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Abstracts

A statistical response surface methodology (RSMhgus central composite design (CCD)
model was applied to identify the optimum thermadarption conditions for maximum recovery
of preservative from copper naphthenate (CuNapteécewood and subsequent production of a
high quality pyrolytic vapor from the thermally &ted wood. From the designed experiment, 94 %
of the total preservative present in the ties wesotbed at temperatures higher than 250 °C and
residence times longer than 30 min. Elevating ¢émeperature from 215 °C to 285 °C for 45 min
residence time generated a weight loss of 12 tav®®6, an increase in higher heating value
(HHV) from 20.1 to 21.9 MJ/kg, and a reduction olegy yield from 90.4 to 71.5 % of the
resulting thermally treated biomass. Pyrolysis& 4C of this material produced a vapor rich in
sugars- and lignin-derived compounds. The prediadtimum conditions in terms of a
maximum preservative recovery, minimum energy yielss of the wood, and production of
thermally treated biomass that generates a higlpoption of sugars- and lignin-derived
compounds during pyrolysis were found to be 265af@ 51 min. Under these optimum
conditions, the predicted maximum preservative veop was 95 % while the predicted
thermally treated solid retained 77 % of the ordjienergy yield and produced high portions of
levoglucosan and lignin-derived compounds duringssguent pyrolysis, similar to torrefied

wood.

Key words: Bio-oil, naphthenic acids, pyrolysisspense surface methodology, used railroad

ties
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1. Introduction

Wood products are treated with preservative to idemvong-term protection against fungal
decay and termite attack in a wide variety of restdl, commercial, agricultural, and industrial
construction applications such as decking, builgjrmgidges, utility poles, and railroad ties. The
service life of these preserved wood products sadepending on the types of preservative,
exposure environment, applied loadings, productityyaand maintenance (Bolin and Smith,
November 2010). The United States Environmentaetimon Agency (U.S. EPA) has registered
water- and oil-borne preservatives for various iafibns; water-borne solutions like
micronized copper azole are used for residentialdimg applications. While oil-borne
preservative, for restricted (creosote and pentachhenol) and non-restricted (copper
naphthenate) use, are mostly utilized for indulséijgolications. The estimated annual production
of preserved wood in the U.S. is reported to ber@pmately 18,000,000 fnincluding
2,400,000 mof creosote treated wood for primarily rail ti€§0,000 m of oil-borne (primarily
pentachlorophenol) preservative treated wood ftityupoles, and 14,700,000 hof water-borne
preserved wood products (Vlosky, 2009). Copper tragtate (CuNap)-treated wood is being
increasingly preferred for both poles and ties mnithe focus of this work. Copper naphthenate
consists of copper and naphthenic acid typicaliyted in oil (No. 2 fuel oil). Naphthenic acid is
a natural component of crude oil and is a complexture of organic acids (single or fused
aliphatic rings, naphthenic, alkylated in variou®siions with aliphatic groups and
monocarboxylic acid) (Holowenko et al., 2002). Tharket acceptance of CuNap is growing as

it is perceived as being equal to or better in grenfince to creosote or pentachlorophenol for
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both ties and poles (Barnes et al., 2001). Addilyn copper naphthenate has a similar cost and
much lower environmental, health and safety imp#ma the other oil-borne preservative.
Utilization of preserved wood after its primary\gee life has included reuse in track, an energy
source for co-generation to produce combined hedt @ower, commercial and residential
timbers, or disposal in landfills (Smith, 2015). wever, the current low cost of natural gas and
new regulations under the non-hazardous secondatgria (NHSM) rule of the U.S. EPA has
increased the number of ties and poles going tdfilanLandfilling is not an environmentally
friendly solution since the released preservatisataminates soil and ground water and the
wood degrades to greenhouse gases such as camdpadedand methane (Bolin and Smith,
November 2010). A proposed rule under NHSM recagmiZuNap treated wood with regard to
hazardous air pollutants and allows its adoptiortasbon neutral boiler fuel. However, there
may be more efficient uses of this material, if adue of the preservative can be captured for
re-use, and the material quality further improved éither boiler fuel or pyrolysis. Any
improvement in the competitiveness of this fuelusrCQ producing natural gas would also be
highly beneficial.

In addition to boiler fuel and gasification, a fegsearch groups have investigated fast pyrolysis
to convert used preservative-treated wood intodiligontaining preservative, biochar, and non-
condensable gases (Jung et al., 2013; Mazela, 2B0tHe previous studies (Haber et al., 2017,
Kim et al., 2016a; Kim et al., 2016b; Kim et alQ1Z), a thermal desorption process was applied
to efficiently recover wood preservative with minim degradation of the wood matrix from
creosote-treated ties at 250 — 350 °C in the albsaihaxygen. It was demonstrated that up to 79 %
of the total creosote present in the ties coulddésorbed and recovered while improving the

biomass quality by increasing its carbon contealorec value, and significantly reducing the
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creosote residues in the thermally treated woodsé&lstudies evidenced that thermal desorption
of preservative-treated wood has the advantagésaef costs and higher preservative recovery
rates, producing a high quality biomass for furttlermochemical conversion, compared to
solvent extraction (Levien et al. 1994) and biotadidetoxification processes (Lamar et al.
1992). The objective of this study is to investegtite optimal desorption conditions for CuNap-
treated wood using a statistical approach, i.epaese surface methodology (RSM). This
approach has the advantage of minimizing the nurobexperimental runs, thus saving time,
while identifying the effect of the main factorserfiperature and reaction time) and their
interactions. The experiment was designed to déterrthe optimal conditions of these main
factors during the desorption process by consideresponses such as preservative recovery
yield, weight loss, energy yield of thermally tre@twood ties, and yield and quality of pyrolytic

vapor of the thermally treated wood.

2. Material and methods

2.1. Material

Used copper naphthenate (CuNap)-treated railroed were obtained from Nisus Corp.
(Rockford, TN, USA). The ties were chipped and tgesund into less than 2 mm patrticle sizes
with a knife mill before testing.

2.2. Experimental design

2.2.1. Thermal desorption

The thermal desorption experiments were carriedirow@t bench-scale fixed-bed batch reactor
equipped with a condensation system (Supportingrimétion Fig Al). In brief, a vertical
furnace was outfitted with a cylindrical quartz éupnternal diameter 47 mm and length 610

mm), which was connected to a series of four liquittogen-cooled Dewar-type glass

5
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condensers. For each run, 30 g of wood tie sample Waded into a basket holder made of
stainless steel with mesh (pore size 0.37 mm, den3 mm, length 250 mm) and inserted into
the bottom of the quartz tube, away from the heatete. The furnace was then heated to the
desired temperature at a heating rate of 10 °Cwitma constant flow rate (4L/min) of nitrogen
purge gas. After the desired temperature was relaghe isothermalized, the sample holder was
raised up into the heated zone of the quartz tobide furnace, where the wood sample was
thermally treated for a specific residence timetl# completion of the experiment, the sample
holder was lowered to the bottom of the quartz taiheé cooled under continuous nitrogen flow.
The vapors produced during the thermal desorptierewwept by the purge gas from the reactor
into the condensers. Each run was conducted inaii@l The thermally treated materials in the
holder were weighed and characterized after eastrggon.

2.2.2 Response surface design

Response surface methodology (RSM) using a cetraposite design (CCD) (Bezerra et al.,
2008; Box and Wilson, 1951) was employed to minenihe number of experiments for
optimizing the thermal desorption conditions of Wqueservatives present in the railroad wood
tie samples. The design of experiment consisted?dactorial design with two main factors
(temperature and reaction time) with five levelderhperature (215, 225, 250, 275, and 285 °C)

and reaction time (20, 30, 45, 60, and 70 min)ot&ltof 13 runs of the thermal desorption were
conducted, including five center runs (280, 45 min), two factors with two levels (225 and
275°C, 30 and 60 min), and four axial russ< 215 and 288C, 20 and 70 min) with the design

rotatable (Table 1). These factors were codeddepiendent variableg; for temperature anxh
for reaction time in the statistical model. Thep@sse surface analysis was conducted using

JMP software version 12 (SAS Institute Inc.) anseaond order polynomial regression model



146  was selected to approximate the response. Addilorem analysis of variance (ANOVA) was

147  performed to evaluate the fitness of the quadnagression models with a 95 % confidence

Independent variable 148 level. A
Central Coded variabl b
Run composite e Variabie 49 statistical
design Temp.  Time Temp T|r_né
(X1) (%2) C) MiN)  test  (F
1 Axial point 1.4 0 215 450 Ftest  (F-
2 . , -1 -1 225 30
3 Factorial point 1 1 295 6001 value) was
4 Axial point 0 -1.4 250 20
5 0 0 250 4452 used to
6 0 0 250 45 q .
7 Central point 0 0 250 453 etermine
8 0 0 250 45 h
9 0 0 250 454 the
10 Axial point 0 -1.4 250 70 N
11 : : 1 -1 275 36°5  significance
12 Factorial point 1 1 275 60 i
13 Axial point 1.4 0 285 4s6  ofeffects.
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158  Table 1. Experimental matrix for central composiésign for two independent variables.
159
160
161
162
163
164
165
166
167
168

169



170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

2.3. Characterization

The untreated and thermally treated wood samples @reracterized by the following analytical
techniques. Moisture content was measured by thé&Hscher titration method (Kim et al.,
2016a). Volatile matter, ash content, and fixedboarwere measured by proximate analysis
according to American Society for Testing and Mater(ASTM D1762-8). The higher heating
value (HHV, MJ/kg) was calculated based on the jpnake analysis results using the equation 1
(Cordero et al., 2001). Energy yield (%), definedtiae amount of HHV retained in the solid
after thermal desorption, was calculated from tleegivt loss and HHV values in the untreated

and thermally treated wood samples by equationglZBaas follows (Bergman et al., 2004).

HHV (1:—;) = 0.3543 X fixed carbon (%) + 0.1708 X wvolatile matter (%) (eq. 1)
M

M, (%) = - % 100 (eq. 2)

Energy yield (%) = (M, X Ht)(M”H;Ht) x 100 (eq. 3)

where M, is weight yield (wt%);M; is weight of thermally treated wood\, is weight of
untreated sampléd;is HHV of thermally treated samplél;, is HHV of untreated sample.

Surface functionality of the solid and liquid frexts generated by the thermal treatment was
investigated by Fourier transform infrared (FTIREstroscopy in an attenuated total reflectance
mode (PerkinElmer Spectrum One spectrometer, FTTRIAA small sample was deposited on
a diamond ATR crystal and a spectrum (4000 — 608) amas acquired. A total of six spectra per
sample were collected at a 4 tmesolution and displaced in absorbance values.oRam
efficiency of preservative from the tie samples wakulated using the IR peak areas between

3000 and 2800 cih
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Pyrolytic vapor of the different thermally treatsdmples was investigated by pyrolysis-gas
chromatography/mass  spectrometry (Py-GC/MS, Perkitimer Clarus 680 Gas
Chromatography/Clarus SQ 8C Mass Spectrometer vathFrontier EGA/Py-3030 D
micropyrolyzer). Sample pans were layered with g of material and dropped via the auto
sampler into the pyrolysis furnace and pyrolyzedds® °C for 12s. The vapor produced by
pyrolysis was swept into a GC-injection port (temgpere 270 °C) by a GC carrier gas (helium,
1mL/min). The vapor was then separated using anlD®t capillary column (60 m length x
0.25 mm ID x 0.25um film thickness, Agilent), and analysed using sssnspectrometer (source
temperature 270 °C, 70 eV electron ionization).eEhpyrograms per sample were collected. A
total of 300 chromatographic peaks were extractech feach pyrogram using a peak height to
noise ratio o> 10 and compared to the National Institute of Saadsl and Technology (NIST)
library of fragmentation patterns for identificatioThe peaks in the chromatogram were
normalized to peak area percentages calculated fihenguotient of individual peak area and
total peak area.

2.4. Multivariate statistical analysis

The collected FTIR spectra were analysed usingnihéivariate statistical method, principal
component analysis (PCA), to classify the samplestieir spectral features (Unscrambler
software version 9.0, CAMO, Woodbridge, NJ). PCAaisvariable reduction process that
orthogonally transforms complex and large dataséd ia new data set, called principal
components (PCs), that retains most of the infdonategarding the original variables (Labbé et
al. 2006). Each PC explains the variance in tha datough scores and loadings plots. The
scores plot describes the relation between sanapleés/isualize any clustering or pattern in the

dataset in the new axis of principal components Tdadings plot estimates the relationship
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between the variables (i.e. wavenumbers) and rdates which spectral region contributes the

most to the separation and/or classification ofséamples.

3. Results and discussion

3.1. Weight loss by thermal desorption

The weight loss of thermally treated wood tie sasphcreased with both, temperature and
reaction time (Table 2). An elevation in temperathad a substantial effect on the weight loss

of the material. For example, the sample treat&l &t°C for 45 min showed a 12.0 wt% weight

Variable Weight Proximate analysis (dry basis, %) HW Energy

loss, but when the temperature was raised to 28@8&% °C for 45 min, weight loss significantly
increased to 21.8 and 36.1 wt%, respectively. R@atime also impacted weight loss; reaction
time from 30 to 60 min at 225 °C increased weigksIfrom 10.5 to 14.4 wt% whereas reaction
time from 20 to 70 min at 250 °C led to an increaseveight loss from 11.6 to 24.9 wt%.
Furthermore, reaction time from 30 to 60 min at 2€5esulted in a high weight loss from 27.5
to 33.7 wt%. The experimental data of weight lofable 2) were fitted to a full quadratic
second-order polynomial equation (the results aseibed in the Supporting information Table
Al and Fig. A2). The results demonstrated that lithear terms (temperature and time) and
quadratic terms (temipand timé) had a significant effect on weight loss duringrthal
desorption (Table 3). Among the model terms, terdpee exhibited the most significant effect

on weight loss.
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Temp Time Wate?  \olatile  Fixed?

(°C) (min) content  matter carbon Ash
7.7 84.6 143 1.1 19.5
Untreated 0.0 (0.3) (0.5) (0.5) (0.0) 0.1) 100.0
215 45 1204¢’ 0.6 81.6 173 1.2 20.1 90.4 &
(0.9) (0.0) (1.0) (1.0) (0.00 (0.2 (0.8)
295 30 05g 29 83.2 16.2 0.6 20.0 91.5a
(0.3) (0.0) (0.5) (0.4) (0.1) (0.1) (0.3)
295 60 14.4 f 2.5 83.4 16.2 0.4 20.0 87.6b
(1.1) (0.1) (0.3) (0.3) (0.00 (0.1) (0.3)
250 20 16g 1.4 81.8 171 1.0 20.1 90.8 a
(0.8) (0.1) (0.5) (0.5) (0.00 (0.1) (0.4)
250 45 21.8e 1.4 79.2 19.7 1.1 20.5 82.1c
(0.6) (0.1) (0.3) (0.3) (0.1) (0.1) (0.4)
250 70 249d 0.7 77.7 211 11 20.8 79.9d
(0.1) (0.6) (0.6) (0.6) (0.00 (0.1) (0.5)
275 30 27.5¢ 1.2 77.5 21.3 1.3 20.8 77.1¢€
(0.5) (0.3) (1.2) (1.1) (0.2 (0.2 (0.6)
275 60 33.7b 1.0 73.9 247 14 21.4 72.6 f
(0.4) (0.4) (0.7) (0.9 (0.2 (0.2 (0.7)
285 45 36.1a 05 71.4 273 14 21.9 71.5f
(0.5) (0.0) (0.3) (0.3) (0.0) (0.1) (0.2)

Y Water content was measured using a Karl Fisctratitin method.

%) Fixed carbon was calculated by difference (100\ilatile matter — ash content).

® Mean and standard deviation in parenthesis (n=3).

“ ANOVA analysis, p<0.05, levels not connected bysdetter are significantly different.
® HHV = 0.3543 x fixed carbon (%) + 0.1708 x volatile matter (%)

234 Table 2. Weight loss, proximate analysis, HHV, amekrgy yield of untreated and thermally
235 treated CuNap-wood materials.

236

237

238 Table. 3. Model equations of response variables.

Response variable Model equation RZY
Weight loss % Y=21.8 +8.3%+3.6x+1.2x%1.4%" 0.97
Preservative removal by FTIR Y=4.1-0.7x — 0.8%+0.6xx+0.1%°+0.4%> 0.93
Energy yield % Y=82.2-7.0x —2.9%-0.1%%,-0.9%°+1.3%>  0.97

Pyrolytic  Preservative removal % Y=93.9+6.5x+9.5%-6.3xx-2.767.8%°  0.93
compounds Y otal pyrolytic peak area%yY=79.5-6.9x —3.7%+3.4%x,-1.1%°+2.6%°  0.99

11



239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

ba; 230 °C  Light oxygenates Y=32.0 - 2.2x- 1.1%¢* 0.87
GC/MS?  Furans/pyrans Y=5.8 - 0.5x+0.1% - 0.2%:X 0.92
Levoglucosan Y=17.6 + 2.8x+1.3% 0.95
Lignin Y=42.9 +1.6%+ 1.0%-1.4%° 0.93

D %, andx, represent independent coded variables of temperand time, respectively.

2 Preservative was determined by FTIR using peak leéween 3000 and 2800 ¢tm

% Pyrolytic compounds were determined by chromataitjiapeak area % produced from
thermally treated wood ties using Py-GC/MS at 460 °

Y R represents coefficient of determination (adjust&d

3.2. Preservative determination in the CuNap-teetes by FTIR

Since it was difficult and not practical to complgtrecover all the preservative from the liquid
nitrogen-cooled condensers and only a small ameag collected, it was not possible to
accurately quantify the amount of recovered predems. Instead, the removal efficiency of
preservative using a FTIR method (Fig. 1) was deitezd. The FTIR spectrum of the recovered
preservative (Fig. 1a) from the condensers was samylar to that of commercially available
pure naphthenic acid, showing major bands at 292®22 cni and 1463 cm which are
assigned to C-H stretching and C-H bending, respyt for alkyl groups in naphthenic acid
and diluent oil (Table 4) (Craciun and Kamdem, )99he band at 1708 ¢hwas assigned to
the carbonyl group (C=0) present in the carboxaticl of naphthenic acid. The intensity of the
band at 2922 cthwas higher than the band at 1708’cmthe recovered preservative indicating
the presence of high diluent oil and low naphthexd content in the recovered preservative
(these two bands had similar intensity in the jaghthenic acid) (Fig. 1a). The spectrum of the
commercial copper-naphthenate solution with 0.8&jghthenic acid in diluent oil (typically No.

2 fuel oil) showed a peak at 1590 twhich was assigned to C=0 stretching in Cu-acetate

was not observed in the spectra of recovered pratbee and pure naphthenic acid. These

12



256

257

270
271
272

273

274

275
276

findings demonstrated that during thermal desomptithe organic preservative components,

including naphthenic acid and diluent oil were dbsd.

Wavenumber (cif) Assignment 258
3483, 3349, 3265 O-H stretching
2922, 2870 Aliphatic C-H stretching 253
1724 C=0 stretchina in COOH
168 __ | @ — Sopper-na hthenatet_
5 —— Recovered preservative

161 g ] 2922 ——  Pure naphth%nic acid
151 3 -

Q
146 § | 1708 1590 1463

3 \V\Jgé_k

o

<

A ‘

=3 (b) —— Thermally untreated wor i

S 215°C-45 min-treated

Q] 250°C-45 min-treated

_cg ! —— 285°C-45 min-treate

B | J

3

<

4000 3750 3500 3250 3000 2750 2500 2250 2000 1750 1500 1250 1000 750

Wavenumber (cif)

Fig. 1. FTIR spectra of naphthenic acid, recovgneservative components, CuNap treated and
its thermally treated wood samples. (a) Recoveregdquvative, copper naphthenate, and pure
naphthenic acid and (b) untreated and thermalateéceCuNap wood samples.

Table 4. FTIR wavenumbers and assignments of Cuiaped and thermally CuNap-treated
wood samples (Bernini et al., 2016; Fatriasari.e817).

13



284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

1422 Aromatic ring stretching with in plane C-H olehation277
1372 C-H deformation

1326 C-O stretching 278
1316 C-H vibration
1267 C-O stretching 279
1235 C=0 stretching
1207 (C-H) ring 280
1157 C-O-C vibration
1115 Aromatic C-H deformation 281
1030 C-0O stretching of primary alcohol, C-H bendinglane
980 C-0O valence vibration 282
930 Glycosidic linkage

283

To delineate the differences in the FTIR spectriaveen the thermally CuNap treated samples
and the starting materials (Fig. 1b), principal poment analysis (PCA) was performed
separately on two spectral regions; 1800 — 600 and 4000 — 2600 ci(Fig. 2). For the 1800

— 600 cnt spectral data, the scores plot of the PCA (Fiydplayed that the thermally treated
wood samples with increasing temperature and tiniiked from the negative to the positive
guadrant of the first principal component (PC1, %@2of the total spectral variance). The
corresponding loadings plot (Fig. 2b) showed tlaahgles treated at higher temperatures and
longer times had a higher intensity of lignin bameeging between 1611 and 1511 tend
lower intensity of bands associated with carbomglugs C=0 at 1724, 1030, and 980 Grall

indicating the degradation of hemicellulose andutede in the wood matrix. The untreated

14
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301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

CuNap tie sample also apparently separated fronihgenally treated samples by the second
principal component (PC2, 36 % of total spectralarace). The corresponding loadings plot (Fig.
2c) confirmed that —C=0 in the carboxyl group (1,72844, and 1600 ¢ and C-H bend (1463
and 1372 cm) present in naphthenic acid were removed duriegdéssorption process. PCA of
the region between 4000 and 2600°c(Rig. 2d and 2e) demonstrated that the intensitg-éi
stretch at 2922 and 2870 ¢nfor alkyl groups present in the CuNap treated daswvas
significantly reduced with increasing desorptiomperature and time (PC1, 93 % of total

spectral variance).
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333
334
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336
337
338
339
340
341

342

343

344

345

346

347

348

349

8 (@) i @ Untreated O 250°C-45min
6 - ® b O 215°C-45min B 250°C-70min
0e® | A 225°C-30min Vv 275°C-30min
< 4l ® } A 225°C-60min V  275°C-60min
g | O 250°C-20min & 285°C-45min
\
N \
S | 7
0- 0 ‘%***E* - Qvﬁ@Qo *****
o o4
2 ] 8 im | &
\
4 : | ,
-4 -2 0 2 4 6
PC1 (52 %)
0.15
(b) < s —— PC1 (52 %)
010{ o . B o S
o — — i
S i X 4
2 0.05- =
3
S 0.001
-0.05 1
-0.10 ‘ : ; ‘ :
1800 1600 1400 1200 1000 800 600
Wavenumber (cif)
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Fig 2. PCA of the FTIR spectra of Cu-Nap treated #rermally Cu-Nap treated ties. (a) Scores
and loadings plots (b and c) of PCA for the 18@D0 cni’ region and (d) scores and loadings
plots (e) of PCA for the 4000 - 2600 ¢megion.

Since the intensity of the bands associated to —@=€arboxyl groups at 1724 and 1611 tm
and C-H in alkyl groups at 1463 and 1372caf naphthenic acid was too low and overlapped
with functional groups of the wood matrix, the pesiea between 3000 and 2800 ct(C-H
stretching) for preservative quantification was dus&@hermal treatment of the tie samples

significantly desorbed preservative reflected bgignificant reduction of the IR peak areas
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between 3000 and 2800 @rfiTable 5). Interestingly, the peak areas of thepdasntreated at

225 °C for 60 min and at temperature higher thab 25 and reaction time lower than 45 min
were not significantly different (Table 5), whichdicated that most of the organic preservative
components were removed from the ties. The peak aabies were fitted into the quadratic
model (Supporting information Table A2 and Fig. A&)d demonstrated that linear terms
(temperature or time), interaction term (temp. mej, and quadratic term (tif)ehad a

significant impact on C-H groups (i.e. desorptidnooganic constituents of the preservative)
during the thermal treatment (Table 3). Reactiomethad a higher impact on the desorption of

preservative than temperature and the combinafiboth parameters.

Table 5. FTIR peak areas at 2922 tamd chromatographic peak areas by Py-GC/MS af@50
for preservative determination in the untreated thedmally treated CuNap ties.

387
Independent Response variable . 388
variable ETIRY Chromatographic peak area
by Py-GC/MS at 450 °C 389
Temp Time peak v &, Total peak area Removal %
o at 2922 crit P
(C) (min) (%) preservatives
Untreated 9.8 (0.%) 100.0 0.0 391
215 45 4.7 (0.7)2 87.4 (3.5) ab 785 (2.1) ¢
225 30 7.0(0.7) a 94.8 (4.0) a 67.1 (0.5 h
225 60 4.1(0.4)d 81.0 (1.8) bc 93.1 (1.5pd
250 20 5.9 (0.6) b 90.3 (2.0) b 60.3 (1.9) a
250 45 4.2 (0.3) d 80.0 (0.9) bc 94.8 (0.4)d
250 70 4.0 (0.2) d 79.1 (0.3) be 94.4 (0.30¢
275 30 4.2 (0.3) d 74.7 (3.2) cd 93.7 (0.6) d
275 60 4.2 (0.1) d 74.4 (2.5) cd 94.3 (0.778
285 45 4.0 (0.5) d 67.1(2.2) d 96.3 (0.6)d
) FTIR peak area at 2922 tmepresents peak area calculated between 3000888d 2
cm 398

) Mean and standard deviation in parenthesis (n=3).
® ANOVA analysis p<0.05, levels not connected by sdetéer are significzastly
different.
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3.3. HHV and energy yield of thermally treated waoied

Proximate analysis of the CuNap-treated wood aaddhlulting thermally treated solid samples
also exhibited a considerable reduction of volatiatter, which was due to the desorption of
preservative and partial degradation of the woottimaith increasing temperature and reaction
time (Table 2). At a temperature higher than 275A@ 60 min, the amount of volatile matter
was reduced from 84.6 wt % to less than 73.9 wR&action time also had an apparent impact
on the reduction of volatile matter at temperataesve 250 °C. The higher heating value (HHV)
calculated based on the proximate analysis dateatsdl that a decreased volatile matter content
and an increased fixed carbon content improvedHH& from 19.5 MJ/kg for the starting
material to 21.9 MJ/kg for the 285 °C and 45 meated sample. Energy yield (HHV
retained, %) calculated from the weight loss and/Hidlues showed that as desorption severity
augmented, energy yield gradually decreased to %l & 285 °C for 45 min (Table 2). The
energy yield (%) of the thermally treated samples \iitted to a quadratic model (Supporting
information Table A3 and Fig. A4) and demonstrateat both the linear (temperature and time)
and quadratic term (tiMe significantly impacted the energy yield duringeimal desorption
(Table 3). Among the model terms, temperature hagleager impact than reaction time on the
energy yield. Energy yield is another importanpmsse variable to optimize thermal desorption
conditions when considering the upgradability ofrthally treated wood materials for

thermochemical processes such as pyrolysis, combust gasification.

3.4. Pyrolytic products at 450 °C of thermally teshwood ties

The yield and composition of the pyrolytic vaportbérmally treated samples at 450 °C were
investigated by Py-GC/MS to assess the qualitynefthermally treated biomass as a potential

feedstock for bio-oil production via fast pyrolygisig. 3). The identified pyrolytic compounds
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were categorized as light oxygenates, furanic/pgrasompounds, levoglucosan, phenolic
compounds, and preservative compounds (Fig. 4b Tatde 6). Pyrolysis of the samples
thermally treated under elevated temperatures eaction times generated a gradual reduction
of the total chromatographic peak area (%) compéoethat of the untreated CuNap sample
(Table 5 and Fig. 4a). The peak area % of the prasee components (naphthenic acid and
diluent oil) remaining in the biomass after thermedatment gradually diminished with
increasing desorption severity (Table 4 and Fig. #eak area % of the pyrolytic products
resulting from the pyrolysis of the wood matrix tEased with developing treatment severity
(Table 4 and Fig. 4b), indicating that during thatndesorption, the wood matrix was
decomposed into smaller oxygenated compounds. trerge wood components thermally
decompose under various temperature ranges (Mdren 2006). For example, the degradation
of hemicellulose takes place between 220 and 3MiftCmaximum decomposition at 270 - 280
°C whereas cellulose degradation is not signifiedtttin this temperature range and is reported
to start at 270 °C and accelerates at temperadbiese 300 °C. Lignin decomposition begins at a
temperature as low as 200 °C with relatively sloligetics than hemicellulose and takes place
over a wide temperature range (up to 500 °C). Therea thermal desorption process with
higher severity produces treated wood with a lowssportion (%) of hemicellulose and
relatively higher cellulose and lignin content thimat of untreated wood. The findings also
demonstrated that pyrolytic products at 450 °C obavtreated at a higher severity possessed a
different distribution (%) of products with a relaly lower proportion (%) of light oxygenates
derived from hemicellulose and higher proportionesoglucosan from cellulose and phenolic
compounds from lignin (Fig. 4b). When thermallyatied materials were pyrolyzed at 450 °C

using Py-GC/MS, the vyield of light oxygenated commpds gradually reduced with raising
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thermal desorption severity. Furanic/pyranic comqpusualso gradually diminished with higher
severity. The decrease in yield of light oxygenasesl furanic/pyranic compounds with
desorption severity was due to the reduction of ibelalose during the thermal treatment,
decomposing into water, GQacetic acid, formaldehyde, furfural and formicda®alluge et al.,
2014). The vyield of levoglucosan and phenolic conmats gradually rose with severity. A
significant lower hemicellulose content in the thally treated wood with increasing desorption
severity augmented the proportion (%) of cellulasd lignin in the wood. The previous study
(Holly et al., 2017) verified the thermal degradatiof wood structures using scanning electron
microscopy (SEM). The SEM images showed intervepgghg and scalariform perforations,
typical of hardwoods, for the thermally treated woesamples at 250 and 2T5 which
morphologically decomposed almost completely at G0Aue to degradation of cellulose,
hemicellulose, and lignin (Mohan et al., 2006).

The total chromatographic peak area (%) of theyra#lated samples produced by Py-GC/MS
was fitted to a second-degree polynomial modelhas response surface methodology. The
ANOVA results confirmed that temperature had a &igimpact than reaction time and other
model terms (Table 3, Supporting information Tahke and Fig. A5). The fitting of removal
percentage of preservative from thermally treatedNg&p-treated samples determined by Py-
GC/MS revealed that reaction time had a higher shgfzan temperature (Table 3, Supporting
information Table A4 and Fig. A6). The Py-GC/MS ukts for preservative removal from
CuNap-treated wood ties agreed well with our FTilRlihgs. Light oxygenates, furans/pyrans,
levoglucosan, and lignin fractions were fitted tquadratic model and exposed that temperature
had a stronger impact on pyrolytic compounds th#reroterms (Table 3 and Supporting

information Table A5). Therefore, the removal (%)poeservative components from CuNap
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treated materials and the upgradability of therynaikeated wood are important response
variables to determine the optimum thermal desomptionditions when a trade-off between
preservative recovery efficiency and the qualityrefrmally treated wood for market demands in

downstream thermochemical processes is needed.
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493

494  Table 6. Pyrolytic compounds produced at 450 °@f@uNap-treated wood and its thermally
495 treated woods.

RT RT
(min) Compound (min) Compound
4.0 CcQ
4.2 Methanol Light Oxy’ 28.2 2-Hexadecanol Nap
4.8 Acetyl ether Light Oxy. 29.2 Nonadecane Solvent
5.9 2,3-Butanedione Light Oxy. 29.2  4-Vinylguaiacol Lignin
6.2 3-Pentanone Light Oxy. 30.6  Syringol Lignin
6.9 Hydroxyacetaldehyde Light Oxy. 31.6 Hexadecane Solvent
7.7 Acetic acid Light Oxy. 32.2 2-Methylhexadecantl Nap
8.9 Hydroxyacetone Light Oxy. 32.5 4-Propenylguaiac Lignin
A
10.7  2-Methylfuran Furans 32.8 2,&-Dimethoxybenzy Lignin
alcohol
11.4  Propargyl alcohol Light Oxy. 33.2 5-Formylcueol Lignin
12.1  Acetoxyacetic acid Light Oxy. 33.8 Nonadecane Solvent
5-(Hydroxymethyl- : I
12.4 2(5H)-furanone Furans 34.6  Syringaldehyde Lignin
13.1  2(5H)-Furanone Furans 35.1 Acetoguaiacon higni
. . 3,5 .
13.6 Butanedial Light Oxy. 35.9 DimethoxyacetophenoneL'gnm
14.2  Furfural Furans 36.1 2-Methylhexadecan-1-ol p Na
15.9 Acetol acetate Furans 36.3 Methoxyeugenol ihign
16.2 2-Butanone Light Oxy. 37.9 Nonadecane Solvent
17.9 (Za—nl—_li/fjorg:ycycloper—z Cyclopentanes 38.7 Levoglucosan Anhydrosugar
18.8 f3—AcetyItetrahydr<—2— Furans 38.8 Methoxyeugenol Lignin
uranone
19.8 2(3H)-Furanone Furans 39.6  Syringaldehyde ihign
20.4  3,4-Hexanedione Light Oxy. 39.9 Nonadecane vesio
3-Methyl-1,2- : i
21.0 cyclopentanedione Cyclopentanes 41.0 Acetosyringone Lignin
. — Ethyl 2-
22.5 Guaiacol Lignin 41.2 oxotetradecanoate Nap
25.4  Homoguaiacol Lignin 41.7 Heptacosane Solvent
-Pentanone,-(2,4,¢-
25.7  Cyclopentyl alcohol Cyclopentanes 41. rihydroxyphenyl) Nap
26.7 Tetradecane Solvéht 45.2 Heptacosane Solvent
i - Methyl 4-
27.7  4-Ethylguaiacol Lignin 46.8 hydroxyoctadecanoate Nap
27.9 Heptanaldehyde N#p 48.3 Heptacosane Solvent
28.0 3-Meth.yl-2,4(3H,5H- Furans
furandione

U Light Oxy represents light oxygenated compot
2 Solvent represents diluting solvent compoundséservative.
® Nap represents naphthenic acids.
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pyrolytic products including preservative, light ygenates, levoglucosan, and lignin-derived
compounds.

3.5. Optimization of thermal desorption conditions

Numerical optimization using a prediction profilemction was performed to determine the
optimum desorption conditions for maximum recovefyorganic preservative from CuNap-
treated wood materials. The predicted values fdmupation of desorption temperature and
reaction time with respect to the maximized recpv@pproximately 99 % with confidence
interval of 95 %) of preservative were a temperiifr 265 °C (coded level 0.6) and a reaction
time of 51 min (coded level 0.4) (Fig. 5). Undeegsk optimal conditions (Fig. 5), a predicted
weight loss of 29 % wt took place and the energydyof the thermally treated wood was 23 %
lower than the starting material (Fig. 4a). Funthere, the predicted total yield of pyrolytic
products at the optimum conditions was 25% lowantthe untreated CuNap materials (Fig. 4a).
The reduction in energy yield and total pyrolytielg were associated with the desorption of
preservative and partial decomposition of the wowdrix under the optimum conditions (Fig.
4a). The distribution (%) of pyrolytic compounds4&0 °C of wood ties treated at the optimal
desorption conditions (265 °C and 51 min) indicdtiggh quality products with elevated contents
of levoglucosan and phenolic compounds, as welleag low preservative content (Fig. 4b).
Furthermore, CuNap wood materials treated at th&#mopn desorption conditions only
contained traceable amount of organic preservatovaponents and could be a high quality
feedstock for thermochemical processes such a$iogéisin and co-generation. This suggests
that treating wood materials at 265 °C for 51 nmprioves the quality of the feedstock for
thermochemical conversion processes, a treatmsnlasito that of biomass torrefaction, and

revealing the subsequent quality of pyrolytic pradyWang et al., 2016).
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Fig 5. Predicted weight loss, preservative recqovang yields of pyrolytic products at 450 °C of
the CuNap treated wood thermally treated at themyph conditions (265 °C and 51 min). Blue
colored dot-line represents confidence interv@5$%. Coded variable of temperature (0.6) and
time (0.4) are equivalent to 265 °C and 51 min.
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4. Conclusions

The optimum desorption conditions for the maximuectovery of organic preservative
components from CuNap-treated wood in a batch-feeattor was determined to be at 265 °C
and for 51 min using statistical response surfaethodology with a central composite design
(CCD) model. The thermal desorption under thesemyph conditions predicted a recovery of
95 % of the total organic preservative componéerte. thermal desorption also generated a high
quality biomass with high HHV and low residual mestive. Pyrolysis of the thermally treated
solid materials produced higher amount of levogdaco and lignin-derived compounds than
untreated ties. It was concluded that thermal gtwor of CuNap treated wood can extract
naphthenic acid and carrier oil in the wood whiehn te reused. Moreover, the processed wood
had higher quality than untreated wood and candeel &s a feedstock for the production of a
variety of fuels and chemicals. The recovery ofspreative components together with
production of high quality biomass could enable tfability of thermal desorption process for
recycling of preservative treated wood. It is hoppat by both capturing the value of
preservative components for reuse, and improvirgg dbality of the fuel, the commercial
viability of utilizing this otherwise waste matdriaill be significantly improved while avoiding

unnecessary landfill or other environmental impacts
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Highlights

1. Used railroad wood ties were thermally treatedofeservative recovery.

2. A response surface methodology identified optmthermal treatment conditions.

3. A thermal treatment of wood ties recovered 9préservative at 265 °C and 51 min.
4. Preservative-free woods contained 21.9 MJ/kg HidWl 77 % energy vyield.

5. Pyrolysis of thermally treated wood improveddghicosan and phenolics yields.



