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Abstract:

Slow pyrolysis of woody materials under elevated pressure was previously shown to result in macroscopic
morphology changes, appearing as a solid that had experienced a molten phase, described as “transient plastic
phase biochar” (TPPB). Experiments have been conducted to study the influence of process variables on the
formation of TPPB. Results suggest TPPB formation is mediated through hydrolysis that allow for a molten phase
to occur. Elevated pressure plays a key role by keeping water in the condensed phase. Despite drastic changes in
material morphology, notable differences between TPPB and standard biochar (not TPPB or “NTPPB”) were not
detected using proximate analysis, solid state *C NMR, and helium pycnometry, indicating the material chemistry
was minimally affected. Clear differences between the mechanical properties of the TPPB and NTPPB powders
and pellets were shown using tabletability experiments. The utility of TPPB was then demonstrated by comparison
of tensile and compression strengths of materials calcined (N,) at (900 °C) to form transient plastic phase
biocarbon (TPPC). The TPPB precursor resulted in a TPPC pellet with 10 times greater tensile (4.4 MPa) and

compressive strength (17.6 MPa) and nearly two times greater density than carbon pellets produced from NTPPB.
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Introduction:

An approach for reducing greenhouse gas emissions is thermochemical conversion of woody biomass into
engineered carbon materials to displace those currently produced from fossil resources. The largest volumes of
industrial carbon materials produced include coal tar pitch, carbon black, graphite, and calcined coke, which are
used in electrode materials (aluminum manufacturing), metallurgic reductants (e.g. Mn), carbon binders, battery
anodes, filler for tires, and ink components. * Applications for engineered carbon materials such as electrodes for
the metallurgic industry and anodes for lithium-ion batteries, generally require high fixed carbon content (>90%),
high crystallinity, low surface area, high compressive strength (40-50 MPa), high true density (>2.05 g/cc), low ash
content and low coefficients of thermal expansion. Each application may have additional textural and physical
specifications that require specialized processing and add to the cost of these products. Developing processes to

produce engineered carbon materials from biomass presents a significant value proposition.

When considering the synthesis of carbon materials several key distinctions provide a basic framework for how
different feedstocks will affect final properties, and the underlying processes which lead to the chemical structural
development. The first key distinction is between graphitizable and non-graphitizable carbons, also referred to as
soft and hard carbon, 2 and generally corresponds to the degree to which the material transforms via coking or
charring. 3 Graphitizable carbon precursors carbonize via coking which involves formation of a molten phase that
facilitates long range graphitic order to develop. Non-graphitizable precursors carbonize via charring and do not
undergo a molten phase as strong bonds are formed that sterically prevent long range graphitic crystalline
formation. Non-graphitizing materials which do undergo a molten phase such as poly-(furfural alcohol) result in
glassy carbons. 3 The resulting material comprises tightly packed curved aromatic fragments that are extensively
cross-linked, contain minimal porosity, and result in exceptional mechanical strength with compressive strength

ranging from 200-800 MPa 2.
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Engineering material properties from a graphitizable substrate such as petroleum are relatively straightforward
using thermal processing to modulate the extent of graphitization. Unlike petroleum, biomass is non-graphitizable
and carbonizes exclusively via charring even when treated at temperatures in excess of 2000 °C. The high oxygen
content and reactivity of biomass functional groups result in extensive crosslinking that occurs at relatively low
temperatures compared to a glass transition temperature. The lack of a molten phase during biomass
carbonization prevents tunability in the textural, electrical, and mechanical properties.? The conversion of biomass
to fossil fuels by geochemical processes occurred because favorable temperature and pressure conditions, shear
forces, and hydrothermal reactions sufficiently broke down the macro-molecular structure to allow the formation
of high grade coal and graphite. * > Therefore, engineering biocarbon properties from biomass requires physical

and/or chemical processes to prevent the extensive cross-linking characteristic of charring.

One approach is to use fast pyrolysis to convert the solid biomass into a bio-oil which can be further fractionated
and used as a green-binder and/or as carbonization feedstock. ¢! This processing route has been shown to
significantly improve material properties, but requires multiple unit operations to thermochemically fractionate
biomass components, reformulate to obtain desired mixtures, and finally carbonize to obtain the final product.
The compressive strength reported for anodes produced from calcined petroleum cokes with bio-oil/pitch binders
range from 22 to 36 MPa at binder content of 15 to 25 wt%. & 12 An alternative, pressurized thermochemical
processing, avoids the bio-oil intermediate. One approach applies a compressive load (2-5 MPa) during heating
(similar to ablative pyrolysis), resulting in a plasticized biochar that, with additional thermal processing, produces
a carbonized material with higher density, improved graphitic order and reduced thermal expansion coefficient.
13 A pressurized hydrothermal or a gaseous reaction environment also alters the morphology of the biochar
product by promoting secondary thermochemical reactions which are minimized or absent under standard

pressure conditions.

Hydrothermal carbonization of biomass feedstocks has been extensively investigated over the last 20 years as a

thermochemical route to engineered carbon materials for specific applications.  Low temperature (<300 °C)

4
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hydrothermal carbonization of carbohydrates and/or biomass leads to drastic changes in the material
morphology, often resulting in uniform spherical structures. Like standard pyrolysis, hydrothermal conditions do
not lead to greater development of extensive aromatic sheets, typical of charcoal formed at temperature >400 °C.
1416 Direct formation of graphitic material requires hydrothermal conditions at temperatures in excess of 500 °C
and under pressures approaching 100 MPa. # Scale up of a process that requires such extreme conditions presents
significant technical obstacles. A hybrid approach, first producing a low temperature hydrochar as feedstock for a
second high-temperature standard pyrolysis step resulted in improved graphitic order evident from high
resolution transmission electron microscopy (HRTEM). 7 This hybrid approach was demonstrated with lignin (300

°C) with added metal catalysts in the second step to produce highly graphitic carbon materials at 900 °C. 8

Pyrolysis with elevated pressure and/or constant volume conditions improve fixed carbon vyields, and reduce
reaction times. 1% 20 These effects were postulated to result from secondary char formation promoted by the
increased residence time of volatile products within reactive proximity to the pyrolyzed solid material surfaces
(including pores). The resulting bulk material would then comprise primary and secondary char products.
Interestingly, solid biochar products recovered from a limited number of constant volume carbonization tests,
appeared to have experienced a molten phase. These materials, labeled transient plastic phase biochars (TPPB)
13,2122 were produced from microcrystalline cellulose, oak wood, and birch at temperatures as low as 300 °C. A
systematic characterization of TPPB material properties was not reported nor were reaction conditions requisite
for TPP formation. It is plausible that TPPB results from secondary char accumulation on the outer surfaces of the
particles, leading to the appearance of a molten phase. This composite material would be a mixture of primary
char derived from the parent biomass, coated by secondary char condensed from released volatiles. The prospect
of using static pressure to plasticize and facilitate a molten phase could have significant implications as a tool for
engineering biocarbon properties. Understanding the properties of TPPB and under what conditions it can be

produced is an important fundamental question. Results from a well-designed series of experiments should be
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2

2 95  able to unambiguously determine if TPPB results from a molten phase, or secondary charcoal formation, or some
5 .

6 96  combination of the two.

7

g 97  The analytical tools to quantify material properties of biochar powders including plasticity, thermal expansion,
10

11 98  and elasticity would provide information related to macromolecular properties not easily accessed via other
13 99  techniques. This analytical tool set would enable studies to determine how different reaction conditions, can be
15100  tuned for engineering biomass into biocarbon with improved mechanical properties. General morphology can be
17101 probed with scanning electron microscopy (SEM) and polarized light microscopy to obtain qualitative information.
19 L. . . . .

20102 A quantitative measure to gauge how changes in morphology translate into mechanical properties would be
22103 extremely valuable. Solid state 3C NMR is one spectroscopic technique sensitive to molecular dynamics of solids.
24104  Advanced experiments can be carried out using chemical shift anisotropy, dipolar couplings, and relaxation but
;?105 require high level expertise to both acquire and interpret data and are therefore not easily accessible. Raman
29106 spectroscopy and X-ray diffraction (XRD) are excellent techniques for materials treated at high temperatures.
31107 Raman analysis compares peak areas for the D vs G bands corresponding to disordered and graphitic domains. 23
33108  XRD can provide information on average crystallite sizes and compare levels of graphitic character between

34
;2 109  different materials. 226 Unfortunately, Raman and XRD data from low temperature biochar provides little useful

37 . . . . .

38110 information. Therefore, a straightforward analytical tool box to quantify macromolecular structure would be very
39

40111 useful for improving the mechanical properties of biocarbon materials.

41

42
43112 Elasticity, plasticity, fracture strength, and ductility of powders compressed into tablets has been studied

44
45113  extensively using a universal tester, die, micrometer, balance, and helium pycnometer. #’2° As a powder is
46
47114  compressed into a pellet, individual particles fracture and deform reducing the pore space between and within
48
4

53115 particles. Solid fraction (the ratio of apparent density to true density (eqn 1)) and porosity (eqgn 2) of pellets can

51
55116 provide insight into differences between materials. If sufficient compressive force was applied to remove all void

53
54117 space, the apparent density would equal the true density. A solid fraction >1 is realized if the compressive load is

55
56118  great enough to compress the solid material itself. After the compressive load is released the pellet may expand
57
58 6

59
60 ACS Paragon Plus Environment
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in volume, the extent to which the material expands reflects the material elasticity. The extent to which a
powdered material will form a stable pellet is directly related to the extent to which the material undergoes plastic

deformation under a compressive load. Materials that deform elastically do not form stable pellets.

. . Apparent Density
Solid Fraction = ~(True Density) (1)
Porosity =1 — Solid Fraction (2)

Van der Waals and London dispersion forces between particle surfaces are responsible for intra-pellet cohesion,
and decrease rapidly with distance (inverse of distance to the sixth power). 2° The overall total strength of a pellet
is the product of bonding strength and bonding area. Pellet strength increases when the powder undergoes
fracture and plastic deformation by developing more bonding area, or contact surfaces between particles, within
the pellet. Once formed the overall pellet strength can be determined by breaking the pellet. Diametric
compression (force applied on the pellet diameter) is used to break the pellet and the measured maximum force
(Fmax) is used to calculate the tensile strength using (eqn 3). The compressive strength is determined by loading

the pellet on the cylindrical axis and is calculated from the measured maximum force (F,,,) using (egn 4).

i 2Fmax
Tensile Strength = @D+l 3)
Compressive Strength = Fmax/(mr?) (4)

Where D is the pellet diameter, H is the pellet height (axial length), and r is the pellet radius.

Several important relationships can be used to compare pellets from different materials. 27-2°

e The compressibility profile (solid fraction vs compression pressure) reflects the degree to which particles
fracture and undergo plastic deformation.
e The compactability profile (tensile strength vs solid fraction) reflects the relative strength holding

individual particles together.
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e The tabletability profile (tensile strength vs compression pressure) reflects the overall suitability of the
material to form pellets.

o The tensile modulus provides a measure of pellet ductility.

This paper reports results of experiments conducted to accomplish the following objectives.

1. Investigate the role of pressure and temperature as it pertains to TPPB formation.

2. Provide evidence to support or refute a molten phase explanation for TPPB formation, and develop a working

model for TPPB formation.

3. Compare TPPB and NTPPB macro scale properties related to plasticity and elasticity through powder

compression studies.

4. Demonstrate the utility of TPPB using secondary thermal processing to make enriched carbon materials and

compare their mechanical strength to the TPPB and NTPPB precursors.

Materials and Methods:

Sample Preparation

Norwegian birch stem wood chips were ground into <2 mm and <4 mm size fractions using a rotary knife mill
(Fritsch Pulverisette 19, Idar-Oberstein, Germany), and size fractionated using a sieve shaker (Rotap RX-29, WS
Tyler, Mentor, OH) for 5 minute intervals. Material moisture content was determined by drying overnight at 105
°C or until constant weight. To produce test samples with moisture content greater than the equilibrium value of
the parent birch (~¥10% wet basis), the prescribed amount of water and parent birch were added to an empty
reactor, sealed, and allowed to equilibrate overnight (or longer as required). A fine powder sample was prepared

by further grinding a 1-2 mm size fraction in a Retsch ZM 200 Ultra Centrifugal Mill to pass a 0.2 mm screen.

Biomass Pyrolysis

ACS Paragon Plus Environment
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General reactor design and procedure

All pressurized pyrolysis tests were run using the wall heated tube bomb (WHTB) reactor system described
previously. 22 The reactor was updated to include a back pressure regulator (Swagelok 316 SS KPB series (0-20.7
MPa) with PEEK seats and 0.06 C,) to allow for both constant volume and constant pressure reaction conditions
(Scheme S1). An aluminum shroud was added to cover the top of the reactor to minimize heat and alundum loss
from the sand bath. The following experiments utilized (1) a “double” reactor comprising two 25 mm paired
WHTBSs, (2) a “small” 12.5 mm single WHTB, and (3) a 12.5 mm, “partitioned” WHTB that used a screen to separate
the reactor volume into two sub-volumes. The latter was used to verify whether biomass feedstock had

experienced a molten phase.

After loading with biomass, the reactors were weighed, leak checked, purged, and pressurized using industrial
nitrogen from a compressed gas cylinder. For each test, reactors were immersed in a temperature controlled sand

bath for 30 min, with the starting time defined by the reactor making contact with the hot sand bath surface.

The system pressure for constant pressure pyrolysis was initially set using a N, compressed gas cylinder to 10-20%
above the desired pressure with the back pressure regulator adjusted to 20.7 MPa. With the discharge from the
BPR connected to a dry gas meter the BPR setpoint was reduced until flow was observed at the dry gas meter.

The dry gas meter was then removed from the system and the pressure adjusted to the setpoint using the BPR.

When the test was completed the reactors were cooled to room temperature, depressurized, and weighed, and

their contents quantitatively recovered.

Constant pressure WHTB reactions

Prior observance of TPPB was from constant volume WHTB tests. 1% 2122 Constant pressure WHTB tests were
carried out to determine the role of pressure on the formation of TPPB. All constant pressure reactor tests were

pressurized to the prescribed set point prior to being immersed in the sand bath. Gas was released through the

ACS Paragon Plus Environment
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2

2 183 back pressure valve as the system heated after immersion. This transient heating period produced a ~15%
Z 184  overshoot above the set point pressure while the system came to steady state.

7

g 185 A summary of constant pressure tests (CP Series) to determine the effect of pressure on TPPB formation is shown
10

11186 in Table 1. Tests with reactor pressures of 0, 0.69, 4.5 and 6.9 MPa were conducted at a temperature of 320 °C.

12
13187  These tests used the double reactor system with a three-point internal thermocouple. An average of the three
14

15188  temperatures is reported. All reactors were fully loaded with 1-2 mm birch particles (~28 g total) to replicate solid
16

1;189 feedstock conditions across the test series.

19
5(1) 190 Two additional tests were conducted to compare the effect of feedstock particle size. The fine powder material

;g 191 (< 0.2 mm) tests shown as IDs 10 and 11 in Table 1 were conducted as 0.69 and 12.4 MPa constant-pressure
24

25192 counter partsto IDs 2, 5, and 6.

26

27
28193  The Melt Test series in Table 1 used the sectioned WHTB with the upper section of the reactor loaded with ~2.5g

29
30194  of birch wood (2-4 mm) and the bottom section empty. The volume of the upper section was 70% of the total and
31

32195  the remaining 30% below the 1 mm screen. Under constant pressure (12.4 MPa) test conditions, generated gases
33

34196  would flow upwards out of the reactor and through the back pressure regulator. The material found in the bottom

36
37197 section of the reactor, would have passed through the 1 mm screen separating the two reactor sections, indicating

38

39198 that a molten phase had occurred. This test also verified that TPPB formation was not inhibited by a large void
40

41199  volume in the reactor.

42

43

44200  Additional experiments were conducted to augment the constant pressure series and better understand the effect
45

23201 of temperature on TPPB formation. To this end, Tests 4 and 8 in Table 1 were conducted at the same constant
48
49
50

§;203 An additional experiment was conducted to seek a lower temperature boundary for TPPB formation using a

202 pressure condition but at 320 and 420 °C, respectively.

53
54204 pressure that formed TPPB at 320°C and 30 minutes reaction time. Test 9 was conducted at 275 °C based on the

55

56205 results obtained from Test 6.

57

58 10

59
60 ACS Paragon Plus Environment
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Table 1: Experiment list for constant pressure reactions. All reaction times were 30 minutes.

ID Experiment Biomass | Temp. °C Reactor Pressure Particle Size H,0 wt %
(MPa) (mm)
1 CP Series Birch 320 25 mm 0 1-2 8
2 CP Series Birch 320 25 mm 0.69 1-2 8
3 CP Series Birch 320 25 mm 4.5 1-2 8
4 CP Series Birch 320 25 mm 6.9 1-2 8
5 CP Series Birch 320 25 mm 10.3 1-2 8
6 Melt test Birch 320 12.5 mm 2-section 124 2-4 20
7 Melt test (-) Birch 320 12.5 mm 2-section 0.69 2-4 20
Control
8 Augment 4 Birch 420 12.5mm 6.9 1-2 20
9 Minimum Birch 275 12.5 mm 124 1-2 20
Temp
10 Particle Size Birch 320 25 mm 0.69 <0.2 8
(CP series)
11 Particle Size Birch 320 25 mm 124 <0.2 8
(CP series)

Constant volume WHTB reactions

A summary of constant volume tests is shown in Table 2. Tests were all conducted at 320 °C across a range of

initial reactor nitrogen pressures from 0 to 2.0 MPa. All reaction times were 30 minutes.

12
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Table 2: Experiments for constant volume reaction series. All reaction times were 30 minutes.

Biomass | Temperature (°C) | Reactor | Initial Max Particle Size H,0O wt %
Pressure | Pressure (mm)

(MPa) (MPa)

Birch 320 25 mm 0 7.07 1-2 8
Birch 320 25 mm 0.55 7.72 1-2 8
Birch 320 25 mm 11 10.45 1-2 8
Birch 320 25 mm 2.0 124 1-2 8

Calcination (N,) of biochar to produce biocarbon pellets

Biochar pellets (6 mm diameter, forming process described below) were formed from 0.5 to 1.0 mm particles
under 168 MPa pressure. After weighing, pellets were devolatilized in a 25 mm quartz tube furnace at a rate of 1
°C/min to 900 °C, held for 1 hr, then passively cooled. 1.6 L/min of nitrogen (Matheson Tri-Gas, Ultra-High Purity,
99.999% purity) flowed through a trap (Restek, RES-20601) rated to remove oxygen below 20 ppb and then purged
the quartz tube. Following devolatilization, the mass of the pellets was determined and the dimensions measured

using a micrometer (Mintoya Corp., Model CD-6"C, £5 um).

Analytical Methods

Analytical methods used for biochar and biocarbon analysis are described in the following sections.

Proximate analysis

13
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2

2 228 Moisture content, volatile matter, fixed carbon and ash of the biocarbon produced from the WHTB reactor were
Z 229  determined using a LECO TGA801 System with operating conditions as specified by the manufacturer for
7

g 230  proximate analysis. All samples were run in triplicate with ~1 g of sample used for each replicate. The LECO TGA
9

10231 801 program is provided in the supplementary information (Figure S2).

12
13232 Helium pycnometry

14

15

16233  True density measurements were conducted using a pycnometer (Anton-Parr Ultrapyc 5000) with a helium
17

18234  atmosphere (Matheson Tri-gas, Research Grade, 99.9999% purity). The system was run at 20 °C and 0.1 MPa in
19
20

21 235 “reference cell mode” to avoid system contamination by fine powder present in the sample. Samples were run

22
23236 foraminimum of 25 measurements and the average of the last five measurements are reported. Graphite powder

24

25237  (true density 2.26 g/cm3) and ammonium ZSM-5 zeolite (National Institute of Standards and Technology,
26

27238 Reference Material 8852, 2.35 g/cm?3) 3% with known true densities were used to verify the accuracy of the system.
28
29
30
31

;g 240 Universal tester

239 Plots of several runs are shown in supplementary information (Figures S3,4).

34

35241 Biochar powder compaction experiments were conducted using a universal tester, (Shimadzu, model AGS-X)
36

;; 242  equipped with a5 kN load cell (+1% from 10-5000 N) with Trapezium software (version 1.5.6) and a 6 mm diameter
39

40243  die (Precision Elements Ltd, Traverse City, MI) made from D2 tool steel.

41

42

43 244 Pellets were formed in the die using a piston travel speed of 10 mm/min to reach the target maximum force and

44
45245 then held for 120 sec. The measurement start point in the compression program was defined at a force of 20 N.
46

47246  The piston travel distance, the height of the pellet at the end of the compression stroke (under load in the die),
48

33247 and the height and diameter of the pellet after removal from the die and immediately before tensile strength

51
52
53
54
55
56
57
58 14

59
60 ACS Paragon Plus Environment
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Tensile strength was determined using diametric compression of cylindrical pellets with a piston travel speed of 1
mm/min, and calculated using equation (5), where F is the measured force and D, is the initial diameter. Curves

for tensile tests are shown in (Figures S5-7).

The tensile modulus, E, was determined using the max slope function and a 250 point fit in the Trapezium
software. The force-displacement slope (N/mm) obtained in Trapezium was converted into stress vs strain (N/mm?

= MPa) using equations 5 and 6.

2F

o = Stress = TxDo+rH (5
i D —Do
e = Strain = —_ (6)
o F 2 2
E = =0"Do*mn = [slove] * =5 (7)

The thermal expansion of the TPPB and NTPPB pellets was determined by placing pellets into a furnace (air) at

100, 150, 200 °C for 1 hour and measuring the diameter and radius using a micrometer.

Scanning electron microscopy (SEM)

SEM micrographs were obtained using a JOEL JSM 5900LV SEM with a working distance of 18 mm with

corresponding voltage of 15 kV and spot size of 24.

3CNMR

NMR spectra of TPPB samples were acquired at the Chemical Instrumentation Facility at lowa State University
using a Bruker Avance 400 under a 9.6 T field corresponding to Lamor frequencies for *H of 400.13 MHz and 100.62
MHz for 13C. A 4 mm three channel probe was run in double resonance mode with a MAS frequency of 14 kHz
using 62.5 kHz TPPM *H decoupling. Cross polarized spectra were acquired using 50 kHz power on *3C with a 'H
sideband match condition with a cross polarization period of 5 ms. Direct polarized (DP) spectra were acquired

with a recycle delay of 50 s and 3 k scans.
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Thermogravimetric analysis (TGA)

TGA was carried out using a TA Instruments TGA 5500 under a 50 ml/min flow of ultra-high purity N,. The heating
program ramped 10 °C/min to 110 °C with a 30 minute hold to evaporate all residual moisture followed by a 10

°C/min ramp to 1100 °C.

Results and Discussion:

Results of the tests summarized in Tables 1 and 2 are described below.

Influence of pressure on TPPB formation — Experiments 1 - 5 and 10/11 in Table 1

Figure 1A shows the visual changes in the material morphology as a function of pressure. No TPPB formation was
observed under pressures of 0, 0.69, and 4.48 MPa, minor TPPB formation was observed at 6.89 MPa, and
complete TPPB formation occurred at 10.3 MPa. Minimal differences in solid and fixed carbon content were
observed as a function of pressure (Figure 1B), despite seeing drastic changes in the material morphology. If TPPB
resulted from secondary char formation around individual primary biochar particles, differences in the solid yield
and potentially fixed carbon content would be expected; these differences are not observed. Particles in a size
range of 1-2 mm were selected for two reasons. First, larger particles have a larger void space than a fine powder,
and the formation of TPPB is much more apparent. Second, pyrolysis reactions under constant pressure conditions
release gas from the system upon heating in the sand bath. Effectively this outgassing would not be favorable for

TPPB to form if the primary mechanism was secondary charcoal formation.

16
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Figure 1: (A) Photographic results from 1-2 mm birch particles following constant pressure carbonization
experiments at 320 °C for 30 mins, (B) Solid yield and fixed carbon content as a function of pressure and (C) Heating
profiles from constant pressure pyrolysis with 1-2 mm birch particles reacted at 320 °C for 30 min. (TPP = transient

plastic phase)
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2

2 296  The temperature profiles for each of the test conditions are shown in Figure 1 (C). Lower reactor pressures display
6 297  a prominent endotherm occurring near the corresponding boiling point of water (dashed horizontal line). Under
7

g 298  conditions that formed TPPB, the temperature profile steepens at ~210 °C where the profiles of the three highest
9

10299  pressure experiments diverge. Additionally, the boiling point of water at 6.9 MPa is 275 °C, and therefore if TPPB

12300  formation is water mediated melting, we would expect the temperature required for this to occur would be > 275
13

14
15
16

301  °C. Results from tests run with a fine powder were consistent with respect to TPPB formation.

18302 TPPB molten phase validation

19
;?303 The partitioned reactor shown in (Figure S8) produced a TPPB solid (Table 1, test 6) that had undergone a drastic

22
23
24
25305 remaining 38% above. The screen was plugged with material with the same morphology as the contents of the
26

27306  lower reactor. Moreover, the material that did not pass through the 1 mm screen was accumulated as a solid
28

53307 chunk piled atop the screen. The only plausible explanation for the test results (product location and form) is that
31
32
33 . oy . . .

34309  was run under NTPPB formation conditions (0.69 MPa, 320 °C, 30 min) and as expected the biochar retained the
35

36310 parent particle morphology and 100% of the solid product mass was recovered from above the screen.

37

38

39311  Temperature effect on TPPB formation, Tests 4 and 8

40

41

42312 Results from Table 1, Test 8 conditions produced a biochar product that showed only partial TPPB formation,
43

44313 comparable to the product from test 4. Tests 4 and 5 as a pair demonstrate that increased pressure can shift
45

23314 biochar characteristics from a partial TPPB product to a fully agglomerated TPPB product. Test 4 and 8 as a pair
48
49

304 morphology transformation with 62% of the dry product mass recovered below the 1 mm screen and the

308 the biomass feedstock passed through a molten phase during the course of the reaction. An additional experiment

315 demonstrate that an increase in temperature of 100 °C does not produce a comparable effect on biochar product

51316 characteristics. Taken together, this suggests that a minimum pressure is required for TPPB to form, which likely

52

53317 is related to the boiling point of water.

54

55

56318 Minimum temperature requirement for TPPB formation

57

58 18

59
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After establishing the lower pressure range required for TPPB formation, identifying a lower temperature limit
was also of interest. Temperature >275 °C can be inferred from the constant pressure experiment results (See
Figure 2). Test 9 temperature, 270 °C, corresponds to the boiling point of water at 6.89 MPa (see Figure 2). Under
these conditions TPPB formation was not observed, suggesting a minimum temperature greater than 275 °C is
required for TPPB formation with a 30 min reaction time. These results corroborate the conclusions drawn from
the water-boiling point curves and TPP formation from the constant pressure series. Taken together, it appears
that the reactions responsible for TPPB formation have an activation energy threshold above 275 °C for the range

of test parameters summarized in Table 1.

Constant volume experiments with different initial pressure

TPPB formation was initially observed from constant volume reactor conditions which resulted in elevated
pressures [18]. Although, the role of pressure is somewhat more complicated to investigate since the pressure is
changing with temperature as the reaction proceeds. In addition, there is no loss of material as with the constant
pressure experiments. Therefore, it is unclear if the TPPB formation conditions required under constant pressure
would be transferable for TPPB formation under constant volume conditions. To compare the required conditions
for TPPB formation between constant pressure and constant volume a series of constant volume tests were
conducted (Table 2). Results from constant volume experiments (Figure 2A) show that initial pressures of 1.1 and
2.0 MPa lead to TPPB formation, whereas initial gage pressures of 0 and 0.56 MPa did not lead to TPPB formation.
To evaluate these results on a similar basis, constant pressure experiments’ reactor temperature-pressure profiles
were plotted with the boiling point of water as a function of temperature. (Figure 2B) The two conditions forming
TPPB (indicated as squares) resulted in reactor pressures above the water boiling point up to 290 °C where the
1.1 MPa curve crosses the saturated liquid line. The NTPPB sample with initial pressure of 0.56 MPa crossed the
water boiling point curve at 265 °C. Under constant pressure conditions, birch formed TPPB via a water-mediated
hydrolysis-melting above 275 °C. The temperature pressure profiles from the constant volume experiments

support the conclusions from the constant pressure experiments.

19
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Figure 2: Results of constant volume experiments with 1-2 mm birch particles at 320 °C for 30 min reaction times:
(A) initial and maximum pressures and photos of products, and (B) reactor temperature vs pressure profiles for
initial reactor test pressures overlaid with the saturated liquid, pressure-temperature curve for water (Water BP).

(Note: TPPB = transient plastic phase biochar and NTPPB = non transient plastic phase biochar).

Figure 3 compares the char yields and fixed carbon contents from birch for all the constant pressure and constant
volume experiments that were conducted at 320 °C. Across the range of maximum reactor pressures, char yields
vary from 53% at the maximum constant volume pressure of 12.4 MPa to 61% for the constant atmospheric
pressure conditions. The latter reaction conditions produced a fixed carbon biochar content of 36%. Above 0.69

MPa reactor pressures, fixed carbon contents ranged from 48 to 51%.
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Figure 3: Comparison of char yield and fixed carbon for all constant volume (CV) and constant pressure (CP)

experiment with 1-2 mm and <0.2 mm birch particles pyrolyzed at 320 °C for 30 minutes.

True density determination via helium pycnometry

Measured true densities of NTTPB and TPPB materials are shown in (Figure S9). The fresh NTPPB material had a
greater true density of 1.31+0.05 compared to 1.21+0.05 g/cc for TPPB when the measurement is made on
material directly recovered from the reactor. After cryomilling the material into a fine powder the measured true
densities are nearly identical 1.35+0.002 g/cc. These results show that the TPPB and NTPPB have effectively the
same true densities, suggesting the chemical compositions are similar. The change in the measured true density
of the milled TPPB material indicates the presence of gas-inaccessible pore space equal to ~10% of the TPPB
volume, a finding consistent with the occurrence of a molten phase during pyrolysis. Therefore, an observed
change in true density measured as a function of particle size provides a non-quantitative measure of the pore
accessibility of the material. Known true densities of other SP? hybridized carbon materials have an upper limit of
2.34 g/cc for crystalline graphite, and lower limits of 1.5 g/cc for glassy carbon, with intermediate densities for

calcined petroleum cokes ranging from 1.8-2.2 g/cc. The low true densities of the TPPB and NTPPB materials

21
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2

3370  reflects the high oxygen content and underdeveloped degree of polycondensation that occurs with higher
4

5 . .

6 371  temperature thermochemical reactions.

7

g 372  Thetrue densities of cryomilled biochar from the constant pressure series (Table 1, Tests 1-5) were also measured.
10 . . . - .

11373 In keeping with the proximate analyses of these samples reported in (Figure S10), no differences between the
12

13374  measured true densities are evident across pyrolysis pressures. The average for the five values across the pressure
14

15375 range is 1.33 g/cc with a standard deviation of 0.01 g/cc. Lastly, the measured true densities of the constant
16

18376 volume experiments (Table 2) averaged 1.35 g/cc with a standard deviation of 0.002, indicating little difference

19
20377  between the constant volume and constant pressure series. The results from helium pycnometry support the

21

22378  conclusions that TPPB and NTPPB have minimal differences at the chemical level, although the apparent difference
23

24379 in accessible pore space confirms a morphological change has occurred.

25

26

27380  Solid state *C NMR

28

29

30381  Solid state 3C NMR quantitatively identifies functional groups present in samples. Analysis of chars and humic
31

32382 materials is difficult because numerous overlapping aromatic peaks are present. Extensive work using advanced
33

23383 NMR techniques has dramatically improved the understanding of average chemical structures present in low

36
37384 temperature char materials. 14-16, 31-34 To compare functional groups of TPPB and NTPPB, semi-quantitative 13C

38
39385 cross-polarized spectra (Figure 8) were obtained using a long cross polarized spin transfer time (5 ms). Although
40

41386  these simple spectra do not provide sufficient information to determine average molecular structures, differences
42

ji 387 between TPPB and NTPPB can be assessed. Spectra in Figure 4A show no detectable differences in the prominent

45
46388 peak locations, and the relative intensity of major peaks. This demonstrates that the two materials have minimal

47
48389 differences in average chemical structures. Both spectra lack residual intensity characteristic of alkyl OCH groups
49

50390 present as carbohydrates in the parent biomass, indicating that both materials have been significantly
51

§§391 transformed. Both spectra are dominated by sp? hybridized carbon in the form of furanic and phenolic species

54
55
56
57
58 22

59
60 ACS Paragon Plus Environment
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mixture of lignin and furanic products, and the characteristic C,omatic-O one (150-165 ppm) and two bonds (100-
110 ppm) from oxygen. The alkyl region of the spectra has a sharp OCH; peak at 55 ppm corresponding to methoxy
groups present on lignin. A sharp CH, peak at 30 ppm and ketone at 205 ppm reflect levulinic acid. CH;-COO groups
cause the sharp CH; peak at 21 ppm characteristic of acetic acid and/or acetate. These results show that the
materials are not drastically different despite the huge difference in morphology. Figure 4B compares the cross
polarized spectra for the native birch wood, and DP spectra for the constant atmospheric pressure (Table 1 test
1) and the constant pressure TPP sample (Table 1 test 5). Incomplete thermochemical transformation in the
atmospheric sample is evident from significant intensity of alkyl CO peaks characteristic of cellulose in biomass in
the 60 to 110 ppm range. The TPPB CP and DP spectra deviate only minimally, and verify the CP conditions are

adequate to obtain an accurate spectra.
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Figure 4: Shown in (A) are 5 ms H-13C cross-polarized spectra acquired with 14 kHz MAS frequency from TPPB
and NTPPB materials obtained from constant volume experiments. Shown in (B) are a comparison of birch wood
cross polarized spectra to direct polarized spectra from TPPB (ID-5) and the NTPPB (ID-1) acquired using 50 s
recycle delay and 3 k scans. (Note: TPPB = transient plastic phase biochar and NTPPB = non transient plastic

phase biochar).

24

ACS Paragon Plus Environment



Page 25 of 39 ACS Sustainable Chemistry & Engineering

411

412

413

S\DOO\IONU'I-PUUN—‘

H H
= u
v EN

—_
coONOTULL DN WN
o
[h
[e)}

19417
20
21
5,418
23
24419
25
26420
27
28491
29
30

31

32
33423

34

35424
36

37425
38

422

39
40426
41
42427
43
44428
45
46
47429
48
49
50430

51
52
53431
54
55
56432
57
58

59
60

Author Accepted Manuscript version of the paper by Robert Johnson et al.
in ACS Sustainable Chemistry & Engineering Vol. 11 (2023) Page, DOI: http://dx.doi.org/10.1021/acssuschemeng.2c05229
Distributed under the terms of the Creative Commons Attribution License (CC BY 4.0)

TGA of constant pressure biochars

TGA results (Figure S11) show a clear trend of increased mass loss with increasing pressure between 200 and
400 °C and an increase of temperature where maximum loss occurs. This is consistent with the higher-pressure

TPPB samples being depolymerized after passing through a molten phase.

Characterization of TPPB and NTPPB powders

Considering that techniques sensitive to chemical level differences showed minimal differences between TPPB
and NTPPB, the need for a technique to characterize macromolecular properties is apparent. The compressibility
profiles of TPPB and NTPPB using small (0.075-0.15 mm) and large (0.5-1 mm) particle size fractions show the two
materials behave drastically different (Figure 5A). The TPPB solid fraction at 166 MPa approaches nearly 80%
compared to the NTPPB which is below 60%. The difference in the response is greater at 53 MPa with solid
fractions of TPPB being 68% and NTPPB being 42%. Differences are also reflected by the minimum pressure
required to form a stable pellet, with TPPB forming a stable pellet with as little as 8.8 MPa pressure, compared to
53 MPa required for the NTPPB material. The compressibility profiles of the two TPPB particle size classes are
identical, whereas the NTPP values differ by ~3% (absolute) with the smaller size class having a higher solid
fraction. These differences indicate that the TPPB material undergoes plastic deformation and/or fracture to a far
greater extent than NTPPB. This mechanical response would be consistent with TPPB having undergone a molten

phase, that would result in a breakdown of the macromolecular structure of the parent material.
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Figure 5: (A) Compressibility profiles of two size classes of TPPB and NTPPB powders formed into 6 mm pellets
across a range of piston loading pressures. (B) : Compaction profile of two size classes of TPPB and NTPPB
powders formed into 6 mm pellets. (C) Tabletability profile of two size classes of TPPB and NTPPB powders
formed into 6 mm pellets across a range of piston loading pressures. (Note: TPP = transient plastic phase and
NTPP = non transient plastic phase). *Dotted line represents highest value for bio-oil (30 wt%) - biochar (70

wt%) pellet pressed at 60 °C). 10

The compactability profiles for TPPB and NTPPB pellets from the same two particle size fractions are shown in
Figure 5B. These plots show that their maximum tensile strengths (0.5 to 0.6 MPa) are comparable at their highest
solid fractions. At 0.55 to 0.6 solid fractions, NTPPB has an order of magnitude higher tensile strength. This
behavior would be consistent with TPPB having a greater inter-particle bonding area, but lower bonding strength
and NTPPB having greater bonding strength and lower bonding area. This would be consistent with NTPPB

material retaining its structural integrity, and the associated strength.

The tabletability profiles for TPPB and NTPPB pellets from the same two particle size fractions are shown in Figure
5C. TPPB pellets exhibit greater tensile strength than NTPPB pellets at low pressures and asymptotically approach
a common 0.5 to 0.6 MPa range at compression pressures of 168 MPa reflecting the increased bonding area
between particles. The NTPPB pellet profiles exhibit a linear increase in tensile strength with increasing pressure
from 53 and 168 MPa. This reflects how NTPPB is resistant to plastic deformation and fracture compared to TPPB,

allowing for additional bonding area to develop with higher pressures.

Data from the compressibility, compactability, and tabletability profiles suggests that NTPPB is much more
resistant to fracture and plastic deformation compared to TPPB. This would be apparent from greater volume
expansion of pellets after compressive loads are removed. The change in volume after 128 hours at room
temperature are shown in Figure 6 as a function of compression pressure for TPPB and NTPPB pellets. These data

show that at all pressures the NTPPB expands to a far greater extent than the NTPPB materials. At 168 MPa the
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TPPB and NTPPB materials expanded 4% and 15%, respectively, representing nearly 4 fold greater volume
expansion. This large difference in elasticity between the TPPB and NTPPB materials is consistent with the

compressibility, compactability, and tabletability profiles.

25%
0% | ® TPPB
8 3
X | NTPPB
) 15% g
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Compression Pressure (MPa)

Figure 6: Comparison in volume change of 6 mm pellets of TPPB and NTPPB materials after 128 hours of

relaxation. (Note: TPPB = transient plastic phase biochar and NTPPB = non transient plastic phase biochar).

Figure 7 presents a plot of the pellet tensile moduli as a function of pellet-forming pressure. At 168 MPa
compression pressure TPPB has a tensile modulus of around 50 MPa compared to NTPPB at ~20 MPa. Additionally,
the response of tensile modulus vs compression pressure shows TPPB has a slope nearly twice that of NTPPB.

These data show that the pellets formed from TPPB are much less ductile compared to NTPPB.

28

ACS Paragon Plus Environment



Page 29 of 39 ACS Sustainable Chemistry & Engineering

471

oNOYTULT D WN =

22472
23

24
25473
26
27474
28

29475
30
31
32476

33

34477

37478

38
39479
40
41480
42
43
44481
45

4648
47

48
49
50
51484
52
53485
54
55
56
57
58
59
60

483

Author Accepted Manuscript version of the paper by Robert Johnson et al.
in ACS Sustainable Chemistry & Engineering Vol. 11 (2023) Page, DOI: http://dx.doi.org/10.1021/acssuschemeng.2c05229
Distributed under the terms of the Creative Commons Attribution License (CC BY 4.0)

~ 60 I
E ® TPPB 0.5-1mm TPPB Slope = 0.27
= 20 B NTPPB 0.5-1mm R2=0.953 L
E TPPB 0.075-0.150 ™
5 40 1
=) B NTPPB 0.075-0.15mm
=
o
S 30 'T
% . NTPPB Slope = 0.14 0
— 2- =
= o R 0.999 i
< 10
i . ' o =
O 2 2 2 2 'l 2 2 2 ' Il ' 2 E 2 .l ' 2 2 2 1 2 2 2 2 1 2 2 o 2 L 2 2 2 2 'l 2 2 2 2 L 2 ' 2 ' J
0 20 40 60 80 100 120 140 160 180

Compression pressure (MPa)

Figure 7: Tensile moduli of two size classes of TPPB and NTPPB powders formed into 6 mm pellets across a range
of piston loading pressures. (Note: TPPB = transient plastic phase biochar and NTPPB = non transient plastic

phase biochar).

The results for TPPB and NTPPB produced from <0.2 mm and 1 to 2 mm birch particles at the same reactor
conditions are shown in Figure S12-A. Their calcined products (NTPPC and TPPC) are presented in Figure S12-B.
Calcined (N,) and un-calcined TPPB and NTPPB pellets produced from <0.2 mm birch particles exhibited reduced
mechanical strength compared to their 1 to 2 mm counterparts. Calcining increased the tensile strength of the

<0.2 mm and 1-2 mm size class TPPB pellets by factors of ~ 6 and 9, respectively.

Given the significant differences in mechanical properties related to compressibility and elasticity, the relative
thermal expansion of TPPB and NTPPB pellets were determined; the results shown in Figure 8. The greater
elasticity of NTPPB material pellets observed at room temperature was amplified when heated. After 1 hr at 200
°C the NTPPB pellet expanded by 11.5% compared to 2.5% for the TPPB pellet. These data suggest that the TPPB

pellets would be more apt to maintain mechanical integrity following heating compared to the NTPPB pellets.
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Reduced thermal expansion will allow for greater intraparticle contacts to be retained and allow for formation of

covalent bonds between particles to form a strong contiguous solid.

13.0%
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5.0%

3.0%

Volume % Change

1.0%
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Figure 8: Change in volume of NTPPB and TPPB pellets after 1 hour exposure as a function of exposure

temperature. (Note: TPPB = transient plastic phase biochar and NTPPB = non transient plastic phase biochar).

SEM of TPPB and NTPPB pellets

SEM images of TPPB pellets formed from 0.5-1 mm particles under different compression pressures at

maghnification of 55X, 200X and 800X are shown in (Figure S13). Images from 55X magnification support the

conclusion from the compressibility profile that TPPB powders fracture and undergo plastic deformation at

pressures as low at 17 MPa, as virtually no remnants of the original powder particles can be identified. Optical

images of the pellets were also obtained (Figure $S14) with a 0.5 mm red box shown in the figure to further highlight
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this point. As expected, the surface roughness decreases substantially with increasing compression pressures.
Images from 800X magnification and low compression pressure show interesting features that resemble bubbles,
which would be consistent with formation of a molten phase while gas formation was occurring. The NTPPB SEM
images shown in (Figure S15) display morphology that is typical of char derived from woody biomass that retains
its fibrous structural elements. Moreover, the outlines of individual particles used to form the pellets are evident,
indicating that even at high pressure the degree of particle fracture and plastic deformation is much less than for
TPPB material.

The SEM images are consistent with the conclusions from the powder compression experiments, showing that the
pelleted TPPB material has undergone a major change in morphology consistent with having undergone a molten
phase. The tabletability and compactability profiles for NTPPB and TPPB pellets provide insight into the resulting
differences. NTPPB pellet strength is developed via interlocking un-fractured materials that retain the fibrous
morphology which leads to a high bonding strength and low bonding area. TPPB pellets develop strength through
fragmentation and plastic deformation leading to greater bonding area, but with reduced bonding strength. The
powder compression experiments and SEM images indicate that TPPB should be a superior starting material to
produce formed biocarbon with improved mechanical strength.

Biochar calcination (N,) to form biocarbon

Results from the pelletization experiments show that as a result of having undergone a molten phase, TPPB pellets
have a much higher solid fraction and much lower elasticity and thermal expansion. This suggests that upon
further heating to convert TPPB into biocarbon TPPC, there would be greater intra particle contact, leading to
greater covalent bond formation between particles resulting in a material with greater mechanical strength
compared to the NTPPB material. This hypothesis was tested by devolatilizing both TPPB and TPPC (0.5-1 mm

particles) pellets by heating to 900 °C.

Pellets produced from TPPB and NTPPB (0.5-1 mm particles) were calcined (N,) at 900 °C. The calcination (N,)

temperature is near the “fixed carbon” temperature (950 °C) used in proximate analysis to measure the fixed
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carbon content. After calcination the product will contain predominantly fixed carbon and low levels of ash.
Differences in the mechanical properties of TPPB and NTPPB pellets carried over to the TPPC and NTPPC pellets
and were amplified (Table 3). The density of the TPPC pellets is nearly double that of NTPPC pellets, with tensile
and compressive strengths that are nearly ten-fold greater. The compressive strength reported for the TPPC (17
MPa) is comparable to values reported for materials produced with bio-oil/pitch binders (22-36 MPa), & 12
biomass/steam exploded wood pellets (5.5-16.7 MPa), 1° coal tar pitch binders (14-35 MPa), & 12 35> and a
commercial “Formcoke” process (28-55 MPa). 3¢ Although the goal of the present study was to compare
characteristics of TPPC and NTPPC materials, these unoptimized results compared with those from competing
applications and market products indicate that TPP material has potential to unlock new biochar applications.
Improvement of TPPC mechanical strength that may be realized by controlling pellet formation (particle size,
temperature, pressure, etc.) and calcination conditions (e.g. heat rates, hold times) remain unexplored. These
results verify that the molten phase breakdown of macromolecular structure results in a carbon enriched material
with drastically improved mechanical properties compared to conventional biochar and demonstrate an

innovative approach for engineering biocarbon properties.

Table 3: Comparison of devolatilized TPPC and NTPPC pellets.

TPPC NTPPC NTPPC
TPPC Tensile NTPPC
TPPC Density Compression Tensile Compression
Strength Density
(g/cc) Strength Strength Strength
(MPa) (g/cc)
(MPa) (MPa) (MPa)
Mean 1.026 4.44 17.03 0.563 0.48 1.79
Standard
0.046 1.63 1.74 0.017 0.04 0.2
Dev.
n 10 5 5 6 3 3
32
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Converting biomass into a TPPB precursor to produce biocarbon offers several potential advantages for overall

process efficiency:

e The process to form TPPB does not require drying or size reduction prior to pyrolysis, and would result in
a reduction in unit operations and significant energy savings.

e Keeping water in the condensed phase avoids the energy penalty associated with the latent heat of
vaporization.

e The material does not require a binder to form a strong pellet this also reduces input cost and unit

operations.

Conclusions:

Pyrolysis at a minimum temperature of ~270 °C and sufficient pressure to maintain fuel-bound water as a
compressed liquid caused birch stemwood feedstock to undergo a molten phase, forming TPPB. TPPB was more
compressible, had greater plasticity, reduced elasticity and reduced thermal expansion compared to NTPPB
formed from the same parent material. TPPB calcined in N, resulted in a biocarbon with 10 times higher
tensile/compressive strength and two-times higher apparent density compared to calcined NTPPB. These findings
provide an alternative route for improving the mechanical properties of biomass-derived, carbon materials.
Overcoming this limitation may enable biocarbons displacement of fossil carbon products as metallurgical

reductants, binders, electrodes, or high value specialty materials.

Supporting Information:

The supporting information is available free of charge at (please add the link)

Detailed descriptions of the reactor configuration; proximate analysis heating program, true density

measurements of graphite and ZSM5 zeolites, raw data from universal tester, diagram of partitioned constant
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