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Abstract: 

Studies into transient plastic phase biochar (TPPB) were conducted to compare how feedstock, moisture, 
acetic acid addition, and reaction time, impacted the formation of TPPB, and mechanical properties. Our 
results show that pyrolysis conditions sufficient for TPPB formation from birch wood, do not lead to TPPB 
formation from spruce, cellulose (paper plates), or rice straw. However, TPPB formation was possible with 
spruce and rice straw with the addition of water to the initial material. Plasticized and non-plasticized 
biochars (NTPPB) produced from spruce and rice straw were compared in terms of the charcoal yield, 
proximate analysis (fixed carbon content), and the mechanical properties of pelletized particles. Despite 
observing only minimal differences in the charcoal yields and fixed carbon contents between TPPB and 
(NTPPB) biochars, the tensile strengths of biochar and biocarbon pellets (calcined at 900 oC (N2)) were 
substantially improved with TPPB. Biocarbon pellets produced from spruce-TPPB and rice straw-TPPB 
were 5x and 1.5x stronger than the NTPPB counterparts. Furthermore, adding +75 wt% H2O resulted in 
biocarbon with nearly 10x’s higher tensile strength despite both biocarbon materials being produced from 
a birch-TPPB precursor. Using birch we found that shorter reaction times also improved resulted in 
biocarbon pellets with nearly 3x higher tensile strength. Lastly, measured tensile (39 MPa) and 
compressive strength (188 MPa) values obtained from finely ground birch TPPB samples constitute one 
of the strongest biocarbon materials reported to date, and would have sufficient mechanical strength to 
serve as a direct substitute for petroleum carbon anodes without any binder. These results demonstrate 
that plasticized biochar can be produced from a variety of different feedstocks, and increasing the water 
content of the starting material, along with reducing the reaction time can be used to further improve the 
mechanical properties of the plasticized biochar for the formation of biocarbon.      
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Introduction 
One hundred ninety five nations have adopted the COP 21 Paris agreement to act to limit the increase in 

the average global temperature to less than 2 °C.  Using biobased feedstocks to decarbonize industrial 

processes is one option to address this goal by reducing CO2 emissions, while limiting impacts on industrial 

output. Aluminum production currently relies on fossil-derived carbon materials to manufacture anodes 

used in the process to reduce alumina (Al2O3) to aluminum. These carbon anodes are produced by mixing 

calcined pet-coke (85 wt%) with coal tar pitch (CTP) above the softening temperature of the CTP to form 

an anode paste. This paste is pressed into the desired shape to form a green anode and baked at 1200 
oC.1 Although CTP has favorable properties as a binder, it also has negative aspects related to its fossil 

carbon origin, availability of future supply, and poly-aromatic hydrocarbons (PAH) content and associated 

impacts on human health as a known carcinogen.1 Aluminum anode requirements include very high fixed 

carbon content, low surface area, low O2/CO2 reactivity and compression strengths in the range of 20-40 

MPa as determined via axial compression.1, 2 Fossil coke is also used as a reductant in the submerged arc 

furnaces of the ferroalloy and silicomanganese industries with similar property requirements (tensile 

strength of 4 to 8 MPa).3-5 Blast furnace cokes’ tensile strengths range from 2.5 to 4.1 MPa with apparent 

densities of 0.744 to 0.859 kg/m3.6  Biobased substitutes for calcined pet-coke, CTP, and/or fossil 

reductants could contribute to reducing greenhouse gas emissions from the metallurgical industry. 

Directly substituting calcined pet-coke with biocarbon is problematic as the mechanical properties of 

biocarbon are very poor as compared to calcined pet coke. Substitution of CTP with bio-oil produced from 

fast pyrolysis has shown to be a viable substitute. Although, producing high quality bio-oil requires 

numerous processing steps and the total reduction in green house gas emissions is modest as the binder 

comprises only 15-25 wt% of the material. The greatest impact for reducing green house gas emissions 

requires processing technology to utilize biomass to produce the complete anode. Standard biomass 

carbonization proceeds via a charring (no molten phase) and not coking (molten phase) mechanism. The 

lack of a molten phase during carbonization results in the product retaining much of the morphological 

features of the parent material, and limits inter-and intra-particle bonding leading to high surface area, 

and poor mechanical properties and electrical properties.7 Improved mechanical properties of biobased 

substitutes for calcined pet-coke, CTP, and/or fossil reductants are critical to their utilization as fossil 

replacements in the metallurgical industry.      

Biomass pyrolysis to primarily produce solid carbonized products has been explored across a range of 

pressures, temperatures, heating rates, feedstocks, residence times, and reactive environments. 7 Product 
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yields and distributions reflect the feedstock characteristics and severity of process conditions. Although, 

temperature is the key processing variable that dictates the extent of carbonization, with temperatures 

in excess of 800 oC required to form extended poly condensed aromatic sheets characteristic of a material 

with high fixed carbon content (> 85%) and low resistivity (<100 µΩ*m) need for aluminum electrolysis.1 

Altering the biomass to biocarbon processing pathway is a promising approach to alter the properties of 

the resultant materials, which is analogous to geochemical processes that yield a suite of different carbon 

products.    

Under certain conditions, pressurized pyrolysis can produce a solid appearing to have experienced a 

molten phase. Table 1 summarizes process conditions and feedstock materials that include 

microcrystalline cellulose, 8, 9 birch,10, 11 oak,11 olive stones, 12 pine, 13 miscanthus, 13 corn stover, 13 lignin13, 

cellulose, 13 and xylan.13 This molten phase biochar product has been termed transient plastic phase 

biochar (TPPB). Researchers producing carbon foams using thermochemical conversion have also 

identified molten phase formation.  Considering the huge volume of biomass thermochemical conversion 

literature over the past several decades, the formation of a molten phase is relatively unexplored.  

Table 1.  Conditions reported for molten biochar formation 

Feedstock Moisture Content (% 
wet basis) 

Reaction Type Pressure 
(MPa) 
Initial/Peak 

Temperature 
(°C) 

Microcrystalline 
cellulose8 

4.7 Constant 
Volume 

2.26/7.39 309 

Microcrystalline 
cellulose9 

0.0 to 6.0 Constant 
Volume 

2.4/6.4 to 9.8 
3.55/10.4 
4.79/12.1 

260 to 400 
300 to 325 
300 

Birch11 7.9 Constant 
Volume 

0.1/9.57 300 

Oak11 7.5 Constant 
Volume 

2.69/7.62 300 to 400 

Birch11 8-10 % Constant 
pressure 

12.5  320 

Olive stones12 not reported* Constant 
pressure 

1.0/1.0 Ramp to 500  

*batch reactor contained 200 g of feedstock and 25 ml of liquid water to generate steam 
environment 

 

The underlying processes that result in the molten phase formation is still not fully understood. One 

explanation from cellulose experiments postulates that elevated pressure acts to partition feedstock 
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devolatilization products directly to the liquid phase. When coupled with heating rates of 20-60 oC min-1, 

the condensed volatiles formed a liquid phase intermediate prior to charcoal formation.8, 9 This hypothesis 

is in agreement with temperatures (250 to 475 oC) where an “intermediate active cellulose” forms.14 Lédé 

differentiates between bio-oils formed from condensed pyrolysis vapors and liquids that are solid at room 

temperature having gone through an intermediate active form.14 Literature from carbon-foam research  

suggested that both heating rate and pressure were important for the formation of a molten phase. 

During pyrolysis, a large exotherm was identified that is postulated to be critical to the melting process.12, 

13  Molten product viscosity differences were suggested to reflect feedstock ash content.13 Olive stones 

were pyrolyzed under 1 MPa N2 and a 10 °C min-1 ramp to 500 °C with liquid water present in a 1 L reactor 

but separate from the feedstock.12  Based on experimental results, it was concluded that in the early 

stages of heating, the partial pressure of water vapor increases, inhibiting dehydration reactions.  At ~150 

°C, biopolymers undergo endothermic scission to produce a “high viscosity melt” that undergoes 

exothermic dehydration.  This heat release increases the sample heating rate, supporting further 

depolymerization while the reactor pressure maintains volatiles in the condensed phase. With increasing 

temperature, liquid volatiles boil or are thermally degraded and leave as gas, creating an expanded melt, 

increasing porosity, and a final carbon foam product.  Suppressed dehydration reactions were postulated 

as the key difference between this process and conventional pyrolysis.  

Recent constant pressure experiments studied the impact of pressure on TPPB formation. 15 Reactions 

with birch wood at 320 oC required pressure in excess of 10.4 MPa for complete molten phase formation. 

The water boiling point at this pressure is 270 oC and maintaining condensed water in the reactor was 

identified as critical to molten phase formation. Moreover, a reaction with 12.4 MPa pressure and 275 oC 

did not form a molten phase, suggesting that a minimum temperature between 275 and 320 oC is 

required.  TPPB and non transient plastic phase biochar (NTPPB) produced across a range of pressures 

(0.1-12.4 MPa) showed no differences in solid yields, or the 13C NMR spectra. This finding suggests that 

secondary char formation is not the critical mechanism for TPPB formation. The molten phase was 

confirmed using a reactor containing two sections separated by a 1 mm screen.  2 -4 mm birch particles 

loaded above the screen appeared as TPPB product below the screen at the test conclusion.  This work 

postulated that sufficient pressure maintains water in the condensed phase favoring hydrolysis (equation 

1) over condensation (equation 2), where C-O-C represents linkages between base units in biomass’ 

polymeric structure.  Hydrolysis and condensation reactions are reversible with H2O being a reactant in 

hydrolysis, and a product in condensation. Therefore, if water is quickly evaporated from the system (as 

in the case for pyrolysis under standard pressure conditions) the removal of water will shift the reaction 
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entirely in the direction of  condensation. The smaller molecular weight fragments produced by hydrolysis 

form the molten phase that solidifies into TPPB upon cooling. 

 C-O-C + H2O   C-OH + C-OH   “Hydrolysis” (1) 

 C-OH + C-OH   C-O-C + H2O   “Condensation” (2) 

 

Until recently, little attention was given to the mechanical properties of TPPB materials, and the potential 

utility to improve the mechanical strength of biochar and biocarbon. Recent work compared the 

mechanical performance of TPPB and (NTPPB) biochars produced from birch at 320 oC with powder 

compaction experiments. This methodology was adopted from pill making research conducted by the 

pharmaceutical industry and recognizes that the predominant factor resulting in strong 

pellets/tablets/pills is the capacity for the material to form strong inter particle and intra particle bonds 

by undergoing plastic deformation during compression. 16-18 Therefore the tensile strength of the pellets 

formed from particle compaction serves as an indirect measure or the material plasticity.15 These results 

showed that birch TPPB materials display greater plasticity, reduced elasticity (volume expansion after 

128 hours) and reduced thermal expansion.15 Furthermore, calcined (N2 900 oC) TPPB pellets produced 

transient plastic phase biocarbon (TPPC) pellets with tensile strength of 4.4 MPa and apparent density of 

1.026 g/cm3, exceeding requirements of blast furnace reductant cokes.6 Additionally, the measured 

compression strength of TPPC pellets was 17± 1.7 MPa, comparable to the pellets of calcined pet-coke 

CTP mixtures.1, 2, 15  The birch TPPB intermediate pellets were produced from relatively large particles (0.5-

1.0 mm) without binder.  

This initial work showed TPPB as a promising route to improve biocarbon mechanical properties. Further 

research is needed to understand how different feedstocks and process conditions impact molten 

phase/TPPB formation and mechanical properties of biocarbon products. The following objectives were 

identified to fill this knowledge gap and inform process design. The first objective was to determine if 

birch TPPB formation reaction conditions would produce similar results on other biomass feedstocks. A 

variety of biomass types, including: spruce (gymnosperm), rice straw (herbaceous high ash content), oak 

(angiosperm), Avicell, and cellulose plates, were tested to gain insight into how their differences would 

impact TPPB formation.  The effects of feedstock moisture content and acetic acid addition on the 

formation of TPPB and the mechanical properties of the biochar and biocarbon pellets were also explored. 

The reaction time needed to produce TPPB and its influence on pellet mechanical properties was 

investigated.  In order to investigate post TPPB formation process effects, an experiment was conducted 
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where the reactor was depressurized while at reaction temperature. Lastly, biocarbon was formed from 

finely ground birch and spruce TPPB samples to provide insight into benefits derived from comminution.   

Materials and Methods 

Sample preparation 

Norwegian spruce and birch stem woods (forest outside Trondhiem), rice straw obtained from freshly 

harvested fields in the Sacramento valley of northern California, oak (Conagra Corp), and paper plates (a 

cellulose proxy) 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. Avicel (type PH-102) with a 90 μm average particle size was 

purchased from FMC Corporation and used as received.   

Feedstock moisture contents (determined by drying overnight at 105 oC until constant weight) are 

reported on a wet basis. Water was added to feedstocks in equilibrium with ambient conditions (air dry) 

to produce samples with increased moisture content. The added water is reported relative to the air dry 

mass of feedstock (massH2O added/massbiomass eq ambient). This value does not account for the equilibrium value 

of the parent biomass (~8% wet basis). The prescribed amounts of water and biomass were added to an 

empty reactor, sealed, and allowed to equilibrate overnight prior to pyrolysis tests.   

Similarly, acetic acid was included in experiments at levels of 5 and 10% relative to the air dry mass of 

feedstock.  When acetic acid and water were both added, the total liquid loading (mass of acetic acid plus 

mass of water) are reported relative to the air dry mass of feedstock. 

Reactor design and testing 

All pyrolysis tests used a wall heated tube bomb (WHTB) reactor system described previously.15  After 

loading with biomass, the reactors were weighed, leak checked, purged, and pressurized using industrial 

nitrogen from a compressed gas cylinder. Purging was done under elevated pressure to minimize the 

water lost from the system. All tests were conducted under constant pressure (~12.4 MPa) controlled with 

a back pressure regulator. Upon heating the reactor in a nominally constant temperature sand bath, 

pretest N2 and feedstock-derived gases expanded and were released through the back pressure regulator. 

This transient heating period produced a ~15% overshoot above the set point pressure while the system 
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achieved equilibrium.  Feedstocks and reactor conditions used in the test campaign are summarized in 

Table 2. 

 

  

Page 7 of 39

ACS Paragon Plus Environment

Energy & Fuels

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 

Author Accepted Manuscript version of the paper by Robert L. Hohnson et al. 
in Energy & Fuels, 37 (2023) Page 15808-15821,  
http://dx.doi.org/10.1021/acs.energyfuels.3c01660 

Distributed under the terms of the Creative Commons Attribution License (CC BY 4.0)



Table 2: Summary of test conditions conducted at 320 oC and constant pressure of 12.4 MPa.   

Test 

ID 

Experiment 

Purpose 

Biomass Particle Size 

(mm) 

Added H2O 

(wt %) 

Acetic Acid Reaction time  

(min) 

1 TPPB Spruce 1-2  0 (AD) * 0 30 

2 TPPB Rice straw 1-2  0 (AD) * 0 30 

3 TPPB Oak 1-2  0 (AD) * 0 30 

4 TPPB Cellulose 

(fibers) 

1-2  0 (AD) * 0 30 

5 TPPB Avicel 0.09 0 (AD) * 0 30 

6 H2O Spruce 1-2 25 0 30 

7 H2O Spruce 1-2 50 0 30 

8 H2O Spruce 1-2 75 0 30 

9 H2O Spruce 1-2 107 (sat)* 0 30 

10 Acetic Acid Spruce 1-2 45 5 30 

11 Acetic Acid Spruce 1-2 40 10 30 

12 H2O Birch 1-2 50 0 30 

13 H2O Birch 1-2 75 0 30 

14 Time Birch 1-2 25 0 10 

15 Time/H2O Birch 1-2 25 0 30 

16 Time Birch 1-2 25 0 60 

17 H2O Rice Straw 1-2 25 0 30 

18 H2O Rice Straw 1-2 50 0 30 

19 H2O Rice Straw 1-2 100 0 30 

20 H2O Rice Straw 1-2 225 0 30 

21 Pressure 

release 

Birch 1-2  25 0 30 

* Air dry (AD) moisture contents of spruce, rice straw, oak, cellulose (fibers), Avicel and birch 

used in Tests 1 to 21 were 8.3, 8.2, 8.0, 7.5, 7.9 and 8.1 wet basis, respectively. 

*(sat) indicated the biomass is fully soaked with water 
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Proximate analysis 

Moisture content, volatile matter, fixed carbon and ash of the biochars produced from the WHTB reactor 

were determined using a LECO TGA801 System (LECO Corporation, St. Joseph, MI) with operating 

conditions as specified by the manufacturer for proximate analysis. The LECO TGA 801 program is 

described previously.15 All samples were run in triplicate with ~1 g of sample used for each replicate.  

Averages and standard deviations are reported.    

Pellet preparation and testing 

Biomass and biochar compaction experiments were conducted with a universal tester (Shimadzu, model 

AGS-X) controlled by Trapezium software (version 1.5.6) and equipped with a 5 kN load cell (±1% from 10-

5000 N).  Pellets were formed from biochar particles ranging in size from 0.5 to 1.0 mm under 88 MPa 

pressure using a 6 mm diameter die (Precision Elements Ltd, Traverse City, MI) made from D2 tool steel. 

The same apparatus was used to produce pellets from biomass and biochar with 168 MPa of pressure.  

Tensile strength, determined using diametric compression of cylindrical pellets with a piston travel speed 

of 1 mm/min, was calculated using equation (3), where σT is tensile strength (MPa), Fmax is the maximum 

measured force (MN), and D and H are the diameter (m) and height (m) of the pellet, respectively. Tensile 

strength of pellets is commonly determined by compressive loading transverse to the cylinder axis, 

although true tensile strength is often underreported from excessive strain at the points of contact.19    

 𝜎𝜎𝑇𝑇 = 2𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚
𝜋𝜋𝜋𝜋𝜋𝜋

 (3) 

Apparent density, ρ, (kg/m3) was calculated using the oven dry mass, m (kg), of the pellet as shown in 

equation (4). Pellet dimensions were determined with a micrometer. 

 𝜌𝜌 = 𝑚𝑚

𝜋𝜋�𝜋𝜋 2� �
2
𝜋𝜋
 (4) 

 

Compression strength , σC, (MPa), was determined by axially compressing the pellets until failure and 

calculated using equation (5). 

 

  𝜎𝜎𝐶𝐶 = 𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚

𝜋𝜋�𝜋𝜋 2� �
2 (5) 

Page 9 of 39

ACS Paragon Plus Environment

Energy & Fuels

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 

Author Accepted Manuscript version of the paper by Robert L. Hohnson et al. 
in Energy & Fuels, 37 (2023) Page 15808-15821,  
http://dx.doi.org/10.1021/acs.energyfuels.3c01660 

Distributed under the terms of the Creative Commons Attribution License (CC BY 4.0)



 

Determination of water holding capacity of feedstock 

The water holding capacity of feedstocks were determined by placing 10 g of 1-2 mm particles in 500 ml 

of DI water and mixing for 2 hrs. The hydrated materials were vacuum filtered for 15 minutes after all 

additional water was pulled through the filter.  

Calcination of biomass and biochar pellets to produce biocarbon pellets 

Biomass and biochar pellets were first weighed, then devolatilized in a 25 mm quartz tube furnace using 

a temperature ramp rate of 1 °C/min to 900 °C.  After holding for 1 hr, samples were passively cooled.  

The quartz tube was purged and calcination was conducted under a flow of 1.6 L nitrogen /min (Matheson 

Tri-Gas, 99.999% purity) that passed through a trap (Restek, RES-20601) to reduce oxygen below 20 ppb. 

Pellet mass was determined following devolatilization and dimensions were measured using a micrometer 

(Mintoya Corp., Model CD-6”C, ±5 μm). Samples were run in duplicate and values reported are the 

average.  

Size reduction of TPPB materials  

TPPB materials were ground into a fine powder using a Retsch cryomill. The materials were milled using 

two 2-minute cycles with a 20 hz frequency. The materials were pre-cooled for 3 minutes and for 2 

minutes between milling periods.  

Thermogravnimetric Analysis (TGA) 

Thermogravnimetric analysis was carried out using a Perkin Elmer TGA8000 with Pyris software (version 

13.3.3.0032, 2016. Materials were cryo-milled into a fine powder prior to TGA analysis. Thermograms 

were acquired using a 10 oC/min ramp to 1100 oC including a 30 minute hold period at 110 oC under UHP 

nitrogen min (Matheson Tri-Gas, 99.999% purity) with a sample flow rate of  20 ml/min, and a balance 

flow rate of 40 ml/min. 
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Raman Spectroscopy  

Raman spectra were aquired using a DXRxi Raman Imaging Microscope with 100x magnification objective 

lens with excitation using a 532 nm laser. Samples were mounted on the cylindrical axis onto a glass slide 

under the Raman microscope and focused using the objective lens. The laser was powered to 1.5 – 2 mW 

for a 0.5-1 second exposure time with 1000 scans. The spectra were analyzed utilizing the Omnic xi 

software. The area under the curve was determined by the Omnic xi area measurement tool. Raman 

spectroscopy was carried out on the calcined samples of birch and spruce obtained from the cryomilled 

materials.  

 

Equilibrium analysis of rice straw 

FactSageTM version 8.0 software was used to calculate the thermochemical equilibrium product 

distribution for constant volume carbonization of rice straw at 320 °C.  Reactant ratios for rice straw based 

on ultimate and X-ray fluorescence analyses are presented in Table 3.  Case 1 presents element ratios 

based on 100 g of rice straw at 8% moisture content (wet basis), i.e. 92% rice straw dry matter and 8% 

water.  Cases 2 to 9 are based on the Case 1 data with the addition of water as a percentage (ranging from 

10% to 40%) of the Case 1 feedstock (92% dry matter and 8% water) mass.  For example, reactant masses 

for Case 5 are based on 92 g rice straw dry matter and 8+24=32 g H2O. The equilibrium product distribution 

was calculated using the reactant ratios in Table 3, a constant reactor volume of 900 mL, and a product 

temperature of 320 °C. 

Table 3.  Feedstock element ratios for constant volume carbonization of rice straw with varied moisture 

contents. 

Case 1 2 3 4 5 6 7 8 9 
Added H2O 
(% of fuel 
mass at 8% 
H2O) 

0 10 20 22 24 26 28 30 40 

Fuel Moisture 
Content (%) 

8 8 8 8 8 8 8 8 8 

Element composition (%) 
C 34.457 31.325 28.714 28.244 27.788 27.347 26.920 26.506 24.612 
H 5.418 5.936 6.367 6.445 6.520 6.593 6.664 6.732 7.045 
N 0.640 0.582 0.533 0.525 0.516 0.508 0.500 0.492 0.457 
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S 0.077 0.070 0.064 0.063 0.062 0.061 0.060 0.059 0.055 
O (by 
difference) 

49.154 52.766 55.776 56.319 56.844 57.353 57.846 58.323 60.507 

Cl 0.372 0.338 0.310 0.305 0.300 0.295 0.291 0.286 0.266 
F 0.027 0.025 0.023 0.022 0.022 0.021 0.021 0.021 0.019 
Na 0.015 0.014 0.013 0.012 0.012 0.012 0.012 0.012 0.011 
Mg 0.079 0.072 0.066 0.065 0.064 0.063 0.062 0.061 0.056 
Al 0.029 0.026 0.024 0.024 0.023 0.023 0.023 0.022 0.021 
Si 5.617 5.106 4.681 4.604 4.530 4.458 4.388 4.321 4.012 
P 0.061 0.055 0.051 0.050 0.049 0.048 0.048 0.047 0.044 
Cl 0.372 0.338 0.310 0.305 0.300 0.295 0.291 0.286 0.266 
K 3.062 2.784 2.552 2.510 2.469 2.430 2.392 2.355 2.187 
Ca 0.281 0.255 0.234 0.230 0.227 0.223 0.220 0.216 0.201 
Mn 0.102 0.093 0.085 0.084 0.082 0.081 0.080 0.078 0.073 
Fe 0.101 0.092 0.084 0.083 0.081 0.080 0.079 0.078 0.072 
Cu 0.005 0.005 0.004 0.004 0.004 0.004 0.004 0.004 0.004 
Br 0.026 0.023 0.021 0.021 0.021 0.020 0.020 0.020 0.018 
Rb 0.005 0.005 0.004 0.004 0.004 0.004 0.004 0.004 0.004 
Mo 0.023 0.021 0.019 0.019 0.019 0.018 0.018 0.018 0.016 

 

Results and Discussion 

Additional feedstock testing using TPPB conditions (birch feedstock) 

The TPPB formation process was explored using different biomass materials and reactor conditions which 

formed TPPB from birch stem wood. The following materials were tested: spruce (gymnosperms), oak 

(angiosperms), rice straw (grassy high ash), paper plates (cellulose fibers), and Avicel (microcrystalline 

cellulose). Proximate analysis data shown in Table 4 are consistent with expected values for these 

materials.  

Table 4: Proximate analysis (dry basis) for feedstock materials used in this study 

Feedstock 
Fixed carbon 

(wt%) 
Volatile matter 

(wt%) Ash (wt%) 
Birch 15.87 83.86 0.28 

Spruce 17.43 82.34 0.23 
Rice Straw 15.68 67.27 17.05 

Oak 17.99 79.39 2.42 
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Cellulose 11.62 86.78 1.60 
Avicel 12.05 88.06 0 

 

This set of biomass materials with different physio-chemical properties, was chosen to aid in identifying 

critical factors for TPPB formation. Table 5 shows values for cellulose, hemicellulose, lignin and ash 

contents of the feedstocks reported in literature. Test results under identical reactor conditions (Table 6) 

show that birch, oak and Avicel formed TPPB (Table 1, Test IDs 3&5), but spruce, rice straw, and cellulose 

fibers (IDs 1, 2, 4) did not. Differences in the TPPB formation could result from differences in the lignin 

content and composition between these materials. The lignin makeup of angiosperms and gymnosperms 

differ: (1) angiosperms having significant amounts of acid soluble lignin and higher fractions of lignin 

monomers that contain syringyl base units (di-methoxy phenyl propane units),20 (2) lignin isolated from 

softwood and hardwood biomass using the LignoforceTM process showed hardwood species had a reduced 

average molecular weight, and reduced glass transition temperature,21 20 and (3) angiosperms contain a 

higher fraction of acylated carbohydrates in their hemicellulose compared to gymnosperms.22  Reduced 

average molecular weights of lignin components (e.g. 5,426 g/mol for hardwood vs 12,926 g/mol for 

softwood20) serve to lower their glass transition temperatures (132 °C hardwood vs 177 °C softwood).20   

TPPB readily formed with microcrystalline cellulose but not cellulose fiber. Microcrystalline cellulose 

would be expected to comprise smaller average molecular weight components. Rice straw did not form 

TPPB and its high ash content likely plays a role by binding water via hydrolysis of SiO2 (see equilibrium 

analysis below).  

 

 

Table 5: Summative analysis of various feedstocks 

Feedstock Cellulose Hemicellulose Lignin – acid 
insoluble  

Lignin – acid 
soluble 

Rice straw23 36.32a 19.45b 14.07 3.53 
Spruce22 40.1 20.3 31.1 0.35 
Birch22 38.6 24.2 19.5 17.3 
Oak24 34.5 18.6 28.0c  
a reported as glucose 
b reported as xylose 
c reported as Klason lignin 
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The lack of molten phase formation with spruce and rice straw is different than Stahfeld’s results reporting 

molten phase formation with pine (softwood) and corn stover (grass).13 Carbon dioxide was used at 10.4 

MPa and a final temperature of 510 °C, supercritical conditions where it would behave like a hydrophobic 

solvent.25 This could partition water to interact with the more hydrophilic biomass leading to greater 

reactivity. This partitioning influence was demonstrated using acid catalyzed (hydronium mediated) 

reactions run in polar aprotic solvents and resulted in reaction rates increasing dramatically.26, 27  

Table 6: Summary of TPPB occurrence for various feedstocks. (12.4 MPa, 320 oC, 30 min) 

Material TPPB 
Birch15 Yes 
Oak Yes 
Spruce No 
Rice Straw No 
Avicel Yes 
Cellulose Plates Partial 

 

Direct biocarbon production from various feedstocks 

Tests were conducted to compare properties of biocarbon produced directly from the parent feedstock.  

Results (summarized in Table 7) confirm that biocarbon produced directly from biomass feedstock pellets 

result in biocarbon without appreciable mechanical strength. Biocarbon from birch showed very low 

apparent density (0.35 g/cc) and tensile strength that was below the load cell detection limit (5 N). 

Biocarbon pellets produced from rice straw broke apart from handling with forceps. Biocarbon pellets 

produced from spruce had the highest density (0.55 g/cc) and tensile strength (0.29 MPa) compared to 

rice straw or birch biocarbon pellets. Biocarbon produced from cellulose fibers had comparable density 

(0.59 g/cc) to spruce with significantly improved tensile strength (1.69 MPa). The biocarbon pellet formed 

from Avicel had nearly twice the density (1.07 g/cc) and more than five times the tensile strength (11.26 

MPa) of all other materials. Differences in mechanical properties of the biocarbons directly produced from 

biomass pellets can be explained by several factors. First, Avicel is chemically processed material and has 

a lower degree of polymerization and lower average molecular weight compared to biomass or cellulose 

fibers.28  The reduced molecular weight results in a reduced glass transition temperature and allows for a 

molten phase14 during carbonization and forms strong covalent linkages between particles. Second, unlike 

the other materials (0.5 to 1 mm particles), Avicel is a fine powder (average particle size 90 μm) that can 

be more effectively compacted during the initial pellet formation (initial density 1.32 g/cc). 
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Microcrystalline cellulose is commonly used as a binder for pills in the pharmaceutical industry as it has 

good plasticity and forms strong tablets.18  

Table 7: Apparent density of biomass pellets and tensile strength and apparent density of biocarbon 

pellets formed by calcining biomass pellets at 900 °C. 

Parent Material 

Apparent density of 
biomass pellet (g/cc) Tensile strength of 

bicarbon pellet (MPa) 

Apparent 
density of 
biocarbon 

pellet (g/cc) 

Yield (g 
biocarbon/g 

biomass) 

Birch 0.911 NA 0.35 0.20 
Spruce 0.962 0.29 0.55 0.23 

Rice Straw 0.914 NA NA 0.39 
Avicel 1.32 11.26 1.07 0.23 

Cellulose (plates) 1.15 1.69 0.59 0.20 
 

Determination of water holding capacity  

The water holding capacity for each feedstock was determined to provide an upper bound on the 

experimental range of tests exploring the effect of moisture content on the occurence of TPPB formation 

and biochar mechanical properties. (Table 8) Birch, spruce, rice straw and Avicell water holding capacities 

were 79.6, 107.5, 342 and 53.5 %, respectively. These values reflect differences in the materials apparent 

densities and available pore space. The cellulose plates were not included as soaking in water resulted in 

a breakdown of their general material structure. The water holding capacity provides a basic measure of 

the available space in the biomass material for water. The extent to which water will react with the 

biomass surface depends on ratio of biomass surface area and the total volume which water is able to 

freely diffuse. If the ratio of biomass/H2O is constant, but the volume with which H2O is able to diffuse is 

increased, the effect would be a reduced number of impacts between H2O and biomass, resulting in a 

lower reaction rate. Therefore, normalizing the H2O wt% to the void volume as determined by the water 

holding capacity provides a more accurate basis for the impact of water on the formation of TPPB.    

Table 8: Water holding capacity of spruce, rice straw and birch 

Biomass Saturated H2O % 
Spruce 107.5 
Birch 79.6 

Rice Straw 342.5 
Avicell 53.5 
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Moisture content and TPPB/TPPC properties for birch 

A series of tests were conducted to determine the effects of birch feedstock moisture content on biochar 

properties. Birch constant pressure reactions with added moisture of 25, 50, and 75 wt% of feedstock 

mass (at 8% equilibrium moisture content) were conducted for 30 mins at 320 oC and 12.4 MPa.  All reactor 

conditions resulted in the formation of TPPB. Tensile strengths of the TPPB and TPPC formed from 0.5-1.0 

mm TPPB particles are shown in Figure 1.  TPPB pellet strengths ranged from 0.10 to 0.38 MPa and 

increased with increasing moisture content.  TPPC pellets had tensile strengths of 1.9 to 6.8 MPa across 

the range of birch feedstock moisture contents of 25 and 75 wt% H2O (Figure 1B).  

The tensile strength of the TPPB pellets is strongly correlated to the plasticity of the particles that are 

being compressed into pellets.16, 18  The strength of the calcined pellets (TPPC) reflects the capacity of the 

material to form inter and intra particle bonds during devolatilization. The formation of strong bonds 

between particles requires the materials experience a glass transition phase.  Goring demonstrated that 

increased water content (~7 to 19% wet basis) of lignin and hemicellulose (xylan and glucomannan) 

samples reduced glass transition temperatures by 54 to 77 °C and ~120 °C, respectively.  Water’s role was 

to act as low molecular weight diluent that lowered the glass transition temperature by plasticizing the 

molecular chains of these amorphous polymers.  Cellulose did not exhibit similar behavior and this was 

attributed to its high crystallinity.  Bond strengths of wet lignin and wet hemicellulose were higher than 

their dry counterparts, with marked increases as the bond formation temperatures exceeded the glass 

transition temperature.  The observed increase in the tensile strength of the calcined materials with 

increasing water content of biomass in the biochar formation step suggests that bond formation and/or 

bond strength between particles are enhanced. Water mediated hydrolytic cleavage produces polymeric 

fragments with reduced average molecular weight resulting in a reduced glass transition temperature and 

more available sites for bonding with neighboring particles.  

Apparent density values for the samples (Figure 1C) show little variation between TPPB and TPPC pellets, 

indicating that the fraction mass loss incurred during calcination was accompanied by an equal fractional 

loss in volume due to pellet shrinkage. Fixed carbon content for the biochar samples are in a narrow range 

from 46 to 50% (see IDs 12,13,15 to x in Table S1), and this fraction remains after devolatilization to 

produce biocarbon. The apparent density being unchanged while the strength increases could suggest 

that although the bonding strength between particles is increasing, the basic structures of the particles is 
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not significantly altered. This could reflect a lower average molecular weight of basic units, resulting in 

more “hanging bonds” that are available to form covalent linkages between particles.   

The role of water in this system leads to some interesting questions with regards to the formation of TPPB. 

While the mechanical properties improve monotonically with water addition up to the fiber saturation 

point, the formation of TPPB does not require additional water be added to the materials. This suggests 

that hydrothermal reactions play a key role in the melting process, but TPPB is distinctly different than 

hydrochar. 
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Figure 1: Biochar (6 mm diameter, 88 MPa pressure) and biocarbon (6 mm diameter, 168 MPa pressure) 

pellets produced from birch stem wood (1-2 mm particle size produced at 320 oC and 12.4 MPa for 30 

min) with different moisture content: (A) Tensile strength as measured using diametric compression of 

TPPB pellets, (B) Tensile strength of the TPPC  pellets following calcination (N2) 900 °C, (C) Apparent density 

data for TPPB and TPPC pellets as functions of moisture content. 

Reaction time and TPPB properties for birch 

A series of tests were conducted using birch (1-2 mm particle size, 25% added H2O reacted at 320 oC and 

12.4 MPa) to determine the effect of reaction time on mechanical properties of biochar and to estimate 

how quickly TPPB is formed.  Complete TPPB formation was observed in our “short reaction” (10 minute) 

suggesting that TPPB formation is quite rapid as the time needed to reach 320 oC is roughly seven 

minutes.15 Furthermore, with  TPPB formation occurred between 275-320 oC, and the time to reach 275 
oC is approximately 5 minutes.15 This implies that the observed TPPB in the 10 minutes reaction was above 

the critical temperature for approximately 5 minutes. The exothermic reactions during carbonization 

could contribute to the sample heating rate.  Legarra et al. documented the appearance of an exotherm 

in the reactor at ~10 minutes under similar conditions.11  Stahlfeld and Belmont reported the occurrence 

of exotherms that appeared earlier and at lower temperature and displayed sharper peaks as reactor 

pressure increased.13  Stahlfeld and Belmont and Rios et al. theorized that the exothermic pyrolysis 

augmented the heating rate imposed by the experimental apparatus to create a molten phase.12, 13  

Figures 2A and 2B show the tensile strengths for the TPPB and TPPC time series samples. The 10 minutes 

TPPB sample had the highest value (0.195 MPa) and values decreased asymptotically with longer reaction 

times (0.14 MPa at 60 min). The pyrolyzing sample undergoes a molten phase that forms early (<10 min), 

followed by repolymerization reactions resulting in material with decreased capacity to form strong inter 

and intra particle bonds as the time at 320 oC is extended. These modest differences (<0.07 MPa) in TPPB 

pellet tensile strength produced more pronounced differences in tensile strength of TPPC pellets. The 10 

min sample values of 2.9 MPa were nearly three times the 60 min sample value of 1.05 MPa.   Apparent 

densities of the TPPB and TPPC samples showed little difference across reaction times and between 

biochar and calcined pelleted samples. 
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Figure 2: Biochar (6 mm diameter, 88 MPa pressure) and biocarbon (6 mm diameter, 168 MPa pressure) 

pellets produced from birch stem wood (1-2 mm particle size, 25% added H2O reacted at 320 oC and 12.4 

MPa) for different reaction times: (A) Tensile strength as measured using diametric compression of TPPB 

pellets. (B) Tensile strength of calcined pellets, (C) Apparent density of biochar and biocarbon pellets.  

Influence of moisture for TPPB formation using spruce 

As spruce did not form TPPB under the same pressure/temperature/moisture conditions as was observed 

with birch, a series of tests (Table 2 Test IDs 6 to 9) were conducted to determine if increasing feedstock 

moisture content could induce the formation of TPPB. These experiments showed that TPPB could be 

formed with spruce, although added water was required. TPPB was only formed with addition of 75 and 

107 (saturated) wt% H2O but was not formed at 25 and 50 wt% water addition. Table S1 data show little 

difference in biochar yield (~60%) and fixed carbon content (~50% dry mass basis) for spruce across this 

span of moisture contents.  

Figure 3 presents tensile strengths and apparent densities of biochar (blue circles) and biocarbon (orange 

circles) produced from spruce with different initial moisture contents. The tensile strengths of the NTPPB 

biochar pellets (25, 50 wt% H2O addition) were 0.144 and 0.136 MPa, respectively. As the tensile strength 

of a pellet reflects the plasticity of the compressed particles, this would indicate that this increase in 

feedstock water content had no appreciable impact. The addition of 75 wt% H2O addition produce spruce 

char that had undergone a molten phase and the biochar pellet tensile strength increased to 0.35 MPa. A 

moisture content increase to 107 wt% H2O addition (saturated fiber) nearly doubled the biochar tensile 

strength to ~ 0.7 MPa. The calcined materials exhibits a 5x increase in the tensile strength from 50 to 75 

wt% H2O addition but do not show further increase from 75 to 107 wt% H2O.   

The measured apparent density did not change significantly between the TPPB and NTPPB materials; all 

fell in a range from 0.88 to 1.00 g cm-3. This is different than what was observed for birch where the TPPB 

pellet density was around 1.0 g/cc, and the NTPPB was significantly lower at 0.75 g/cc. Comparing the 

elasticities (defined as the pellet volume expansion after 128 hrs) of TPPB and NTPPB (Figure 3C) did not 

show a large difference with values ranging from 11-16 vol% expansion. This finding is unexpected as 

previous work with birch measured expansions of 17 and 4.3% for NTPPB and TPPB, respectively.15  These 

data suggest that water-induced formation of spruce TPPB results in a material with significant differences 

compared to TPPB formed from birch.  
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Figure 3: Biochar (6 mm diameter, 88 MPa pressure)  and biocarbon (6 mm diameter, 168 MPa pressure) 

pellets produced from spruce stem wood (1-2 mm particle size reacted at 320 oC and 12.4 MPa for 30 min) 

with different moisture content: (A) tensile strength measured using diametric compression, (B) apparent 

density and (C) elasticity measurements as measured by volume expansion after 128 hrs following 

compression at 168 MPa 

Impact of acetic acid on TPPB formation in spruce 

To investigate the differences observed with TPPB formation in spruce and birch a series of tests were 

conducted to probe this observation further.  In addition to differences in lignin contents between birch 

and spruce, birch hemicellulose contains a significant fraction of acetylated sugars whereas spruce does 

not.22,22  At temperatures around 200 oC the acetyl groups will fragment and form acetic acid and although 

acetic acid is considered a weak acid, catalytic activity for biomass hydrolysis reactions have been 

reported.29  One potential hypothesis for the difference between TPPB formation in spruce and birch is 

that the acetic acid produced from the thermal break down of birch hemi-cellulose acts as  a catalyst to 

form TPPB. This hypothesis was tested with a series of reactions using spruce and added acetic acid and 

H2O. A 50 wt% H2O addition condition was used as the baseline, as TPPB formation was not observed with 

water alone at this level. 5 and 10 wt% acetic acid levels were tested(). TPPB formation did not occur with 

either. These values of acetic acid loading would be quite high when compared to the acetic acid produced 

from TGA of birch, 2-3%.22   

Figure 4 presents tensile strength and apparent density results for tests conducted with acetic acid 

addition. Biochar tensile strength displays only minor improvements with increasing acetic acid addition. 

Compared to the 0% acetic acid baseline (0.14±0.01 MPa) the 5 and 10 wt% acetic acid condition increased 

to 0.18±0.03 and 0.22±0.04 MPa. Compared to the fivefold increase produced by adding water (previous 

section) these are minor changes. A similar and modest change was also observed for biocarbon tensile 

strength, increasing from the 0.44 MPa baseline to 0.54 to 0.58 MPa with 5 and 10 wt% acetic acid 

addition.  

Apparent density values were unchanged across the range of conditions presented in Figure 4B and are 

comparable to values in Figure 3B. The addition of acetic acid did not affect the volume expansion data 

presented in Figure 4C.  Lastly, the biochar yield and fixed carbon content were not significantly affected 

by addition of water or acetic acid (Table S1). 
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Figure 4: Biochar (6 mm diameter, 88 MPa pressure)  and biocarbon (6 mm diameter, 168 MPa pressure) 

pellets produced from spruce stem wood (1-2 mm particle size reacted at 320 oC and 12.4 MPa for 30 min) 

with 50 wt% liquid loading and different acetic acid content: (A) Tensile strength measured using diametric 

compression, (B) apparent density and (C) elasticity measurements as measured by volume expansion 

after 128 hrs following compression at 168 MPa 

TPPB formation with rice straw 

A series of tests were conducted to determine the effects of moisture content on the biochar properties 

of rice straw, a feedstock with 17% ash content. The initial test with rice straw (Table 2, Test ID 17) at 8.2% 

moisture content did not form TPPB under conditions which produced birch TPPB. Tests were conducted 

with 25, 50, 100, 150 and 225 wt% H2O addition. Results from these tests show that TPPB formed with 

very high moisture content (150 wt% additional H2O). Figures 5A and 5B present tensile strengths of rice 

straw biochar and biocarbon pellets as a function of moisture content. Biochar pellet tensile strengths 

displayed a linear dependence on water content increasing from 0.25 (25 wt% H2O) to 0.45 MPa (225 wt% 

H2O). Tensile strength of corresponding biocarbons showed a weaker trend (Figure 5B) varying from  4.5 

MPa (≤100 wt% H2O) to 6.5 MPa for the TPPC sample.  All display tenfold increases in tensile strength 

upon calcination.  Apparent densities of all the rice straw TPPC pellets were ~1.09 g/cc regardless of the 

initial moisture content used during the pyrolysis step.  
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Figure 5: Biochar (6 mm diameter, 88 MPa pressure) and biocarbon (6 mm diameter, 168 MPa pressure) 

pellets produced from rice straw (1-2 mm particle size reacted at 320 oC and 12.4 MPa for 30 min) for 

different % (wt) water added (A) Tensile strength as measured by diametric compression of biochar 

pellets, (B) Tensile strength of the biocarbon pellets following calcination (N2) 900 oC, (C) Apparent density 

data for biochar and biocarbon pellets. 0 % and 150% water added sample data are not available.  

The effect of moisture content on rice straw carbonization were explored using equilibrium analysis. 

Results of the equilibrium calculations are presented in Figure 6. Increasing moisture content from 0 to 

28% reduces the solid carbon product (C(s)) (23.2 to 18.5 g) and increases the amounts of CO2 and CH4. 

These values remain level above 28% added moisture.  Added moisture results in higher partial pressures 

of water in the gas phase, exhibited in three distinct ranges.  The gas phase water content increases 

linearly with added moisture from 0 to 20%.  The large amount of Si in the rice straw ash is largely present 

as SiO2 below 20%, but hydrates to form H2SiO3 as added moisture increases from 20 to 24%.  Above 26% 

added water, the reactor pressure stabilizes at 17.4 MPa, and further water addition results in an 

increasing mass of water in the liquid phase.  Experimental reaction times do not approach equilibrium, 

but these results provide insight on how moisture partitions among products and the role that ash can 

play by binding water.  

Page 28 of 39

ACS Paragon Plus Environment

Energy & Fuels

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 

Author Accepted Manuscript version of the paper by Robert L. Hohnson et al. 
in Energy & Fuels, 37 (2023) Page 15808-15821,  
http://dx.doi.org/10.1021/acs.energyfuels.3c01660 

Distributed under the terms of the Creative Commons Attribution License (CC BY 4.0)



 

Figure 6.  Results of equilibrium calculations of constant carbonization of rice straw at 320 °C as a function 

of added water.  

 

TPPB from birch depressurized pyrolysis  

Test ID 21 was conducted using birch with 25 wt% water added at 320 oC and 12.4 MPa constant pressure, 

conditions that formed TPPB as Test ID 15. After 20 min the pressure was slowly (<2 min) released from 

the system while the reactor remained in the sand bath for an additional 10 min, allowing water to boil 

off after TPPB had been formed. If these conditions did not produce TPPB with tensile strength 

comparable to Test ID 15, it would suggest that water remaining in the condensed phase is critical for 

maintaining the favorable properties of TPPB.  A schematic of this process is shown in the Figure 7. Results 

show that despite forming TPPB, the particles plasticity was lost evident from the very low tensile strength 

of the biochar pellets formed. The biochar pellets did not have sufficient strength to meet minimum load 

cell force limits (>5 N). As expected, the biocarbon pellets also lacked sufficient strength to be tested, 

0

2

4

6

8

10

12

14

16

18

20

0

5

10

15

20

25

30

35

40

45

50

0 5 10 15 20 25 30 35 40

fin
al

 re
ac

to
r p

re
ss

ur
e,

 M
Pa

sp
ec

ie
s m

as
s,

 g

added water, % of feedstock mass at 8% moisture content

CO2 H2O(g) C(s) CH4 SiO2 K2Ca2Si9O21 H2SiO3 H2O(l) Pressure (MPa)

Page 29 of 39

ACS Paragon Plus Environment

Energy & Fuels

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 

Author Accepted Manuscript version of the paper by Robert L. Hohnson et al. 
in Energy & Fuels, 37 (2023) Page 15808-15821,  
http://dx.doi.org/10.1021/acs.energyfuels.3c01660 

Distributed under the terms of the Creative Commons Attribution License (CC BY 4.0)



indicating that virtually no intra-particle bonding had occurred during calcination. This result strongly 

suggests that the water remaining in the condensed phase while at reaction temperature is critical for 

maintaining the improved plasticity (biochar) and reduced glass transition temperature needed for inter 

and intra particle bonding to produce strong biocarbons.  

  

 

Figure 7.  Reaction scheme for depressurized pyrolysis tests. 

Results from TGA/DTG analysis comparing the depressurized sample to 25, 50, and 75 wt% water addition 

show a dramatic reduction in the mass loss between 200-300 oC and represent a loss of the reduced 

molecular weight fraction (Figure 8). As the overall char yield is only modestly reduced in the 

depressurized sample, (S1) which suggests the observed differences in the thermograms results from an 

increase in the average molecular weight of the remaining char. Furthermore, the reduction in mass loss 

between (200-300 oC) trends with increasing water addition supporting conclusions from pelletization 

experiments.  
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Figure 8.  TGA and DTG of birch stem wood biochar produced from (1-2 mm particle size produced at 

320 oC and 12.4 MPa for 30 min) with different moisture contents, and with the pressure released while 

at reaction temperature.   

 

Impact of particle size on mechanical properties of TPPC 

Particle size is a critical variable that influences the mechanical strength of pellets formed from 
compression of particles, with smaller particles resulting is stronger pellets.16, 19 Relatively large particles 
(0.5-1.0 mm) in a narrow size range were used in forming TPPB pellets discussed in previous sections 
above. To provide data comparable to commercial materials and literature values, birch and spruce TPPB 
samples (both produced at 320 °C, 12.4 MPa constant pressure, 75 wt% H2O, and 30 min reaction time) 
were cryomilled to a fine powder prior to pellet formation and calcination. Apparent density, solid yield, 
tensile and compressive strength data are shown in Table 9. As expected, reducing the particle size 
resulted in a dramatic improvement in biocarbon pellet properties. Compared to the large particle data 
in Figure 1, pellets produced from finely ground birch had nearly 6X higher tensile strength (39.18 ±4 
MPa), 20% higher apparent density (1.21 g/cm3), and compressive strength (axial compression) of 
188.75±31.6 MPa. Biocarbon pellets made from ground spruce TPPB showed a smaller improvement in 
the density and tensile strength as compared to birch. Compared to large particle data in Figure 3, the 
spruce biocarbon pellet density increased nearly 10% to 1.12 g/cc, the tensile strength quadrupled to 9.89 
±2.35 MPa and the compressive strength was 51.41± 18.7 MPa. Birch biocarbon tensile and compressive 
strength were nearly four times greater than that measured from spruce. Additionally, producing 
biocarbon using a TPPB intermediate increased the solid yield for birch and spruce from 20 to 32% and 23 
to 35%, respectively, compared to direct pyrolysis of biomass. Raman spectroscopy was utilized to 
compare the graphitic character of the biocarbon pellets from birch and spruce Figure S1. The I(D)/I(G) 
(1350 cm-1/1600 cm-1) ratio provides a quantitative measure of the graphitic ordering of the carbon 
material.30 The TPP Spruce 75% MC sample produced an I(D)/I(G) ratio of 1.46 with a G peak (1596.27) 
and a D peak (1346.41). The TPP Birch 75% MC sample produced an I(D)/I(G) ratio of 1.43 with a G peak 
(1581.72) and a D peak (1341.99). Both samples reflect a high disorder density as the I(D)/I(G) ratios are 
more significant than one.   

Table 9: Mechanical properties calcined pellets from cryo-milled birch and spruce TPPB produced at 320 

°C, 12.4 MPa constant pressure, 75 wt% H2O, and 30 min reaction time  

Material 
Density (g/cc) 

Tensile Strength (MPa) 
Compressive 

Strength 
(MPa) 

Solid Yield 
(Calcination) 

Solid Yield 
(Total) 

Birch 1.21+-.007 39.18+-4.05 188.75+-31.6 0.53+-0.002 0.32 
Spruce 1.12 +-0.03 9.89+-2.35 51.41+-18.7 0.56+-.003 0.35 

n 8 4 4 8 8 
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The tensile and compressive strength values obtained are exceptionally high when compared to what is 

reported in the literature. The highest tensile strength of biochar pellets formed without a binder were 

produced via a hydrothermal carbonization. The process improved the tensile strengths of the feedstocks’ 

pellets (1 to 3.9 MPa) to 3 to 7.5 MPa (hydrochar pellets).31 Hydrothermal carbonization of waste wood 

at 200 °C and pH of 8 produced hydrochar pellets with slightly lower tensile strength, 2.5 MPa. .32 These 

hydrochars were produced at relatively low temperatures (<250 oC) and the material structure would 

contain a very high oxygen content composed of furanics and arenes with little development of poly-

condensed aromatic structures characteristic of well-developed coals or cokes.33 Volatile matter contents 

of the hydrochars ranged from 50 to 75 %wt dry basis whereas TPPB samples were <50 %wt.  Higher 

volumes of evolved gases during pellet calcination could affect its structural integrity.  Results from 

calcination of steam exploded soft wood pellets showed tensile strength ranging from 2-3 MPa, depending 

on the calcination temperature.34    

 Bio-oil, starch, lignin and inorganic chemicals (i.e., NaOH) have been shown effective as binders to 

improve mechanical properties..  Strengths of 0.2 to 0.5 MPa were reported for pine biocarbon pellet 

utilizing bio-oil binder and as high as 4.4 MPa for pellets made from Norway spruce biochar, bio-oil, 

lignosulfonate, and water that were subsequently heated to 1,100 °C.35-37  Rice husk biochar pellet tensile 

strengths (0.65 MPa) were improved using binders (3.8 to 24.5 MPa).38 Rice husk contains ~16 wt%  ash,38 

making it unsuitable for use in anodes., It is unclear how ash impacts the mechanical properties of the 

resulting biochars and biocarbons. Furthermore, the use of binders adds cost, and the resulting 

mechanical improvements is still not sufficient to meet specifications of petroleum derived materials.  

Compressive strengths of CTP and calcined pet coke are typically 20-40 MPa depending on the CTP used, 

and the loading amounts.1, 2 Biocarbon pellets produced from finely ground spruce TPPB did not show 

exceptionally high tensile (9.9 MPa) and compressive strengths (51.4 MPa), but are very high compared 

to values reported in the literature, and have compressive strength comparable to that of calcined CTP 

pet coke materials. The strongest non-engineered carbon materials are glassy carbons, which are 

produced from polymeric materials that experience a molten phase during carbonization (900-2000 oC),39 

but are non-graphitizable. Compression strength values for glassy carbons range from 200-800 MPa.39 The 

biocarbon produced from birch has values approaching the lower end of the glassy carbon range. Higher 

TPPB calcination temperatures, currently untested, could result in a glassy carbon formation.      

The pressurized pyrolysis conditions used in this study is a thermochemical transformation that is a hybrid 

between standard pyrolysis and hydrothermal carbonization (HTC), as the pressures used are sufficiently 
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high to retain water in the condensed phase. Hydrothermal carbonization converts biomass submerged 

in hot compressed, sub-critical water at process temperatures of 180 to 260 °C yielding a product devoid 

of much of the hemicellulose present in the parent biomass.40-42 This process is accelerated as compared 

to dry torrefaction as water reacts with the biomass surface resulting in solubilization of the hemicellulose 

and labile lignin components, which then are re-deposited onto the surface as seems as spheres with SEM. 

A key distinction between HTC and pressurized pyrolysis are the chemical processes that result in the 

transformation of the biomass material into a char product. During hydrothermal carbonization the main 

chemical driver leading to the transformation of the biomass material is the hydrolytic action of water, 

which at these temperatures behaves like an acid. This is evident as small particles lead to more rapid 

reactions in HTC,43 whereas the TPPB molten phase is rapidly formed despite using large particles (2-4 

mm), and larger parent biomass particles result in TPPB with better mechanical properties.15  Products 

from HTC result from the break-down of labile components and re-deposition onto the materials in the 

form of droplets. TPPB under an SEM has the appearance of a totally amorphous solid without any 

morphological features of the parent material, with what looks to be pockets likely from the formation of 

gases in the melt.15 The HTC thermal processes are not severe enough to break-down of much of the 

cellulose and lignin components, unlike pressurized pyrolysis in the temperature range used in this study. 

This is evident from the hydrochar retaining much of the morphological features of the parent biomass.40, 

44, 45  

 

Conclusions 

This work reports the carbonization of different biomass materials under elevated and constant pressure  

conditions to investigate factors critical for the formation of transient plastic phase biochar (TPPB). The 

impacts of biomass type, water content, acetic acid, and reaction time were investigated. In additional to 

observing if a transient plastic phase occurred, the mechanical properties of biochars were further 

characterized using pelletization studies. Conditions of 12.4 MPa, 320 °C, ~8 %wt feedstock moisture 

content, and 30 minute reaction time produced TPPB from birch, oak, and avicell, but did not for spruce 

and rice straw. Increased moisture contents to 75 and 225 wt% of initial mass produced TPPB from spruce 

and rice straw, respectively. TPPBs formed from spruce and rice straw had improved mechanical 

properties, but not to the same degree observed with birch. Increasing birch moisture content near the 
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water saturation point and reducing the reaction time to ~10 min further improved mechanical properties. 

In general, hardwood has higher tendency than soft wood to form TPPB, which is attributed to differences 

in lignin properties, in particular the reduced glass transition temperature of hardwood compared to 

softwood.20  Maintaining pressure while at reaction temperature is critical to form a TPPB with improved 

material plasticity. Releasing the pressure slowly at reaction temperature flashes water from the 

condensed phase producing TPPB with extremely poor mechanical properties. Biocarbon produced from 

birch TPPB has the highest values of tensile and compressive strength reported in the literature, and 

exceeds mechanical strength benchmarks for aluminum electrodes and metallurgical reductants. Future 

work will focus on characterizing the porosity, reactivity and electrical resistivity of this material.  
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