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Abstract

Ivory nut residues from the palm Phytelephas aequatorialis were converted via fast pyrolysis

into a set of valuable biorefinery products, being (i) pyrolysis liquids rich in levomannosan

and 5–hydroxymethyl furfural (5–HMF), (ii) biochar, with potential for soil applications,

(iii) and non–condensable gases with potential for upgrading and syngas processes. The

ivory nut residues were mannan–rich leftovers from button manufacturing in Ecuador. A

handful of studies, dating back from the 20th century, have investigated gram–scale valorization

of ivory nut to e.g. mannose. Nevertheless, advances in science and technology on biorefinery

products called for a comprehensive reassessment of the valorization potential of this underutilized

feedstock. A fully equipped, continuously operated lab–scale reactor (200 g.h−1 feed) was

used for pyrolysis at 350 ◦C and 500 ◦C. The pyrolysis liquid yield was 57.53 wt% at 350
◦C and 60.36 wt% at 500 ◦C. The aqueous phase obtained at 350 ◦C contained 17.5 wt%

(d.b.) anhydrosugars, of which 90% was levomannosan, and contained 11.6 wt% (d.b.)

furans, of which 56% was 5–HMF and 17% furfural. The carbon stability of the biochars,

measured with the Edinburgh accelerated ageing tool, were 40.6 % and 64.6%, respectively.

Non-condensable gases during pyrolysis at 350 ◦C only were composed of CO2 and CO

(CO2:CO molar ratio of 4:1), while at 500 ◦C, gases were obtained with a CO2:CO:H2:CH4

molar ratio of 9:9:4:1. Overall, the results demonstrate that pyrolysis of ivory nut holds
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potential as starting point for valuable biorefinery products.

Keywords: fast pyrolysis, biochar, levomannosan, platform chemicals, biorefinery, ivory

nut mannan

1. Introduction1

To promote the transition from a fossil-based economy to a bio-based economy, viable2

and well-thought biorefinery concepts should be put forth. An essential part of this task3

constitutes the meticulous selection of appropriate conversion and valorization schemes in4

such way that maximum value is created from the starting material and arising side streams [1,5

2, 3].6

An ongoing intensification of biorefinery research goes in tandem with research on platform7

chemicals. These are the building blocks from which commodity, or even new-to-industry,8

chemicals and materials can be obtained [4]. Lignocellulosic biomass is particularly suited9

for production of a plethora of platform chemicals. Lignin is increasingly envisaged to10

substitute petroleum-based benzene, toluene, xylene (BTX) and phenol or to introduce11

new-to-industry functionalized phenolics [5, 6]. Fig. 1 illustrates that the holocellulose12

fraction from biomass, viz. cellulose and hemicellulose, can typically channel to a more13

diverse spectrum of products [7, 8].14

Each of the chemicals depicted in Fig. 1, like levoglucosan [9], levoglucosenone [10, 11],15

5-hydroxymethyl furfural [12, 13, 14], furandicarboxylic acid [15, 16, 17, 18], levulinic16

acid [19, 20, 21], furfural [22, 23, 24] and γ-valerolactone [25], are of high and specific17

significance. Levoglucosenone for instance is a well-demonstrated member of the “chiral-pool”18

[10] and its hydrogenated product, dihydrolevoglucosenone, exerts excellent dipolarity to19

replace widely used solvents, like e.g. N–methylpyrrolidinone (NMP), which is of high-concern20

due to its toxicity [26]. 5-Hydroxymethyl furfural on the other hand can be deployed within21

the plastic industry [27], while its derivatives comprise valuable fuel additives [28, 29].22

Fermentable sugars from e.g. cellulose are “platform chemicals” themselves; through e.g. biochemical23

transformations, sugars are converted to molecules like ethanol, itaconic acid, lactic acid,24

etc.25
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Fast pyrolysis is a simple conversion technology, able to produce the majority of the aforementioned26

chemicals from the holocellulose fraction of biomass [30, 31, 32]. The main product from27

fast pyrolysis is the pyrolysis liquid, which can find applications as a liquid biofuel or from28

which valuable chemicals can be extracted. Side products from fast pyrolysis are (i) biochar,29

which can find applications as solid fuel, soil amendment, precursor for activated carbon,30

etc. and (ii) non-condensable gases, with applications for heat generation or syngas processes.31

While alternative conversion technologies, like hydrolysis, hydrothermal liquefaction, etc. also32

can generate liquid biofuels and valuable platform chemicals, fast pyrolysis is particularly33

attractive, because it can achieve high product yields and has a high throughput [33].34

The final application of the main pyrolysis liquids depends upon its properties, but if pyrolysis35

of biomass is pursued for extracting specific compounds, fractionation of the biomass prior36

to pyrolysis into lignin, cellulose and hemicellulose typically is required. While this poses a37

considerable hurdle, it also facilitates simpler downstream processing and purification [34,38

35, 36, 37]. To bypass fractionation, particular biomass or waste streams are sought for,39

which are naturally rich in holocellulose and deficient in lignin, or vice-versa [38, 39, 40].40

Ivory nut (also called vegetable ivory, tagua or jarina seed) is the white endosperm of the41

palm species Phytelephas [41], grown in the Amazon region and has a pronounced high42

carbohydrate content and a particularly low lignin and ash content [42, 43]. The carbohydrate43

within ivory nut is mannan [43, 44, 45, 46, 47, 48]. Timell [43] reported 45% mannan A,44

25% mannan B and 7.5% cellulose. Mannan is extracted from ivory nut and is available as45

CAS 37251-47-1. As a sustainable substitute for ivory [49], vegetable ivory is crafted into46

buttons, ornaments, etc. and is an inherent part of the local economy of e.g. Ecuador [50]47

(Fig.2). During the production of buttons from ivory nut, between 65-88% residues are48

produced, which are the leftovers after cutting small discs out of the ivory nut [42]. With49

an annual export of 661.7 × 103 kg (Central Bank of Ecuador), the annual production of50

residues ranges between 1000 and 5000 ×103 kg for Ecuador only. For these residues, no51

proper waste-management strategy exists.52

Despite having an advantageous composition for carbohydrate-derived chemicals and coming53

with a significant quantity, only few studies investigated the valorization (potential) of the54
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main and side-products in a biorefinery context. These few studies, especially from the 20th
55

century, exclusively investigated pyrolysis for either mannan [43, 44, 45], levomannosan [46,56

47] or D-mannose production [51, 52]. Nevertheless, advances in sciences and technology57

on e.g. carbohydrate-derived platform chemicals accelerated in the very beginning of the58

21st century, by which time this ivory nut was virtually out-of-science (Fig. A.1 in Supplementary59

Information). Moreover, all aforementioned papers investigated ivory nut valorization on60

gram-scale, while also overlooking the characterization of side-products, like non-condensable61

gases and biochar.62

This work therefore revived pyrolysis research of ivory nut and, for the first time, assessed63

the potential of pyrolysis products from ivory nut residues towards: (i) liquid biofuels (ii)64

mannan-derived platform chemicals, (iii) solid biofuels, (iv) soil amendment and (v) syngas65

processes. Fast pyrolysis was performed using a fully equipped, continuously operated66

lab-scale reactor. The influence of the pyrolysis reactor temperature on the pyrolysis products,67

their quantity and quality was assessed and the overall value of a pyrolysis-based biorefinery68

was evaluated.69

2. Materials and Methods70

2.1. Ivory nut residues71

Ivory nut residues (Fig. 2) were kindly provided by a button manufacturing company, located72

in the Manabı́ province, Ecuador. The ivory nut residues were sun-dried for three days in73

Ecuador before milling (Retsch SM 200 cutting mill). The ivory nut particles were then74

sieved (Retsch AS 2000) and particles between 1 to 2 mm were retained for pyrolysis experiments.75

The feedstock composition and its thermal degradation were assessed through micropyrolysis76

(Py–GC/MS), thermogravimetric analysis coupled to differential scanning calorimetry77

(TGA-DSC), proximate analysis and elemental analysis. Other analyses on ivory nut were78

conducted to compare to the solid residue after pyrolysis (viz. biochar) and include ash79

composition analysis, higher heating value determination and Brunauer-Emmett-Teller80

(BET) surface area analysis (Section 2.4).81
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To infer the carbohydrate composition of ivory nut and compare it with cellulose, ivory82

nut and cellulose were subjected to micropyrolysis (i.e. an investigation of their pyrolytic83

degradation products) by a micropyrolysis unit coupled to a gas chromatograph and mass84

spectrometer (Thermo Fisher Scientific Trace GC Ultra and Thermo ISQ MS), using a Tandem85

Pyrolyser RX-3050-TR with HP 3050 Flow Controller from Frontier Laboratories Ltd. The86

procedure and instrumental details are outlined in Supplementary Information (Section D.87

The GC/MS part of the micropyrolysis analyses were performed under the same conditions88

as outlined for GC/MS analysis of the pyrolysis liquids). Briefly, between 300 and 500 µg89

of ivory nut or and cellulose were weighted and loaded into a sample cup. That sample cup90

was dropped into a deactivated stainless steel pyrolysis tube, preheated to 350 ◦C or 500 ◦C.91

By doing so, ivory nut and cellulose were very rapidly heated to the pyrolysis temperature92

(15–20 ms), ensuring rapid pyrolysis with a minimum of side-reactions (like secondary93

cracking). The pyrolysis vapors were directly swept into the GC using helium as the carrier94

gas. Component concentrations were expressed in relative abundance (TIC area% is the95

component peak area divided by the total peak area; TIC represents the total ion count).96

TGA-DSC was performed using a Sensys evo TG-DSC thermogravimetric analyzer (SETARAM,97

France). Approximately 10 mg was subjected to a programmed temperature profile: (i)98

linear heating 30 ◦C to 105 ◦C at 10 ◦C.min−1 (ii) holding at 105 ◦C for 3 minutes (iii)99

linear heating from 105 ◦C to 800 ◦C at 10 ◦C.min−1. A constant nitrogen flow (≥ 99.999100

% purity, ALPHAGAZ 1, Air Liquide) of 20 mL.min−1 was applied.101

Proximate analysis was performed, according to Enders and Lehmann [53], which is a refined102

version of ASTM D1762-84 [54]. Calculations of the moisture, volatile matter, fixed carbon103

and ash content are detailed in Supplementary Information (Eq. B.1–B.4).104

Elemental analysis of the feedstock was performed using a Flash 2000 Elemental Analyzer

(Thermo Fisher Scientific, Waltham, MA, USA). Analyses were performed on 2 mg of

pre-dried and powdered materials in duplicate. Elements C, H, N and S were measured,
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while the oxygen composition was obtained by difference:

O (wt% d.b.) = 100%− C (wt% d.b.)− N (wt% d.b.)− H (wt% d.b.)− S (wt% d.b.)

−Ash (wt% d.b.). (1)

As standard reference, 2,5-Bis(5-tert-butyl-benzoxazol-2-yl)thiophene (BBOT) was used.105

2.2. Fast pyrolysis106

Fast pyrolysis was performed for 30 minutes at two pyrolysis reactor temperatures, both in107

duplicate. Based on the TGA results (Section 3.1), 350 ◦C was selected as first pyrolysis108

reactor temperature. The second was 500 ◦C, which is a benchmark (standard) temperature109

for fast pyrolysis.110

2.2.1. Experimentation111

The experiments were performed in a fully controlled, continuously operated, lab–scale112

pyrolysis reactor, presented in Fig. 3 (i.e. the set–up described by Yildiz et al. [55] after113

optimization). The entire set-up was purged with nitrogen gas (≥ 99.8 % purity, industrial,114

Air Liquide, Belgium) to reach a constant sweep gas rate of 60 L.h−1. The hot vapor residence115

time was ca. 5 seconds [55]. The biomass conveyor transported ca. 200 g ivory nut per hour116

to the reactor conveyor, where the feedstock contacted the preheated sand and pyrolysis117

started. The pyrolysing particles were held long enough into the reactor by automated opening/closing118

of the pistons and so discarding sand and formed biochar into the collection vessel. By119

doing so, a solid residence time of ca. 4 minutes was maintained and complete pyrolysis120

of the biomass was assured. Pyrolysis vapors, swept by nitrogen gas, passed through two121

knock-out vessels to trap entrained fine solid particles before entering a water-cooled (2122

◦C) electrostatic precipitator (ESP) and spiral cooler (tap water). Condensable gases were123

collected as pyrolysis liquids in the two respective liquid collection vessels. Non-condensable124

gases were finally filtered through a cotton filter and counted by a wet gas meter (Ritter TG125

3, Germany). The cumulative volume of evolved gases was recorded and sampled every five126

minutes for composition analysis by GC.127
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2.2.2. Mass and carbon balance closure128

The mass balance closure or overall yield Ym,overall was obtained by summing up the yields129

of pyrolysis liquids (PL), biochar (BC) and non-condensable gases (NCG) relative to the130

feedstock mass:131

Yoverall = YPL + YBC + YNCG. (2)

Detailed calculation of the yield in Eq. 2 is provided in Supplementary Information (Eq. C.1-C.2).132

The carbon balance closure or overall carbon yield YC,overall was obtained by multiplying133

the mass of all pyrolysis products (aqueous phase, PLap, and organic phase, PLop) and134

feedstock by their respective carbon contents (g.g−1):135

YC,overall =
mBC × CBC +mPLaq × CPLaq +mPLop × CPLoil

+mNCG × CNCG

mFS × CFS

. (3)

The carbon content of the feedstock, biochar and pyrolysis liquids (both phases) were obtained136

through elemental analysis (Section 2.1), while the carbon content of the non-condensable137

gases was calculated from their composition.138

2.3. Pyrolysis liquids characterization139

Compositional analysis and quantification of the detected compounds within the phase-separated140

pyrolysis liquids were performed through GC–MS analysis (Thermo Fisher Scientific Trace141

GC Ultra and Thermo ISQ MS). Between 0.20-0.25 g of the pyrolysis liquid (either aqueous,142

either organic phase) was mixed with 100 µL of a 2.5 wt% fluoranthene (98%, Sigma Aldrich)143

solution in acetonitrile (≥99.5%, Carl Roth) as internal standard and diluted with 5 g acetonitrile.144

This solution with ca. 5 wt% analyte was injected (injector temperature of 250 ◦C, split ratio145

of 1:100) and separated on a RTX-1701 chromatographic column (Restek, 60 m × 0.25146

mm, 0.25 µm). A detailed description of instrumental parameters is provided in Supplementary147

Information (Section E.1).148

The GC–MS was calibrated with a set of reference compounds typically found in pyrolysis149

liquids, which were directly quantified. Detected chemical compounds for which the GC–MS150

was not calibrated were quantified by using the response factors from calibrated compounds151

with structural similarity or which belong to the same chemical group [56]. Table E.1 in152
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Supplementary Information provides an overview of the calibrated reference compounds153

and indicates which response factors were used to quantify the reported chemical compounds.154

The water content of the aqueous phase and organic phase of the pyrolysis liquids was155

determined by Karl Fischer titration (Mettler Toledo V20; 5 ml burette; electrode: DM156

143-SC; reagent: Merck Titrant 5 Keto; solvent: Merck combi Solvent 5 Keto). Triplicate157

measurements were performed on each pyrolysis liquid phase, except on the organic phase158

from the experiments performed at 350 ◦C. There was too little organic phase to analyze;159

its water content was assumed equal to that of the organic phase at 500 ◦C. The obtained160

amount of pyrolytic water (i.e. chemical water from the pyrolysis reaction), relative to the161

dry biomass input, was calculated by subtracting the amount of feedstock water from the162

total amount of obtained water found in the pyrolysis liquids.163

The calorific values of the aqueous phase, organic phase and the total pyrolysis liquids were164

calculated from the relation reported by Channiwala and Parikh [57]:165

HHVdry = 0.349C + 1.1738H + 0.1005S− 0.1034O− 0.151N− 0.0211A. (4)

HHVdry (MJ.kg−1) represents the calorific value of the specific pyrolysis liquid phase on166

dry basis, while the C, H, O, N, S and A represents carbon, hydrogen, oxygen, nitrogen,167

sulphur and ash contents of the material, respectively, expressed in mass percentages on dry168

basis. The ash content of the bio-oils was assumed zero. The calorific value of the as-produced169

HHVa.p., (MJ.kg−1) pyrolysis liquid (phases) was obtained by taking into account their170

water content [58]:171

HHVa.p. = HHVdry ×
100− water contentpyrolysis liq.(wt%)

100
. (5)

Elemental analyses of the two pyrolysis liquid phases was performed as described in Section 2.1,172

using 2-2.5 mg of each phase. The elemental composition of the pyrolysis liquid phases on173

a dry basis (d.b.) were calculated, based on the water content of the pyrolysis liquid phases.174

2.4. Biochar characterization175

Ash compositional analysis, higher heating value determination, carbon stability tests and176

Brunauer-Emmett-Teller (BET) surface area analysis were performed on the biochars, in177
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addition to proximate analysis and elemental analysis.178

To perform ash compositional analysis, biochar (and as well as ivory nut) were first ashed179

under the same conditions as for proximate analysis (Section 2.1). 100 mg of the ash was180

dissolved in 5 vol% HNO3 (Chem-Lab, Zedelgem, Belgium) to a volume of 25 ml for analysis181

by Inductively Coupled Plasma - Optical Emission Spectroscopy (ICP–OES, Varian MPX,182

Palo–Alto, CA). To quantify the ash constituents, a calibration set was prepared (0-100183

mg/l) and accepted if R2 > 0.995. The following expected elements in biomass and biochar [59]184

were quantified with their respective wave length: Ca, 396.85 nm; Mg, 280.27 nm; K, 766.49185

nm; Na, 589.59 nm; Cr, 267.72 nm; Mn, 257.61 nm; Fe, 238.20 nm; Co, 238.89 nm; Ni,186

231.60 nm; Cu, 327.39 nm; Zn, 213.86 nm. The ash recovery was calculated as follows:187

Ash recovery =
AshBC × YBC

AshFS

, (6)

where AshBC and AshFS represent the ash contents of the biochar and biomass (as calculated188

in Supplementary Information, Eq. B3) and YBC represents the biochar yield. The element189

recovery is similarly obtained by replacing the ash contents in Eq. 6 with the individual190

element content.191

The higher heating value (HHV) of the biochar and feedstock were determined using an e2k192

combustion calorimeter (Digital Data Systems (PTY)) in duplicate. The HHV of benzoic193

acid (IKA, C 723) was analysed and compared with the manufacturer’s reference (26.454194

MJ.kg−1) to assess the accuracy of the device prior to the tests. The subjected biochars195

and feedstock were pre-dried at 105 ◦C, of which a pre-weighted amount (ca. 0.4 g) was196

introduced in a pre-weighted gelatin capsule (ca. 0.09 g). The bomb was pressurized to197

3000 kPa with pure oxygen (≥ 99.995 % purity, ALPHAGAZ 1, Air liquide, Belgium). The198

HHV of the sample (HHVsample) was obtained from Eq. 7:199

HHVtotal = wt%capsule × HHVcapsule + wt%sample × HHVsample, (7)

where HHVtotal represents the reading from the e2k combustion calorimeter.200

Carbon stability of the produced biochars was determined in triplicate according to the201

Edinburgh stability tool, which induces the artificial oxidative aging of the biochar [60]202
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(details in Supplementary Information, Section F). The biochar carbon stability (%) was203

calculated as:204

Carbon Stability (%) =
BCr,ox × CBCr,ox

BCi × CBCi

, (8)

where BCr,ox represents the residual mass of the biochar after oxidation and BCi the initial205

mass of the tested biochar. CBCr,ox and CBCi
represent their respective carbon contents (wt%),206

as determined through elemental analysis.207

2.5. Non-condensable gases characterization208

The non-condensable gases were sampled during pyrolysis every five minutes and subsequently209

analyzed in a micro GC (Varian Micro-GC 490-GC) with two analytical columns: 10 m210

Molesieve 5A (with backflush) and 10 m PPQ with thermal conductivity detectors (TCD),211

using helium and argon as carrier gases. The first column separated and quantified (vol%)212

H2, O2, N2, CH4 and CO (in order of occurrence of the peaks), whereas CO2, C2H4, C2H6213

and C3H6/C3H8 were separated and quantified (vol%) in the second column.214

3. Results and Discussion215

3.1. Ivory nut residues216

Results of the micropyrolysis experiments in Table 1 show that more than half (53.00%) of217

the TIC–area is levomannosan, which is the pyrolysis product from mannan. The TIC-area%218

of levoglucosan obtained from cellulose was 75.25%. As the anhydrosugar levomannan219

constituted the largest TIC area% upon micropyolysis of ivory nut (like levoglucosan from220

cellulose), the mannan-rich nature of ivory nut described in literature is supported. Next to221

levomannosan, fast pyrolysis of ivory nut also led to appreciable TIC area% of 5–hydroxymethyl222

furfural (5–HMF).223

The TGA and dTGA in Fig. 4a show a narrow range of fast volatilization between 250 ◦C224

to 350 ◦C. At temperatures exceeding 350 ◦C, mass-loss leveled. Therefore, 350 ◦C was225

chosen as one of the pyrolysis reactor temperatures for this study. The highest mass-loss226

rate occurred at 300 ◦C, which is close to (i.e. slightly higher) that of hemicellulose, approximated227

by xylan, but smaller than expected for cellulose (350 ◦C) [61, 62]. The residual mass at228
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approximately 800 ◦C was ca. 26% and also is in line with typical values found for hemicellulose [61].229

The presented TGA in Fig. 4a aligns well with that observed by Furneaux and Shafizadeh230

[46]. The exothermal peak in differential scanning calorimetry (Fig. 4b) at 300 ◦C aligns231

neatly with the peak of steepest mass-loss in dTGA. These results suggests a hemicellulose-like232

composition, as hemicellulose also shows a similar peak [61] and further confirms mannan233

as hemicellulose constituent in ivory nut.234

The moisture content was 12.41 ± 0.03 wt%, the volatile matter content 82.39 ± 0.05235

wt% d.b., the ash content 0.95 ± 0.0 wt% d.b. and the fixed carbon content 16.67 ± 0.07236

wt% d.b. The volatile matter content was significantly higher (10%) than the volatile matter237

typically reported for lignocellulosic biomass. This is due to the high carbohydrate fraction238

in ivory nut and is related to the high mass-loss observed during the TGA. This property239

is advantageous from a pyrolysis point-of-view. A high volatile matter content results in240

a high yield of pyrolysis liquids (condensable vapors), which contain the mannan-derived241

pyrolysis products of interest. The measured ash content was considerably low, compared242

to other agricultural residues like grass and straw (which can have up to 10 wt% d.b.), and243

falls within the range of those previously reported: 1.08% - 1.60% [46, 63, 42]. This is244

also considered advantageous for pyrolysis liquid yields: the less alkali metals (found in the245

ash), the less extensive secondary cracking of the valuable carbohydrate-derived compounds246

(like anhydrosugars and 5-hydroxymethyl furfural) to light oxygenates and non-condensable247

gases [64, 65, 66].248

From the elemental analysis (C: 44.89± 0.35 wt% d.b.; H: 6.69± 0.04 wt% d.b.; N: 0.38±249

0.04 wt% d.b.; O: 47.10 ± 0.28 wt% d.b.), the elemental composition was: C6H11O5N0.3,250

which reflects the carbohydrate-rich nature. Nitrogen, probably in a protein–bound form,251

was also present within ivory nut. A picture is provided in Supplementary Information252

(Figure H.2), which shows a significant browning after spending one week at 105 ◦C. The253

browning was attributed to Maillard reactions between the protein and carbohydrate fractions254

within ivory nut.255

Overall, the properties indicate that ivory nut residues hold potential towards fast pyrolysis256

for pyrolysis liquids production (with mannan-derived platform chemicals). The feedstock257
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is carbohydrate-rich (TGA, elemental analysis), with little ash (proximate) and a high tendency258

for volatilization (TGA, proximate).259

3.2. Fast pyrolysis260

3.2.1. Experimentation261

Ivory nut appeared a good substrate for pyrolysis in a fully-equipped auger pyrolysis reactor.262

Its feeding in the biomass conveyor was particularly consistent (198.45 ± 2.88 g/h), due to263

its non-fibrous and hard nature. The ivory nut did not melt or froth during pyrolysis, as was264

also stated by Furneaux and Shafizadeh [46].265

3.2.2. Mass- and carbon balance closure266

The mass balance closures are presented in Fig. 5a and are near 100%. The product with267

the highest yield after fast pyrolysis was the pyrolysis liquid, both at a pyrolysis reactor268

temperature of 350 ◦C and 500 ◦C. During condensation of the condensable pyrolysis vapors269

in the ESP, spontaneous phase separation occurred into an aqueous phase and an organic270

phase. The aqueous phase accounted for 96 ± 1 % of the pyrolysis liquids produced at 350271

◦C, while the pyrolysis liquids obtained at 500 ◦C comprised 86 ± 1 % of aqueous phase.272

Pyrolysis of ivory nut reached similar liquid yields as previously reported for pine wood at273

500 ◦C in a similar set-up [55], but were smaller than those reported for e.g. fluidized bed274

pyrolysis reactors (65-75 wt%) [62], due to the difference in hot vapour residence time. The275

mass balances in Fig. 5a show an increasing yield in non-condensable gases and decreasing276

yield in biochar upon an increase of in pyrolysis reactor temperature from 350 ◦C to 500277

◦C, while the pyrolysis liquid yield remained similar. The produced biochar at 350 ◦C had278

an apparent odor, which indicated that some volatile compounds were retained on the solid279

phase (see Section 2.4). During pyrolysis at 500 ◦C, volatile compounds partitioned virtually280

entirely to the condensable gas fraction, but also underwent secondary cracking more extensively.281

This led to the apparent equal yield in pyrolysis liquids.282

The carbon balance in Fig. 5b illustrates the distribution of carbon among the pyrolysis283

products. For the pyrolysis products obtained at 350 ◦C, most of the carbon is found in284

the biochar. The aqueous phase of the pyrolysis liquid obtained at 350 ◦C had less carbon:285
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ca. 28 wt%. Upon an increase of the pyrolysis reactor temperature, the carbon distributed286

more equally over the pyrolysis products. Although the organic phase from pyrolysis at 500287

◦C is 14 wt% of the pyrolysis liquids, it contributes to 43.5 wt% of the carbon content of288

all liquids phases. This is also reflected in the HHV of the organic phase of liquids from 500289

◦C pyrolysis, being 28.19 MJ.kg−1 (d.b.), which is higher than the HHV of the corresponding290

aqueous phase (22.55 MJ.kg−1). For biofuel purposes, high carbon yields and calorific291

values are pursued for the pyrolysis liquids. For non-fuel applications of specific compounds292

within the liquids, like anhydrosugars, 5-hydroxymethyl furfural, a more complete analysis293

of the pyrolysis liquids is required as these chemicals have considerable oxygen quantities294

as well.295

3.3. Pyrolysis liquids composition and relevance296

Table 2 presents the elemental composition of both pyrolysis liquid phases, obtained at297

350 ◦C and 500 ◦C. The results are shown on an “as-produced” (a.p.) basis (wt%) and on298

a dry basis (d.b.). The water content, which was used to calculate the elemental composition299

on dry basis, is also presented in Table 2. The results show that the aqueous phase holds300

ca. 60 wt% of water, while the organic phase contains ca. 12 wt% water, regardless of the301

pyrolysis reactor temperature. The yield in pyrolytic water, expressed on a dry biomass302

basis, was ca. 23 wt% for both pyrolysis temperatures, meaning that 100 g of dry biomass303

would yield ca. 23 g pyrolytic water.304

On an as-produced basis, the organic phase from both pyrolysis temperatures was rich in305

carbon and poor in oxygen, compared to the corresponding aqueous phases. If expressed306

on a dry basis, the elemental compositions of the aqueous phase approached that of the307

organic phase, but still with significant difference in the carbon content. The atomic O/C308

and H/C ratio of the aqueous phase from 350 ◦C (O/C: 0.62 and H/C: 1.88) and 500 ◦C309

(O/C: 0.61 and H/C: 2.04) were relatively similar. In contrast, the organic phase of the310

pyrolysis liquids from both temperatures changed in elemental composition: the carbon311

content increased, while the oxygen content decreased (O/C: 0.50 at 350 ◦C to O/C: 0.37312

at 500 ◦C). The most abundant compound according to GC–MS analysis (vide infra and313
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Supplementary Information, Table I.2) in the organic phase obtained at 350 ◦C was 5-hydroxymethyl314

furfural, for which the O/C and H/C ratios are O/C: 0.5 and H/C: 1 and in line with that of315

the organic phase (O/C: 0.50 and H/C: 1.13). The same holds for the O/C and H/C ratios of316

the heavy oil phase at 500 ◦C (O/C: 0.37 and H/C: 1.20) and its most abundant compound317

(i.e. 5-methylfurfural, O/C: 0.33 and H/C: 1). This indicates that the quantity of high-molecular318

weight compounds, typically (aromatic) repolymerization products (not detectable through319

GC–MS), can be considered moderate.320

Results of the GC–MS analysis are summarized in Fig. 5c and 5d. Compound-specific321

concentrations can be found in Fig. 6 and Supplementary Information (Table I.2). The aqueous322

phase obtained at 350 ◦C had a pronounced high concentration of anhydrosugars (17.5323

wt% d.b.). The main constituent of the anhydrosugars was levomannosan (90% of the mass324

fraction of anhydrosugars in the pyrolysis, Table E.1 and I.2 in Supplementary Information),325

which is the mannan analogue to levoglucosan from cellulose. The class furans also reached326

high quantities in the aqueous phase (11.6 wt% d.b., Fig. 5c). 5–HMF and furfural represented327

56% and 17% respectively of the mass fraction of furans in the pyrolysis liquids. An increase328

of the pyrolysis reactor temperature from 350 ◦C to 500 ◦C caused an increase in light oxygenates,329

like carboxylic acid (acetic acid), aldehydes (hydroxyacetaldehyde) and ketones (acetol), at330

the expense of anhydrosugars and furans. The total quantity of phenolic compounds was331

very limited in both phases, due to the low fraction of lignin in this biomass. The organic332

phase, from both pyrolysis reactor temperatures, was rich in furans (Fig. 5d). Upon pyrolysis333

at 350 ◦C, 5-HMF was the most abundant furan (representing 49% of the total furan concentration),334

while furfural was the most abundant furan within the organic phase obtained from pyrolysis335

at 500 ◦C. An increase of the pyrolysis reactor temperature also caused a decrease in furans336

and anhydrosugars in the organic phase, but less extensive as for the aqueous phase.337

The composition of the obtained pyrolysis liquids is unique and reflects the unique composition338

of ivory nut. While lignocellulosic biomass results in high concentrations of carboxylic339

acids and phenolics [56], fewer quantities of these were found in neither the aqueous phase,340

nor the organic phase. The pyrolysis liquids also combined typical characteristics expected341

for liquids obtained from hemicelluloses (i.e. high acetol concentration) and cellulose (i.e. high342
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concentration of anhydrosugars) [67, 68]. A special feature however is the high ratio of343

furans over anhydrosugars in the aqueous phase (0.67 at 350 ◦C, 0.87 at 500 ◦C) and organic344

phase (4.97 at 350 ◦C, 11.2 at 500 ◦C), which is not observed for pure cellulose in either345

micropyrolysis experiments, or in a fluidized bed reactor of similar scale (100 g.h−1 feeding) [67].346

There is thus a natural tendency of ivory nut towards furfural compounds, especially 5-hydroxymethyl347

furfural, methylfurfural and furfural, which was also apparent from micropyrolysis analysis348

of ivory nut in Table 1. This is also in line with Hu et al. [30], who stated that mannose349

during pyrolysis results in more 5–HMF that glucose does, due to the epimerization of350

the C2 position. Fig. 6 provides a possible reaction scheme of mannan (major compound)351

and cellulose (minor compound) during fast pyrolysis. The yield in the compounds is an352

indication within each phase for both pyrolysis reactor temperatures.353

Overall, pyrolysis of vegetable ivory directly resulted in pyrolysis liquids, with a specific354

set of carbohydrate-derived platform chemicals, from which 5-hydroxymethyl furfural is355

most noteworthy. Levomannosan on the other hand has limited direct application, but can356

be extracted for consecutive dehydration towards levoglucosenone or for the production of357

mannose. While both levoglucosenone and mannose find multiple applications in chemistry [69,358

70], they might increase 5-HMF throughput as well via catalytic dehydration [71] and isomerization [72].359

Further conversion routes from 5-HMF are depicted in Fig. 1. In fact, a large portion of360

platform chemicals illustrated in Fig. 1 were found in the pyrolysis liquids or can lead to361

them.362

3.4. Biochar application-relevant properties363

Assessing the valorization potential of evolved side products, viz. biochar and NCGs, is also364

important for a biorefinery approach (Introduction). Table 3 presents the obtained results365

from proximate and elemental analysis. After pyrolysis at 350 ◦C, biochar was obtained at366

33 wt%. However, its volatile matter content (41.6 wt% d.b.) was still significant, which367

explained the odor of that biochar (Section 3.2.2). The volatile matter content for biochars368

obtained upon pyrolysis at 500 ◦C was approximately half the value of that for biochars369

obtained at 350 ◦C. On the other hand, the fixed carbon content of the obtained biochar370
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samples increased from 53.40% to 68.56%, upon increasing the pyrolysis reactor temperature.371

This was within expectations as the H/C and O/C molar ratios decreased in tandem (Table 3).372

Nevertheless, variations of the fixed carbon yield are not commonly observed. Instead, the373

decreasing biochar yield is often balanced with an accompanied increase of the remaining374

biochar’s fixed carbon content, if the pyrolysis reactor temperature increases [73]. In this375

case, the extensive drop in the biochar yield from 33.00% (350 ◦C) to 14.34% (500 ◦C)376

caused the fixed carbon yield to drop by approximately 50%.377

The ash fraction within the biochar was well-retained from the parent feedstock: the ash378

recoveries for biochar produced at 350 ◦C and 500 ◦C were 128% and 129%, respectively.379

Measured quantities of alkali metals and other nutrients are reported in Table 4. A general380

observation, along with the ash recovery, is that individual elements were well-retained381

within the solid phase. The recovery of individual elements in biochar obtained at 500 ◦C382

had a weighted average of 121% and was in line with the overall ash recovery. The element383

recovery for biochar obtained at 350 ◦C was however significantly above 100%.384

Upon soil amendment of biochar, the biorefinery concept becomes carbon-negative, as385

biochar is more recalcitrant than the original biomass, and so mineralizes to CO2 slower386

than the uptake of CO2 by biomass [74]. Table 3 presents the results from carbon stability387

tests with hydrogen peroxide. After pyrolysis at 350 ◦C, a carbon stability of 40.6% was388

obtained, which increased to 64.6% if pyrolysed at 500 ◦C. Suchlike increase of the carbon389

stability in tandem with the pyrolysis reactor temperature is commonly observed and aligns390

with the results observed by Cross and Sohi [60] for biochar from sugarcane bagasse after391

slow pyrolysis. At 350 ◦C the average carbon stability of biochar from sugarcane bagasse392

was on average 44.4%, while at 450 ◦C, the carbon stability was 69.2%. This indicates that393

the obtained biochars show approximately an equal fraction of stable carbon, compared to394

slow pyrolysis biochar, which might also favor soil applications.395

Alternatively to soil applications, the biochar can be used to recover heat upon incineration.396

Indeed, both biochars show elevated higher heating values, compared to the original feedstock.397

Also, the small increase of the HHV with the pyrolysis reactor temperature was significant,398

according to a paired t-test with α = 0.05.399
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3.5. Non-condensable gases composition400

The molar composition of the non-condensable gases for the different pyrolysis experiments401

is illustrated in Fig. 7. Note that Fig. 7 represents the nitrogen-free fraction only. The amount402

of nitrogen within the tail-gases depends on the reactor configuration. During pyrolysis403

at 350 ◦C, the formed non-condensable fraction mainly constitutes carbon dioxide and404

carbon monoxide. This indicates decarboxylation and decarbonylation reactions during405

pyrolysis at moderate temperature. If pyrolysis was performed at 500 ◦C, a more diverse set406

of gases was detected. Carbon dioxide decreased, while carbon monoxide and hydrogen gas407

increased dramatically. Also, methane and other light hydrocarbons were detected, which408

will add calorific value to these off-gases.409

Next to energy recovery systems, these off-gases can also be considered for chemicals/ fuels410

production by means of e.g. syngas fermentation or Fischer-Tropsch synthesis. The present411

H2/CO ratio of gases evolved during pyrolysis at 500 ◦C is approximately 0.5, while an412

ideal ratio for Fischer-Tropsch is 2 or even 3, depending on the envisaged end-product. For413

syngas fermentation, this ratio is less restrictive. Nevertheless, the contribution of hydrogen414

gas can be increased through e.g. performing the water-gas shift reaction. Alternatively,415

fermentation can also be performed with carbon dioxide and hydrogen gas to bioplastics [75].416

In such case, all carbon monoxide can be converted to hydrogen gas through the water-gas417

shift reaction.418

3.6. Relevance of this work and future perspectives419

In this work, the residues of ivory nut from a button factory were converted via pyrolysis420

into pyrolysis liquids, biochar and non-condensable gases. The pyrolysis liquids were water-rich,421

which is a disadvantage for biofuel applications, but contained an attractive set of platform422

chemicals (Fig. 6). Although there is room for optimization, this study already demonstrates423

a potential of ivory nut towards platform chemicals, like e.g. 5-HMF and others, during424

pyrolysis. The low non-carbohydrate content of ivory nut can avoid fractionation and may425

therefore facilitate extraction of the pyrolysis liquids in subsequent steps. The biochar on426

the other hand holds potential for carbon sequestration, while the non-condensable gases427
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can be upgraded and used for syngas processes.428

The interplay of pyrolysis temperature and product quantity/ composition already allows429

some tailoring of the process. Indeed, the pyrolysis liquids obtained at 350 ◦C were valuable430

in terms of composition, while the non-condensable gases and biochar were better in quality431

after pyrolysis at 500 ◦C. However, future research might investigate other opportunities,432

like catalysis within pyrolysis, to increase the yield of specific compounds with added-value,433

like e.g. 5–HMF [76].434

The ivory nut residues are agricultural waste, which lacked proper valorization. This work435

demonstrates the potential for pyrolysis to install a meaningful valorization scheme to suchlike436

inevitable waste (i.e. existing waste that makes part of a local economy).437

4. Conclusions438

This work investigated fast pyrolysis of ivory nut in a continuous process, the feedstock’s439

properties and the quantity/ quality of evolved pyrolysis products. The mannan-rich ivory440

nut residues showed features which are favorable for fast pyrolysis at large scale, like (i) the441

feedstock’s thermal degradation pattern with a steep mass-loss rate at 300 ◦C, (ii) the high442

volatile matter (approx. 80 wt%) and (iii) low ash content (<1 wt%). The main product,443

i.e. pyrolysis liquids, was obtained at an average yield of ca. 60 wt% and was rich in levomannosan444

and 5–hydroxymethyl furfural. Valuable side products (i.e. biochar and non-condensable445

gases) were also obtained. Biochar had a high ash recovery and could be used for soil amendment446

and for carbon sequestration. Non-condensable gases obtained during pyrolysis at 500 ◦C447

could be used for heat recovery and might offer opportunities for syngas processes upon its448

upgrading.449
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Figure 1: Selection of some key carbohydrate-derived platform chemicals and products. Scheme compiled

from Takkellapati et al. [7], Farmer and Mascal [1], Krishna et al. [72], Upare et al. [77], Chatzidimitriou and

Bond [19], Li and Zhang [78], Sherwood et al. [26].
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Figure 2: Top row: Phytelephas aequatorialis palm and its fruit, i.e. ivory nut. Bottom row: crafted products

and cutting residues used within this study.
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Figure 3: Scheme of the fully equipped lab-scale reactor. (1) biomass hopper; (2) sand hopper; (3) sand

conveyor; (4) biomass conveyor; (5) reactor conveyor or auger screw with cooling jacket; (6) in-situ reactor;

(7) pistons; (8) solid collection vessel; (9) knock-out vessel; (10) second knock-out vessel; (11) electrostatic

precipitator); (12) liquid collection vessel; (13) glass condenser; (14) cotton wool filter; (15) gas meter; (16)

exhaust system; (17) micro-GC sample line.
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pyrolysis liquid basis (as produced). Blue: yield after pyrolysis at 350 ◦C, red: yield after pyrolysis at 500
◦C.
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  Table 1: Comparison of evolved compounds during micropyrolysis (Py–GC/MS) of ivory nut and cellulose.

The evolved compounds from ivory nut, which had a TIC area% larger than 1% are reported and compared to

the TIC area% of cellulose. RT: GC retention time. TIC area% presents the component peak area divided by

the total peak area.

Ivory nut Cellulose

Compound RT (min) TIC area % RT (min) TIC area %

Levomannosan 40.68 53.00 40.62 0.43

5-HMF 33.41 5.71 33.42 0.72

Hydroxy-acetaldehyde 7.58 4.23 7.58 3.29

1-Hydroxy-2-propanone 10.04 2.89 10.05 0.46

Furfural 15.92 2.68 15.94 0.71

Levoglucosan 42.36 2.25 42.54 75.25

2-Furanmethanol 17.44 2.08 17.48 0.08

Acetic acid 8.77 1.84 8.79 0.10

2-Oxo-propanoic acid methyl ester 15.39 1.55 15.40 0.42

3,5-Dihydroxy-2-methyl-4H-Pyran-4-one 28.41 1.42 28.43 0.11

5-Methyl-2-furancarboxaldehyde 20.87 1.11 20.87 0.18
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Table 2: Elemental composition of the pyrolysis liquids on an as-produced basis (a.p.) and on a dry basis

(d.b.). aAssumed equal to the water content from the organic phase of 500 ◦C.

350 ◦C 500 ◦C

wt% a.p. d.b. a.p. d.b.

N-org. 1.07 ± 0.64 1.22 ± 0.73 1.93 ± 0.08 2.20 ± 0.10

C-org. 54.68 ± 1.00 62.42 ± 1.20 60.01 ± 0.76 68.51 ± 0.95

H-org. 6.50 ± 0.38 5.86 ± 0.43 7.38 ± 0.07 6.87 ± 0.09

O-org. 37.76 ± 1.73 41.55 ± 1.99 30.68 ± 0.75 33.47 ± 0.88

N-aq. 0.63 ± 0.03 1.56 ± 0.10 0.93 ± 0.02 2.30 ± 0.15

C-aq. 19.91 ± 0.33 49.47 ± 2.54 19.82 ± 0.81 49.25 ± 3.59

H-aq. 9.70 ± 0.07 7.77 ± 1.18 9.95 ± 0.10 8.39 ± 1.48

O-aq. 69.76 ± 0.36 41.21 ± 8.46 69.30 ± 0.80 40.06 ± 10.36

Water content (%)

350 ◦C 500 ◦C

Aqueous phase Organic phase Aqueous phase Organic phase

59.75 ± 1.95 12.41 ± 0.49a 61.55 ± 2.17 12.41 ± 0.49

Pyrolytic water 350 ◦C 500 ◦C

yield (wt.%) 23.95 ± 0.23 23.69 ± 2.64
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Table 3: Proximate and elemental analysis of biochar obtained upon pyrolysis at 350 ◦C and 500 ◦C. VM: volatile matter; Ash: ash content; FC: fixed

carbon content; d.b.: dry basis; d.a.f.: dry and ash-free basis; H/C and O/C are molar ratios.

Proximate analysis (wt% d.b.) Ultimate analysis (wt% d.b.) Carbon stability

Pyrolysis

temperature Biochar yield VM Ash FC FC yield N C H O H/C O/C (%)

350 36.87 41.16 3.31 53.40 19.87 1.38 65.48 4.18 25.65 0.77 0.29 40.57

±1.41 ±0.23 ±0.05 ±0.63 ±0.48 ±0.07 ±1.19 ±0.12 ±1.12 ±0.03 ±0.02 ±1.83

500 15.82 20.36 7.73 68.56 10.96 1.43 69.59 2.93 18.31 0.51 0.20 64.56

±0.73 ±0.57 ±0.82 ±1.51 ±0.80 ±0.06 ±2.20 ±0.07 ±2.57 ±0.02 ±0.04 ±1.77
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Table 4: Ash composition of the feedstock and biochar obtained after pyrolysis at 350 ◦C and 500 ◦C.

Element Unit Ivory nut Biochar 350 ◦C Biochar 500 ◦C

Ca g.kg−1 0.43 1.86 5.49

Mg g.kg−1 0.25 2.03 2.64

K g.kg−1 1.25 11.97 8.22

Na g.kg−1 0.33 0.56 0.80

Cr mg.kg−1 0.71 26.23 22.73

Mn mg.kg−1 6.04 32.15 46.53

Fe g.kg−1 0.01 0.19 0.18

Co mg.kg−1 0.03 0.67 0.17

Ni mg.kg−1 0.93 22.04 19.09

Cu mg.kg−1 7.59 31.23 60.29

Zn mg.kg−1 10.81 45.66 79.46
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Table 5: Higher heating value (HHV, MJ.kg−1) on dry basis of the feedstock, and produced biochar

(measured) and the pyrolysis liquid phases (calculated) on dry and as-received basis, along with the water

content of the pyrolysis liquid phases. aMeasured through bomb calorimetry. bCalculated through Eq. 4-5.

Pyrolysis temperature ( ◦C) HHV (MJ/kg)

Feedstock / 21.12± 2.17

Biochara
350 27.12± 0.37

500 28.37± 0.76

Pyr. liq. (aq.)b
350 21.89

500 22.55

pyr. liq. (organic)b
350 24.19

500 28.19
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