for pine
samples pretreated by the three mineral acids, followed by detailed characterization of the
pyrolysis products.

The results on product distributions are shown in Table 2. At 400 °C, pretreatment
with HClI enhanced bio-oil yield over the untreated pine (Table 2, entry 4). The bio-oil yield
was 55.7%, an increase by 4.1% over that of the untreated pine (51.6%). In addition, HCl
pretreatments also reduced the biochar yield from 23.6% to 21.6%. First, removal of the
minerals through acid pretreatment is expected to reduce the amount of biochar during
pyrolysis reaction. In addition, another important reason is the removal of a substantial
portion of biomass constituents (68 wt % solid recovery), especially hemicellulose and
lignin, with little loss of cellulose, resulting in increased cellulose content in the HCI-
pretreated biomass (Figure 3A and Table S1). It has been reported that a higher cellulose
content is responsible to obtain higher liquid product yield, while high hemicellulose favors
the production of higher gaseous products and higher lignin content results in more solid
residues [8]. Therefore, the reduced biogas yield for HCl-pretreated pine may be ascribed
to the largely reduced hemicellulose content. Although the liquid yield was increased and
the biochar yield was decreased for the HCl-pretreated pine and poplar, the poor solid
recovery due to the loss of 32% biomass makes the HCl pretreatment unattractive in terms
of economics as the overall liquid yield is much less based on the untreated feedstock.
In contrast, the high solid recovery (92%) by H3POy pretreatment makes it particularly
interesting to compare the pyrolysis product yields with the untreated biomass. As shown
in Table 2, the biochar yield also decreased after H3PO, pretreatment of pine. The bio-oil
yield of H3POy-pretreated pine (entry 2, Table 2) showed insignificant difference compare
with that of the untreated pine. Interestingly, results in Table 2 reveal that the product
distribution of H3PO,-pretreated biomass is largely different from that pretreated with HC1
and H3POy, although the solid recovery and the composition of the H3PO,-pretreated pine
are similar to that of H3PO,-pretreated pine. The higher P content in the H3PO,-pretreated
pine (Figure 3B) is likely responsible for the increased biochar formation by catalyzing
condensation reactions and for the reduced bio-oil yield (Table 2). It is well known that
phosphorus compounds are flame-retardants and promote char yield [26]. The high char
yield is also consistent with the TG results (Figure 5A). It has been reported that pyrolysis
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of cellulose at low temperatures results in the main products being carbon dioxide, carbon
monoxide, water, and char [34]. The higher phosphorus content from H3PO,-pretreated
pine, unlike the H3POy-pretreated pine, reduced the temperature of pyrolysis (Figure 5) by
favoring a dehydration pathway.

Table 2. Yields of the products obtained from pyrolysis of untreated and acids pretreated pine in the fixed bed reactor.

Entry Samples Solid Recovery/wt % T?2/°C Liquid/wt %  Biochar/wt %  Syngas/wt %
1 Pine 100 400 51.6 23.6 24.8
330 35.0 31.9 33.0
2 Pine_H3PO, 91 400 449 304 24.6
330 33.0 38.6 241
3 Pine_H;POy 92 400 51.9 19.9 24.9
330 48.5 319 17.3
4 Pine_HCl 68 400 55.7 21.6 19.9
330 52.5 29.6 17.8

a: pyrolysis temperature.

Pyrolysis at 330 °C produced more char and less bio-oil than at 400 °C (Table 2). This
is expected as char is the dominant product of pyrolysis at such a low temperature [15]. The
higher P content in the H3PO,-pretreated pine again promoted higher biochar formation at
this temperature compared with untreated and HCI- and H3POy-pretreated pine. A differ-
ence on the reaction conditions in biomass pyrolysis between TG analysis and the fixed bed
reactor should be noted: TG analysis shows the transient evolution of gaseous products
in biomass decomposition in response to rapid temperature ramping, while the pyrolysis
of biomass in a fix bed reactor reflects the effect of longer residence time at a specified
temperature during the decomposition of biomass. Therefore, although the TG results in
Figure 5B indicate less decomposition of the untreated and HCl- and H3POy-pretreated
pine compared with H3PO,-pretreated pine at 330 °C, long residence time at 330 °C in the
fixed bed reactor helped to obtain high conversions of untreated and all acid-pretreated
biomass. The higher P content in the H3PO,-pretreated pine also appeared to suppress the
decomposition of the lignin component in the biomass.

After HCl and H3POy pretreatment, the pyrolysis product yields of poplar showed
the similar trend of changes as with the pine samples (Table S3). While the liquid product
yield of H3zPO,-pretreated poplar was not noticeably changed from that of untreated
poplar, a small increase in biochar yield may be ascribed to the presence of P content in
H3PO,-pretreated poplar.

3.4. Analysis of Bio-Oils from Untreated and Acid-Pretreated Biomass

It has been well established that the biomass types and pyrolysis conditions affect
the composition of biomass pyrolysis products. Cellulose is a macromolecule composed
of semicrystalline arrays of (3-1,4 glucan chains associated with one another through
extensive hydrogen bonding. Depolymerization of cellulose leads to the formation of
a high proportion of anhydro-oligosaccharides and anhydro-saccharides [35], as well
as a small portion of glucose-derived compounds such as furans, furfural, and furfuryl
alcohol. Hemicelluloses are complex polysaccharides in the cell wall, consisting of branched
structures that vary with biomass types. Acids, ketones, and furans are the main types of
compounds in bio-oils from hemicellulose pyrolysis [36]. Lignin are polymers of highly
branched, substituted, monoaromatics in the cell walls of most biomass. Lignin tends to
produce chars in high yield and its depolymerization leads to various phenolics [37].

The possible differences in the chemical compositions of the bio-oils from HCI-, H3PO4-
, and H3PO,-pretreated pine and poplar were investigated by detailed characterization of
the oils using GC/MS. Figure S3 shows the identified products from fixed-bed pyrolysis of
untreated and acid-pretreated biomass at 400 and 330 °C. For untreated biomass, the com-
position of the pyrolysis oil is a characteristic mixture of many compounds (Figure S3,
black lines). The most striking observation revealed by the GC-MS results in Figure S3 is
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the distinctively different anhydrosugar, dominantly levoglucosenone (LGO), produced
from the H3PO,-pretreated pine and poplar, compared with dominantly levoglucosan (LG)
from the HCI- and H3POy4-pretreated pine and poplar.

Figure 6A shows the relative contents of different groups of bio-oils. The identi-
fied compounds are divided into seven groups according to their functional groups,
anhydrosugars, phenols, furans, acids, ketones, esters, and N-containing compounds
(Figure 6A, Tables 5S4-S7). The detailed components of the bio-oils are listed in Tables 54-S7.
As shown in Figure 6(A-1),(A-2), phenolics anhydrosugars are the dominant products of
pyrolysis at 400 and 330 °C for untreated pine. The main products of pyrolysis at 400 °C
are 64.4% phenolic compounds and 20.6% anhydrosugars. The phenolic compounds
include 2-methoxyphenol, creosol, 4-ethyl-2-methoxyphenol, 2-methoxy-4-vinylphenol,
2,6-dimethoxyphenol, 1,2,4-trimethoxybenzene, 2-methoxy-4-(1-propenyl)-(Z)phenol, etc.
The anhydrosugars include the following main compounds, levoglucosan (LG), levoglu-
cosenone (LGO), 1,4:3,6-dianhydro-«-D-glucopyranose, and D-(+)-melezitose.
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Figure 6. (A) Relative content of major groups of compounds in bio-oils from pyrolysis of untreated and acid-pretreated
pine. (The data are also given in Tables S4 and S6) (B) Levoglucosan (LG) and levoglucosenone (LGO) yields of liquid
products from pyrolysis of untreated and acid-pretreated pine. The yields of LG and LGO are calculated mass ratio of the
products to the masses of corresponding cellulose fractions in the biomass feedstocks on dry basis.

Despite of the small amounts of K, Ca, Mg, and Fe (Figures 3B and S1B), these minerals
have a significant effect on the fast pyrolysis oil composition. Removal of the minerals
by pretreatments with all these acids was found to enhance the yield of anhydrosugars
relative to the untreated pine by reducing phenolic products (Figure 6(A-1),(A-2)). After
HCI, H3POy4, and H3PO; pretreatment, the anhydrosugars content range was increased to
between 51.5% and 59.0% (Figure 6(A-1), 400 °C) and phenolic content in the bio-oil was
much decreased. Patwardhan et al. reported that the added minerals (K and Na), even at
a very low mineral /biomass ratio, significantly inhibited the formation of levoglucosan
during the pyrolysis of cellulose [8].
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With an objective to produce anhydrosugars, lowering the pyrolysis temperature to
330 °C is found to favor the formation of anhydrosugars products (Figure 6(A-1),(A-2)).
The relative content to anhydrosugars of 70.8% at 400 °C was increased to 80.9% at 330 °C,
with a decrease in the relative content of phenolic compounds to a minimum of 13.2%.

The anhydrosugars in the products are mainly composed of LG and LGO. LG is of
potential interest for the production of pharmaceuticals, surfactant, and biodegradable
polymers [10]. LGO has been regarded as a promising building block with high versa-
tility in modern organic synthesis, for the preparation of various bioactive compounds,
disaccharides, chiral inductors, and so on [11]. Figure 6(B-1),(B-2) show the intriguing LG
and LGO yield as results of the acid pretreatments of the pine. For the HCl- and H3POj4-
pretreated pine, pyrolysis at 400 and 330 °C produced LG yields in 23.0% and 27.0% based
on the cellulose content, respectively, while the LGO yield is considerably low (<0.9%).
However, for the H3PO,-pretreated pine, although the LG yield is slightly higher than
that for untreated pine, it is substantially lower than that of HCl- and H3POy-pretreated
pine. Most strikingly, the LGO yield was most pronounced for the H3PO,-pretreated pine,
especially at the low pyrolysis temperature of 330 °C, reaching the LGO yield of 7.4%
based on cellulose content (Figure 6(B-2)). The H3PO,-pretreated biomass showed more P
residual, which resulted in the LGO as the main dehydrated sugar products. As LGO is the
product of LG dehydration by losing two molecules of water (Figure 7), the residual P in
the H3PO,-pretreated biomass apparently catalyzed the deeper dehydration of biomass.
It has been reported that the acidic phosphorus is effective in catalyzing the dehydration
process and in lowering pyrolysis temperature [26,38]. Although H3PO,4 and H3PO; are
both P-containing inorganic acid, their different interaction with the biomass is attributed
to the difference in thermal decomposition characteristics of cellulosic biomass and in the
degree of dehydration.

—0 — 5
O L 0
Acidic P NS
OH
OH 'e)
Levoglucosan (LG) Levoglucosenone (LGO)

Figure 7. Acidic phosphorus in H3PO,-pretreated biomass catalyzed the LG to LGO.

Compared with untreated poplar, the acid-pretreated poplar also greatly promoted the
generation of anhydrosugars with reduced phenolics. The results are shown in Figure S4.
The HCI- and H3PO4-pretreated poplar produced LG with the yield of 27.8% (HCl, 400 °C)
and 28.5% (H3zPOy, 400 °C). Similar to pretreated pine, the H3PO,-pretreated poplar
produced the LGO with the yield of 6.7% from pyrolysis at 330 °C.

The observed effect of acid pretreatment as reported in this work is reproducibly acid
specific, irrespective of biomass feedstock materials. The most pronounced differences of
the acid-pretreated samples in TG and in pyrolysis products are shown to be associated
with the nature of the acids, although different feedstocks were used. Some biomass
pretreatments with water and acids have been reported to remove the ashes [21-23].
However, these pretreatment methods showed that the temperature of cellulose pyrolysis
shifts to high temperature because of the removal of ashes by dilute acids or hot water [23].
In addition, the reported pyrolysis experiments were typically run at high temperatures
in the range of 450-650 °C with the objective of producing pyrolysis oils. Although the
ash removal increased the relative content of anhydrosugars in bio-oil, LG is the main
anhydrosugar product, and there is almost no or very little LGO in the bio-oils [21,23,25].
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3.5. Analysis of Biochars from Untreated and Acid-Pretreated Biomass

Biochar is a solid product obtained from the pyrolysis of biomass samples, which
has gained attention because of its potential economic value [39]. Helium ion microscope
(HIM) images of biochar from untreated and acid-pretreated pine samples are shown in
Figure S5. The images revealed that the surfaces of biochars from acid-pretreated pine
samples appear more destructed and have the large pore structure compared with biochar
from untreated pine. Especially, H3PO;-pretreated pine shows large pores and rough
surfaces in the structure, which may be related to the rapid catalyzed pyrolysis of biomass
components at low temperature by residual P.

Table 3 shows the results of ultimate analysis and the mineral species of biochars ob-
tained from the pyrolysis of untreated and acid-pretreated pine samples. For the untreated
pine (Table 3), the C content in the biochar was higher when the pyrolysis temperature
was high (data of 400 °C compare with that of 330 °C), while the considerable decreases
in mass percent of H and O may be ascribed to increased dehydration at a higher tem-
perature. Table 3 also shows that the ash content in the biochar decreased due to the
acids pretreatment of pine samples, which was also reflected by the results of the ultimate
analysis (Table S1 and Figure 3). Furthermore, the high P content in the biochar obtained
from the H3PO;-pretreated pine is also consistent with the results of the ultimate analysis
(Table S1 and Figure 3). The increased P content after pyrolysis at higher temperature is
related to the higher conversion of the carbohydrate components.

Table 3. Ultimate analysis and mineral species of biochars obtained from the pyrolysis of untreated and acid-pretreated

pine.
T Ultimate Analysis/wt % Mineral Species and Contents/ppm
Samples
°C N C H S (o) K Ca Mg Al Fe P
Pine 330 - 64.8 49 013 301 730 1110 740 680 140 60
_biochar 400 - 73.7 3.5 0.02 2238 310 170 260 990 140 50
Pine_H3PO, 330 - 67.8 42 - 28 100 200 210 360 240 2810
_biochar 400 - 73.3 3.4 - 23.3 120 240 200 570 140 3920
Pine_H3PO4 330 0.01 65 49 - 30.1 120 120 210 460 90 50
_biochar 400 0.02 729 3.6 - 23.5 150 240 270 650 150 80
Pine_HCl 330 - 62 4.9 0.06 33 150 60 190 540 50 40
_biochar 400 - 71.5 3.3 - 252 310 170 260 990 140 50

2: pyrolysis temperature.

4. Conclusions

We report the dramatic differences in the pyrolysis products and biomass decompo-
sition temperature by pretreatments with the three mineral acids. The effect of H3PO; is
most striking and is reported in this work for the first time. The H3PO, pretreatment not
only induced a considerably lowered pyrolysis temperature (by 40 °C), but also catalyzed
the formation of LGO as a distinctively different product from LG which dominates in
products from HCl, H3POy pretreatments. Removal of minerals (especially K and Ca) by
the acid pretreatment strongly enhanced the formation of anhydrosugars and inhibited the
formation of phenolics in pyrolysis at low temperatures. In TG-DTG characterization, the
thermal decomposition profiles of the HCI- and H3POy-pretreated pine and poplar showed
little difference from that of unpretreated samples. In contrast, H3PO,-pretreated pine and
poplar exhibited a distinctively lowered Tmax values. Pyrolysis results in a fixed bed reactor
showed that HCI and H3POy pretreatment led to a high yield (27.0% for pine, 28.5% for
poplar) of LG in pyrolysis at 400 °C. However, HCI pretreatment is disadvantageous due
to significant degradative loss of the biomass during demineralization. A higher P content
in the H3PO;-pretreated biomass, as compared to the H3POy pretreatment, indicates a
stronger interaction of H3PO, with the biomass than H3POy. The residual P species follow-
ing the H3PO, pretreatment is proposed to have a catalytic effect on the decomposition
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of cellulose at low temperature and on the formation of LGO. The low phenolic products
yield from the pyrolysis of the H3PO,-pretreated biomass is consistent with the low level of
lignin decomposition, which accounts for the high biochar. For the purpose of selectively
producing anhydrosugars from cellulose component, the production of reduced phenolics
is beneficial. Therefore, to obtain LG as the main anhydrosugar product, biomass pretreat-
ment with H3POy is preferred. The biomass pretreatment with H3PO; is identified to be
unique for the selective production of LGO at low pyrolysis temperature, as demonstrated
at 330 °C.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2673-407
9/2/1/2/s1, Table S1: Characterization of raw and acids-pretreated biomass. Table S2: Characteristic
parameters from thermogravimetric analysis. Table S3: Yields of the products obtained from pyrolysis
of untreated and acids-pretreated poplar. Table S4 to Table S7: GC/MS analysis of bio-oil obtained
from the fixed-bed pyrolysis of untreated and acids-pretreated pine/poplar samples. Figure S1:
(A) Cell-wall compositions of untreated and acids-pretreated poplar, corrected for the measured
solid recovery rate and (B) mineral species and contents of untreated and acids-pretreated poplar.
Figure S2: (A) TG profiles and (B) DTG profiles of untreated and acids-pretreated poplar. Figure S3:
GC—MS chromatograms of liquid products from untreated and acid-pretreated biomass pyrolysis:
(A) pine, (B) poplar. Figure S4: (A) Relative content of main groups of bio-o0il from pyrolysis of
untreated and acids-pretreated poplar and (B) levoglucosan (LG) and levoglucosenone (LGO) yields
of liquid products from pyrolysis of untreated and acids-pretreated poplar. Figure S5: Helium ion
microscope (HIM) images of biochar from untreated and acids-pretreated pine: (1)-(4): pyrolysis at
330 °C and (5)—(8): pyrolysis at 400 °C.
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