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ABSTRACT

Direct liquefaction of wood with aqueous HI solution to a wood oil product

under low severity conditions. annospheric pressure and low temperature around 125°C.

was investigated in two stages. The frrst stage involved batch reactor studies. The

wood-HI liquefaction reaction is fast. nearly complete in as little as 20s when the initial

aqueous phase concentration is 57 wt% HI or grealer. Yield of the char-type residue.

a major problem in other liquetàction processes. is completely eliminated provided the

final aqueous phase concentration is 50 wt% HI or above. The performance of this

process \\<ith wood is better than would he predicted from experiments on the

liquetàction of wood components determined separately.

Removal of oxygen from polymerie wood components is accomplished with

oxidation of 1- to I~. The second stage tested a novel concept for closing the HI ~ I~

~ HI loop. an electrochemical liquefaction reactor (ECLR) with liquefaction in the
cathode cell where 12 is simultaneously reduced back to 1-. Electrolysis of waler al the

anode generates O~ and the W required al the platinum cathode for HI regeneration.

Without wood liquefaction.. current efficiency for I:! reduction is 90 - 100% and 1~

concentration can he maintained at about 0.1 M. which is about 10% of that ~ithout 1:

reduction.

Preliminary ECLR tests in batch and batch\\ise-continuous modes demonstrated

simultaneous wood liquefaction and electrochemical reduction of 1: in the presence of

the viscous wood oil. Also the iodine content of the crude wood oil is thereby reduced

by about 60%. where this limit is imposed by the strong physical association between

1: and various functional groups in the product. Generation of H2• the competitive

reaction. cao he avoided.

ECLR characteristics were determined from a continuous run in a sealed reactor

at a steady aqueous phase concentration of 55 \\<-.010 HI ~ith a cathode current density
of 0.81 A/cm: at a cell voltage of 6 V. Carbon base yields were 84.20/0 crude wood oil

product. 4.90/0 methyl iodide from the lignin methoxy groups and no production of the

char-type residue common to other biomass liquefaction processes. Of the 12 produced.

930/0 would he reduced to HI.. the other 70/0 being 12 associated physically with the

product. Of the ft generated at the anode.. about half is used for ID regeneration and

haIf for eIectrochemical liquefaction reactions as refleeted by the exceptionally high

levels of hydrogen retention and oxygen removal of the wood oil relative to the wood.

above 85% in both cases.
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CHAPTER 1

INTRODUCTION

1.1 Low severity wood UquefactiOll in aqueous HI solution

Pyrolysis.. gasificatio~ and direct and indirect liquefaction are the major types

of chemical processes for biomass conversion to liquid or gaseous products. With

indirect liquefaction the fmal process follows the production flJ'St of a synthesis gas

from the biomass. Liquefaction processes convert biomass into products of generally

lower oxygen content and therefore of higher energy than those from pyrolysis or

gasification. As Canada bas enormous supplies of natura! gas but very limited reserves

of oil.. direct liquefaction is of greater general relevance bere than pyrolysis or

gasification. Specialized types of pyrolysis offer particular higher value products. Direct

biomass liquefaction processes~ investigated since the beginning of this century, require

high temPelëlture (250 - 4500C) and high pressure (25 - 500 atm), generally with

hydrogen and/or carbon monoxide as the reducing agent in a catalytic reaction. The

high cost associated with processing under such extreme conditions render the

economics quite unfavourable. The several factors noted above provide an incentive to

search for a low-temperature, low-pressure chemical process to convert lignocellulosic

material into some type of a liquid organic product.. referred to generally as biomass oil.

Douglas and Sabade~ 1984, directed attention to the direct liquefaction of

cellulose by treatment with aqueous ID solution al low temperature and atmospheric

pressure. They reported total conversion of cellulose to a liquid produet having a

relatively low oxygen and high hydrogen content compared to the substrate. A

1



•

•

•

follow-up study by Douglas et al.. 1985. established that with this technique

encouraging results could also he obtained for the liquefaction of wood of various of

species. With batch reactor investigations they established some of the characteristics

of this reaction system. indicating the effects of reaction time and temperature.

stoichiometric proportions of In to wood and of wood species and particle size. In a

funher study with this batch reactor system Douglas et al.. 1990. investigated wood

liquefaction in the presence of reactor product solvents and hydrotropic salts.

A hench scale investigation by Douglas et al.. 1986. demonstrated that this

technique of low severity wood liquefaction could he operated as a continuous reactor

system in which the HI in the liquefaction reactor effluent could he recovered and

recycled to the liquefaction reactor. Two important fmdings were made. At steady state.

with recycle of the aqueous HI phase back to the reactor. the part of the product which

is initially dissolved in the aqueous HI phase was found to he convened to organic

phase produc~ the desired product. Secondly. with recycle of the aqueous HI solution

to the reactor the iodine:carbon ratio in the crude reactor product was found to he

variable and to he a function of the concentration of I;! in the reactor. This finding

indicated that the major problem in biomass liquefaction with aqueous fil solution. Le.

production a crude product contaminated with iodine. could potentially he eliminated.

Thus it had been demonstrated that a wood oil produet of relatively high H:C

ratio and low O:C ratio could he produced al atmospheric pressure and low temperature.

However basic tecbnical problems remaining to he solved were that the crude product

had a relatively bigb I:C ratio. considered to he as organic iodide. which must he

eliminated. and that the 11 produced from the oxidation reaction 21 - ~ 12 must he

convened back to the reactant HI in order to bave a potentially viable biomass

liquefaction process. The MOst promising alternative for closing the ID -+ 12 -+ HI loop

is the documentation by Carlin. 1977. that 12 dissolved in aqueous ID solution can he

reduced electrochemically to fD. However nothing at all is known concerning the

possibility of electrochemical reduction of 12 to lU in the presence of liquefaction of

biomass to a viscous wood oiL Thus investigation of the possibility of a unique
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coupling of two processes: wood liquefaction in aqueous HI solution and

electrochemical reduction of 12 back to HI.. constitutes the basic problem ta he studied

bere.

1.2 Objectives 01 present study

The overall objective of the present study was to investigate a novel concept ­

the eleetrocbemical wood tiquefaction reactor (ECLR) whereby the wood liquefaction

reactor is simultaneously the reactor for electrocbemical reduction of the liquefaction

reaction product. 11.. back ta the liquefaction reactant't HI. This concept would close the

HI -+ I! -+ HI loop while a1so potentially reducing the iodine content of the crude

product. The objectives May he detailed as:

(1) T0 add to the basic knowledge of this low severity technique for wood liquefaction

in experiments first without the complication of the electrochemical process..

determining specifically the effects of short reaction tinte, of the concentration of

aqueous Ht and the hehaviour of various single companent liqnocellulosic substrates.

(2) To design an electrocbemical liquefaction reactor, an ECLR.. for the direct

liquefaction of wood in concentrated aqueous III solution in the cathode cell so that the

I! produced by the liquefaction reactions can simultaneously he reduced

electrochemically back to the HI reactant. witb an appropriate anode cell for generation

of the H+ ions required for the regeneration of HI in the cathode cell.

(3) To determine the electrochemical performance cbaracteristics ofsuch an ECLR with

an appropriate anode ceU design.
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(4) T0 detennine practical conditions for electrochemical reduction of I:! to HI in

aqueous HI solution in the cathode cell of the ECLR system without the complication

of wood liquefaction.

(5) To determine the extent to which electrochemical reduction of I:! to HI. with the

exclusion of competing electrocbemical reactions't may still he obtained simultaneously

with wood liquefaction through examination oÏ the ECLR process tirst in the simpler

modes of batch and then batchwise-continuous electrochemical wood liquefaction.

(6) To operate the ECLR technique under steady-state reaction conditions with

continuous wood liquefaction and simultaneous electrochemical reduction of 12 back to

HI directly in the liquefaction reactor. thereby closing the HI ~ I:! ~ HI loop.

(7) T0 initialize an analysis of the continuous electrochemical wood liquetàction

process. including the reaction stoichiometry. [:! reduction efficiency. cunent efficiency.

energy required and other characteristics affecting the POtential industrial feasibility of

the electrochemical reactor system.
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CHAPTER 2
PRIOR KNOWLEDGE AND RESEARCB STRATEGY

2.1 Evolution of cODventiooal bi....ass Iiquefaction

2.1.1 Penpective OD biomass cODvenioD processes

ln response to the oil crisis of the mid-1970' s many countries focused attention

on alternative" non-petroleum sources of energy and chemical feedstocks. With fossil

fuel supplies becoming scarcer and more costly, first in the 1970's and in the future"

the use of renewable biomass becomes steadily more attractive. Wood and crop residues

comprise the vast majority of biomass feedstocks available for conversion to liquid and

gaseous fuels.. 960/0 according to Schiefelbe~ 1983. Compared to solid fossit fuels such

as coal.. biomass feedstocks have unique proPetties that offer potential advantages for

development as energy sources, principally a much higher H:C ratio and very low

sulphur and ash contents. However biomass bas the disadvantages of being a less

concentrated source, baving a relatively high moisture content and, because of a higher

O:C ratio.. a lower thermal content than fossil fuels (Sajdak et al... 1981).

Since the discovery of tire biomass bas been used direetly for energy by

combustion.. but recent interest is in its conversion to a product of higher energy density

and hence more conveniendy ttansported, stored and used. The two Principal classes of

conversion processes, thermochemical and microbiological fermentation., were reviewed

by White and Plasken, 1981, and Chum, 1993. Thermochemical conversion processes

generally employ elevated temperatures and in some cases high pressures to convert

biomass through combustion., pyrolysis, gasitication and liquefaction (Gambles and
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Zsuffa.. 1988).

Pyrolysis~ the process of thermal decomposition, is the age-old way of making

charcoal and bas typically given about equal pans of three products: gas~ pyrolysis oil

and char. In recent years the concept of rapid pyrolysis bas emerged as a promising

alternative for specialized purposes(~ Bergougnou and Overen~ 1984; Graham

et al.. 1988: Scott et al.. 1991; Palm et al... 1993). Graham et al... 1988. reponed that at

rapid heating rates" 1OOO°C/secon~ the char yield from poplar decreased from 18% at

SOO°C to 3% at SOO°C. Thermochemical gasification converts biomass by partial

oxidation at elevated temperatures in various reactor types such as moving hed and fluid

bed gasifiers to a product used as fuel or SYQthesis gas.

The thermochemical conversion of biomass to liquid product can he achieved

by indirect or direct liquefaction. With indirect liquefaction the reactive synthesis gas

from pyrolysis or gasification of biomass is convened catalytically to Iiquid fuel and

chemical produets. In conventional direct liquefaction the biomass is reacted

catalytically at high temperature and pressure in a reducing atmosphere of hydrogen

and/or carbon monoxide.

As the present thesis is concemed with a novel process of direct chemical

liquefaction of biomass, the processes of biomass fermentation, pyrolysis and

gasification are not considered funher bere.

2.1.2. CODventioDal biomass tiquefaetioD

Conventional direct thermochemical liquefaction is carried out in either aqueous

or solvent media in the presence of catalysts (carbonate, formate, nickel~ etc.) with

various reducing agents (H;!" CO~ aci~ ete.) al temperatures of 250 - 400°C and high

pressure. Typically the conversion of lignocellulosic material produces four produet

fractions.. gas.. biomass oil, water-soluble or solvenl-soluble produet and solid residue

- a char. As biomass bas a higher oxygen 10 carbon ratio tban solid fossil fuels such

as coal.. direct reduction can therefore he accomplished either by removal of oxygen
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with carbon monoxide or by the addition of hydrogen. A hydrogen medium.. from either

H~.. H:/CO.. Ir of an acid medi~ or H-donor solven~ bas a threefold action (Chomet

and Overend.. 1985 and 1987; Chum and Baizer, 1985), i.e. to hydrogenate or

deoxygenate terminal O-containing functional groups., to limit the extent of high

molecular weight product from condensation reactions induced by free radicals and to

hydrocrack the lignin and the tarry intermediate product material formed in the early

stages of thermal treatment.

ln acid media the reaction may affect both carbohydrates and lignin.

Carbohydrates are involved in !Wo types of imponant reactions: glucoside hydrolysis

and dehydration.. Fengel and Wegener.. 1984; Goldstein.. 1984. Monosaccharides form

rapidly from depolymerization ofcarbohydrates.. and would subsequently he dehydrated

to furfural and hydroxymethyl·furfuraI (HMF), to levulinic acid.. and to other derivative

acids. Lignin undergoes extensive cleavage in acid medi~ especially cleavage of

arylglycerol·l3·aryl ethers.. Lundquist and Lundgren.. 1972. The yield of low-molecular

weight produet5 (dimers and monomers) bas been reponed as 17% with spruce lignin

and 30% with birch lignin in acid hydrolysis liquors (0.2 M hydrogen chIoride in

dioxane·water 9:1), Lundquist.. 1976.

ln allcaline media with the wood liquefaction process operated al about 300 ­

SOO°C and 3000 - SOoo psig with aqueous sodium carbonate as the eatalyst and CO/H!

as the cover gas.. a variet)' of organic acids can he produced by alkaline degradation..

Elliott. 1981 and 1985; Pepper et al., 1985. Further dehydration synthesizes phenolics..

furans and other chemicals if the aqueous medium becomes acidic by the organic acids

produced. Miller et al., 1981; Molton et al... 1981.

In organic media the chemistry of liquefaction depends UPOD the nature of the

solvent·substrate interactions., Chomet and Overend, 1985. The choices of solvents are

motivated by considerations of solubility and their availability as products derived from

Iignocellulosicsot like creosote oil and ethylene glycol wbich have been used. Hydrogen·

donor solvents like tettalin and isopropanol are very effective in reducing the required

severity of reaction conditions and maximizing biomass conversion and oil yield.
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In hydrogen media and with cata/ysts like Raney-nickel., palladium., platinum..

FeJÛ"., lignocellulosic materials can he catalytically Iiquefied at 2000e - 350°C and 5

- 10 MPa pre55W'e (Boocock et al.., 1979 and 1980; Dana et al.., 1993).

2.1.3 Status of conventionat bioDlass tiqueramon

Conventional biomass liquefaction bas been explored ooly in the laboratory as

the unattractive economics bave prevented industrial scale development. Research by

Appell. 1975 and 1977.. at the Pittsburgh Energy Research Centre (PERC) [ed to a pilot

plant for wood liquefaction (1 - 3 tonnelday of 40% moisture content wood) at

Albany., Oregon. Wood as a slurry in the recycled product oil was liquefied in the

presence of a 60:40 mixture of carbon monoxide:hydrogen and a catalyst consisting 5%

aqueous sodium carbonate.. in a stirred tank reactor at 290 - 370°C and over 3000 psig.,

for 20 min to 2h residence time (Molton et al.., 1981). The Albany work revealed

serious operational and economic problems including a pumpability limit of 8 wt% of

wood flour in aqueous suspension and a low oil produet yield.. and demonstrated the

need for further investigation of pretreatment of the wood flour prior to Iiquefaction and

other basic aspects.

T0 investigate the problem of low oil Yield at the Albany pilot plant and to

further develop the aqueous alkaline-based process., a chemical and mechanical

pretreatment option was investigated at the Lawrence Laboratory in Berkeley.,

Califomia.. by Schaleger et al.., 1982. They used a bench-scale continuous liquefaction

unit for the production of wood oil from aqueous slunies of wood at 330 - 3600C in

the presence of reducing gas. Wood chips were subjected to chemical pretreattnent

(dilute acid hydrolysis then neutralization with sodium carbonate) at 1800e followed by

mecbanical retining. The aqueous sluny was pumped al a concentration over 30% wood

chips. Such wood Iiquefaction results in formation of a variety of carboxylic and water

soluble acids to 25% yield. causing an inc:rease in acidity of the aqueous phase from a

pH of about 6 - 9 to 4 - S. The maximum yield of wood oil was 40 - 42%. The
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yield of char varied trom 1 - 10%. Carbon dioxide was formed in about 25% yield.

At the University of Saskatchew~ Pepper et al.• 1985, and Eager et al.• 1985,

used screw feeders to introduce wood flour continuously as a 28 wt% aqueous slurry

to a liquefaction reactor. They convened a variety of Iignocellulosic materials to wood

oil in yield up to about 50% by use of carbon monoxide at 300 - 400°C and 40 - 50

MPa with aqueous sodium carbonate as a catalyst. The product oils, an aqueous phase

product and an acetone soluble organic phase product which might he rendered fluid

on mild warming, had a heating value of 35 - 40 MJlkg, contained 70 wt% carbon,

7 - 8 wt°~ hydrogen and 20 wt% oxygen" and constituted a carbon recovery to wood

oil and water-soluble oxygenated products of about 66%. The char yield was 4 - 1Oo~.

About 350/0 yield of carbon dioxide was reponed,. probably by decompositioD of the

wood or as a result of oxidation of carbon monoxide by oxygen from wood.

The serious disadvantage of biomass liquefaction in aIkaIine media under Hz/CO

atmospheres is that the carbon recovery to wood oil from the substrate is only 65 ­

75% while about 25 - 35% of the carbon of substrate is convened to carbon dioxide.

Dot a desired product.

A two-stage liquefaction reactor system with preheating separate from

hydrogenolysislhydrogenation was investigated with an organo-solvent at the University

of Sherbrooke by Chomet et al." 1985. A 12 - 15% suspension of wood (about 10%

moisture content) in anthracene oil was used. In the preheating reactor (230 - 250°C.

4 - 8 MPa. 0 - 60 minutes) about 45% solubilization of the Iignocellulosic suspension

was achieved. Overall conversion of 9()0~ was obtained at shon residence rimes (5 ­

12 minutes) in the bydrogenation stage reactor (300 - 340°C and 3 - 7 MPa). Further

development by Chomet et al., 1988, and Vanasse et al., 1988, of the organo-solvolytic

pretreatment tecbnology showed that the high consistency wood slurries (20 - 32 wt%)

needed for a continuous liquefaction unit could he prepared and pumped with a screw

feeder in both creosote and ethylene glycol solvent. They obtained about 50% solvent­

soluble product. The solvent-soluble oil product bas about 9()O1O carbon content and 6%

bydrogen content, i.e. a very lowelemental HIC ratio of about 0.8. This low bydrogen
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content was reported due to little or no hydrogenation under non-catalytic conditions

and suggested a solvolytic route towards solubilization.

A 900 kg/h system (Brennan et al.. 1986) was built at the Solar Energy Research

Institute (SERI) in Colorado to hydrolyse low solids wood slurries (10 wt%) using a

dilute acid (1 - 2%) process at 200 - 260°C. 4 - 6 MPa and 4 - 20s residence time

in a plug flow reactor which was operated for a number of hours. Only the conversion

of cellulose and hemicellulose of wood was considered for the mass base yields of

glucose 50%. xylose 600/0 and furfural 40% at reactor conditions of 253 - 255°C and

1.6% sulphuric acid.

A one-stage process of a continuous plug tlow reactor for rapid dilute acid

hydrolysis of hard\\,oood to produce furfural and fermentable sugars "'as also

investigated in the University of Sherbrooke. Abatzoglou. et al.. 1990. They pumped

"'ood suspensions up to 13 wt°/b solids in dilute H~S04 solution at tlow rates up to 90

kglh. Their reaction conditions were 190 - 240°C. 10 - 32 Mpa and 20 - 120s

residence time. The mass base yields reported were 300/0 hexoses and 65% furfural ..

derived mainly from cellulose and hemicellulose. The insoluble residue. 40~1» yield on

a mass basis. was the remaining lignin.

2.2 Biomass IiquefadioD in aqueous m solution

2.2.1 General background studies

Studies of the action of aqueous HI solution on carbohydrate and polyhydroxy

cornpounds were begun as far back as 1866 by sorne of the greatest 19th century

chemists. Early studies reponed that polybydroxy compounds tbereby undergo

iodination and reductioa with only one of the hydroxyl groups replaced with hydrogen

or removed with the formation of double bonds (Markownikoff~ 1866; Erlenmeyer~

1866). Aqueous ln solution was round by Benhelot. 1870.. to he an efficient reagent
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for coal liquefaction. Geerards et al... 1957 and 1958. reponed that carbohydrates. coal

and \\iood could he convened to liquid hydrocarbons by hydrogen and iodine through

catalytic decomposition at high temperature (300 - 325°C) and high pressure (200 atm)

in aqueous HI solution. Vassallo and Wilson. 1985. also canied out coal liquefaction

with aqueous HI.

By heating a glucose solution with aqueous HI in a sealed tube to 100°C

Vintilescu and Faltis.. 1923. produced a liquid product containing fonnaldehyde. fumic

acid and traces of saponifiable esters. Interestingly. they found that the organic products

were not iodinated. Ssorbitol can he convened into an oxygen-free product.

2-iodohexane. using aqueous HI. Morrison and Boyd. 1977. Alkyl iodides were

converted to olefins by treatment with gaseous HI at 250 - 320°C (Ogg. 1934; Benson

and O·Neil. 1961: Sullivan. 1961).

Hydrogen iodide is reponed to he a mild cleaving agent for lignins. attacking the

~-aryl ether bonds in the lignin subunits which have a-hydroxy or a-etheric groups

(Shevchenko et al.. 1991: Akim et al.. 1993). ln mild conditions the cleavage is more

selective. Treatrnent of milled wood lignin by dry HI in dry dioxane leads to iodinated

and partly depolymerized lignin. The methoxyl groups could he split off from the lignin

unit using the aqueous HI to produce methyl iodide (Freudenberg et al.. 1929).

Reduction of methoxyl groups to methyl iodide with aqueous HI solution was

developed as the standard micro-determination method for methoxyl groups (Mitchell

and Williams. 1938: Browing. 1967: ASTM standards. 1984).

The combined reducing action of aqueous HI solution and phosphorous has been

investigated in severai studies. Willstatter and Kalh.. 1923. studied the action of aqueous

HI and red phosphorous on lignins and carbohydrates at 250°C. Perlin. 1949. reponed

fmding that cellulose in cotton linters can he converted to a neutral oil (yield about

440/0) by a reducing mixture of red phosphorus and 57°1'0 aqueous HI solution al 12-rC.

Groner et al.. 1972. reported that glucose could he converted to hexane by reduction

"ith red phosphorous and aqueous HI.

Paudler and Waltoo. 1981. studied the general utility of reactions of
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microcrystalline cellulose with hydrogen and iodine.. and with hydrogen and hydrogen

iodide. They reported that iodine. whether in moiecular fonn or as HI- acted simply as

a catalyst. An iodine catalysis effect in H:! media al 425°C was patented by Watennan.

1932. and was reported by Fraenkel et al.. 1991.. for coat liquefaction in aqueous HI

solution at 300°C.

Thus Many researchers have found that aqueous HI acting on sorbitol.. glucose..

cellulose. lignin and coal can be effective for producing low molecular compounds of

low oxygen content. and in the limit. hydrocarbons. As aqueous HI is a strong reducing

agent the oxygen in biomass materials is removed to a significant extent by HI breaking

the o-c bonds. Hydrogen iodide acts not ooly a strong reducing agent. but also as an

iodinating agent. Organic iodides produced from biomass conversion by aqueous HI cao

react further \\ith HL eliminating I:! and forming a product of lower OIC ratio. a desired

property of biomass ail from a liquefaction process. HI in aqueous solution is

thermodynamically more stable than is HI gas. Kirk and Othmer.. 198 L and with an

atmospheric pressure azeottope at 12rC. aqueous HI solution May provide a potentially

attractive reagent tor chemical conversion of biomass under low severity conditions to

liquid products.

2.2.2 Cellulose IiquefactioD

Subsequent to the fmding by Perlin. 1949. of the effectiveness of the

combination of red phosphorus and aqueous HI solution on cellulose. the liquefaction

of cellulose in aqueous HI solution alone was investigated by Douglas and Sabade.

1984. Cellulose (elemental formula (C6 Hto Os )n or CH•.67 0 083 ) was rapidly

depolymerized and deoxygenated under mild conditions of temPeI'ature «127°C) and

atmosphere pressure through the use of 57 wtOJO aqueous In solution. Cellulose was

essentially completely liquefied in about 3 minutes of batch reaction. Even with only

30s reaction. cellulose conversion to a biomass oil was as high as 87%. For the

In/cellulose stoichiometric ratio R in the range of 1.6 3.8 gmol HI!gmol C.
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conversion of cellulose to biomass oil increased significantly with the stoichiometric

ratio R for reaction lime as shon as 1 ~ but became independent of this

stoichiometric ratio for reaction rime as long as 120 min.

They reponed that cellulose appeared to be convened initially and very quickly

to an aqueous phase product dissolved in the HI solutio~ then more slowly to an

organic phase product insoluble in the aqueous solution. The yield of aqueous phase

product reached a sharp maximum., about 65 - 70%., very quickly at a reaction time

as shon as 30s. The ratio ofthe yields., organic phase produet to aqueous phase product..

was about 25:75 after 5 min reaction. about 60:40 at 2h reaction time.

When subjected to examination by TLC..~ GC., MS.. density and molecular

weight determinatiolL the product was found to consist of a complex mixture of

primarily non-polar compounds in the CIO - C20 range., including aliphatic.. cyclic or

a1icyclic compounds., with sorne olefmic double bonds. The average molecular weight

of the product was estimated., with considerable uncenainly., to he about 310.

The overall reaction stoichiometry for HI being oxidized to [2 in proportion to

the removal of oxygen by reductio~ at R = 3.8 gmol Hl/gmol C.. was reponed as:

CH16700.13 + 0.89 HI -. CHUWOO.J9 [0.09 + 0.46 H20 + 0.40 12 (1 min reaction)

The produet at 30 min reaction May he expressed as constituting 91 % retention of

hydrogen and 76% removal of oxygen relative to the cellulose. A1though by some

indications the reaction with In was essentially complete in 3~ as reaction time was

increased from 1 min to 30 min then to 24h the amount of ID reacting inc~

producing a more highly deoxygenated product. The hydrogen retention of the biomass

oil produet relative to the cellulose remained over 9QOA. al ail reaction times. The iodine
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content of the product. a central problem with this process, was found to decrease to

an IIC atomic ratio of just 0.03 al 24h reaetion rime. much lower than the UC of about

0.1 produced for 1 - 30 min reaction.

The definition by Douglas and Sabade., 1984., of reaction conditions in terms of

the stoichiomettic proportion of ID to the substtate and their determination of

stoichiomettic equations for the reaction provided a more quantitative treatlnent of

biomass liquefaction in aqueous In than tbat given by earlier studies.

2.1.3 Batcb wood IiqueractioD

ResuIts were reponed by Douglas et al.• 1985. and Ng. 1985. for bench-seale

experiments at 1 atm and 127°C with black spruce wood (elemental composition

CHo460064) and other wood species., with commercial grade 57 wtO/o aqueous HI

solution containing 1.5 wtOJO H3PO~ as stabilizer. for reaction limes in the range 1 min

to 2h. In these batch reactor experiments as for the earlier work with cellulose. seme

of the product remains dissolved in the In solution as an aqueous phase product while

the major part separates as an organic phase product. When the latter was solvent

fractionated by acetone only a smalt yjeld of acetone-insoluble residue remained.

generally less than 10% relative to the wood. AlI yields were given on a carbon basis.

the MOst informative basis of expression. Similarly to the definition adopted with

cellulose as the substrate., the stoichiometric ratio for HI was defined as gmol HI/gmol

C in wood. R. For an ideal reaction in which all oxygen is removed through reduction

to H:!O by the HI. yielding a pure hydrocarbon. H!O and 12• two hydrogen iodide

Molecules are required per oxygen atom in the wood. Thus for this model reaction with

black spruce of composition CHt460 0.64, il foUows that R... = 1.28 gmol HIIgmol C.

The overall reaction Sloichiometry for a base case., R = 5.7 gmol HIIgmol C in

wood. t = lb. T = 118°C., with black spruce in HI solution of initial concentration about

56 - 57 wtOAt HI was reponed by Ng, 1985~ as:
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CHI.460 0.64 + 0.70 HI ... 0.73 CH1.2600.14Io.o5 + 0.27 CHl.s.Oo.4IIo.2o

+ 0.41 H:!O + 0.31 I!

wbere the carbon-base yields of organic phase and aqueous phase product fractions are..

respectively.. 73% and 27%.. as indicated by the corresponding stoichiometric

coefficients above. With R = 5.7 gmollIDgmol C inw~ the above case corresponds

to (0.70/5.7=) 12% conversion of HI. If the organic phase and aqueous phase products

were combined. the overall stoichiomettic equation would he:

with the total product corresponding to retention of 92% of the hydrogen and removal

of 640/0 of the oxygen of the wood.

Although most of their tests were performed with black spruce.. by a series of

experiments they found that with hybrid poplar the stoichiometric equation at reaction

lime t = 2b and R = 3.6 gmol H1/gmol C is:

CH1.630 0.73 + 0.73 HI ... 0.81 CHI.400o.nIo.07 + 0.19 CHI.760o_s~Io.2o

+ 0.45 H!O + 0.32 12

for the yields of organic phase and aqueous phase as 81% and 19% as indicated by the

respective stoichiomettic coefficients above. The equation for the combined products

is:

indicating overall a 90% retention of hydrogen and 62% removal of oxygen.

Comparison with the stoichiometric equatioDS for cellulose of Douglas and Sabade~

1984.. indicates that the reactivity of lU decreases from cellulose to hybrid poplar to
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black spruce.. but the hydrogen retention is about the same in all cases while the oxygen

removal for the wood oil product is lower than that from cellulose. A basic problem of

this process. the contamination of the crude wood oil product with iodine. is seen by

the IIC atomic ratios ranging between 0.05 and 0.09 in the above results.

The effect of process variables found in tbis study of wood liquefaction in 56

- 57 wtOlO aqueous HI solution is now reviewed.

(1) Effect of reaction rime

With HI to wood stoichiometric ratio R = 5.7 gmol HlJgmol C in wood. the

yield of aqueous phase product at 1 min reaction lime was very high. about 60%. while

it appeared that subsequent transformation of aqueous phase product to organic phase

product led to the yield of aqueous phase produet steadily decreasing with longer

reaction time. The yield of organic phase product increased to its ma.ximum value.

about 70°,/0. at 2h reaction time. For very long (24b) reaction rime some produet was

convened to the undesired insoluble residue.. which increased to about 17% yielcl while

otherwise the yield of this undesired product remained about constant at about 10% for

reaction time from 1 min to 2h. The organic phase product elemental composition

varied relatively little with reaction rime. A good bydrogen retention of product was

obtainecl averaging about 85°10 relative to the bydrogen content of wood.

(1) Effeet of HI/wood stoichiometric ratio

With initial concentration of aqueous ID solution always about 56 - 57 wtO,/o

HI and 2b reaction rime the effeet of HI/wood stoichiometric ratio was studied for black

spruce in the range of 1.1 - 5.7 gmol HIlgmol C in wood. The yield of the undesired

acetone-insoluble residue decreased rapidly with incteasing R up to 2.5 gmol HIIgmol

C. becoming constant at about 8% for values of R of 3.5 gmol HIlgmol C or above. A

maximum in yield of the organic phase produet. 93%.. occurred al a stoichiometric ratio

of about R = 3.5 gmol Hl/gmol C.

The extent of deoxygenation of the organic producl relative to the w~ about

78% al R = 3.4 gmol HIlgmol C was., as expected.. less al lower values of R.. dropping

to only 53% al R = 1.1 gmol HIIgmol C. The contamination of the organic phase
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• product "ith iodine was recorded by its UC atomic ratio" which showed some sensitivity

to stoichiometric ratio" the UC ratio decreasing from about 0.11 at R = 1.1. to about

O.OS at R = S.7 gmol I-Wgmol e, as foUows:

R, gmoUgmol

l.1
S.7

HIC

1.37
1.26

0.30
0.14

Ile

0.11
0.05

•

•

Thus to avoid excessive yield of the acetone-insoluble residue and low

deoxygenation of product for batch liquefaction with initial HI concentration about 56

- 57 wt%. one should use a value of HI to wood ratio not less than R = 2.5 gmol

HIIgmol C in wood" i.e. about double the value of Rmc.t = 1.28 gmoUgmol for ideai

reaction giving total removaJ of oxygen to yield a pure hydrocarbon.

(3) Effect of reaction temperature

The yield of the acetone insoluble-residue remained at about 8% for 2h reaction

time and R = 5.7 gmol HIlgmol e. effectively independent ofreaction temperature from

118°C down to 90°C, and remained impressively low, only 23%, at as Iowa reaction

temperature as 60°C. The maximum yjeld of organic phase product, 70%, was obtained

around 90 - 130°C, the remainder being product dissolved in the aqueous phase of HI

solution. Product elemental compositions appeared relatively unaffected by reaction

temperature down to 90°C.

(4) Effect of I-/wood ratio al flXed H·/wood ratio

A set of experiments was carried out in which the ratio of 1-/wood. R1_, was

varied at constant ratio ofH"/wood., ~... by using mixtures ofIG-HCl and ffi-HCL Thus

R[_ was varied over the range of 0.3 - 5.7 gmol I-/gmol C in wood while the ratio

H·/woo<l R..., was maintained constant al 5.7 gmol lï/gmol C in wood.

For the upper range of R.-, Le. 4.6 - 5.7 gmol I-/gmol C in wood., neither

yields nor product compositions were affectedby R1_. However for the case of 1- - Ir

uncoupled in this way at the lower range of R.- < 4.6" the distribution of yields was
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affected., with a higher yield of aqueous phase product and a correSPOndingly lower

yield of organic phase product fraction tban in the standard case of 1- - fr coupled. At

low R(_ with 1- - H? uncoupled., a product composition obtained was of lower WC.,

lower extent of oxygen removal and very low IIC ratio.

The authors SPeCuJated tbat the effect of lower 1- concentration while

maintaining bigh W concentration was caused by acid hydrolysis of the wood cellulose

and hemicellulose but with less of the dehydration reactions that give a product of

lower OIC ratio. Thus the extent of the series of dehydration and other reactions which.

in aqueous HI solution., foUow acid hydrolysis was believed to be decreased or

incomplete due to the low concentration of 1- at low R.-.
(5) Effect of recycling the reaction aqueous phase to the reactor

A batch reactor experiment was made to investigate what the effect on yields

and composition of the products would be from operation with recycling of the aqueous

phase back to the reactor. This question is of great practical importance because in a

continuous reactor system the aqueous phase would be recycled back to the liquefaction

reaetor. The aqueous phase obtained after reacting wood with HI in a batch reactor was

sparged with pure HI to bring the HI concentration back to the standard 57 wt%. This

solution was then used instead of fresh aqueous HI for reaction with wood. For 2h

reaction lime at R = 5.7 gmol HIlgmol C in wO<><L very good results were obtained.

Specifically., with recyling of the aqueous lU solution an even lower Yield was obtained

of the acetone-insoluble residue., only 1.3%., while rnaintaining product quality

essentially unchanged. The importance of this experiment is in indicating good POtentiai

for converting the process from a batch reactor to a continuous reaetor with recycle of

the aqueous III phase back to the reador.

(6) Effect of hypophosphorous 3Cid

The commercial aqueous lU used contained 1.5 wtOJ'o H3P029 hypophosphorous

acid., a preservative to prevent oxidation of In to 12• One experim.ent done al t = 2h and

R = 5.7 gmol HIIgmol C in wood but usiDg In solution containing no hypophosphorous

acid indicated no change in yield of the acetone-insoluble residue but a change in
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product distribution. with the organic phase product yield increased by one third while

the aqueous phase product yield was correspondingly reduced. This shift in distribution

of the total product between the two phases reflects a decrease in product solubility in

the aqueous phase that could he anticipated in the absence of the phosphorous

compound. There Was no significant change in the elemental composition of any of the

product fractions.

(7) Effect of wood spccies and particle size

Batch reactor test runs were made at 15 min reaction time and R of about 3.5

gmol HI/gmol C with three hardwoods (aspen poplar. hybrid poplar and white birch)

and with the wood as chips rather than wood flour. The wood liquefaction process was

found to work bener with hardwoods than with black spruce. with the yield of acetone­

insoluble residue reduced from about 8% to 1 - 2%. Both the hydrogen retention and

the extent of oxygen removal for the total organic product were slightly hener (higher)

for hardwood than for black spruce. For 2h reaction tinte. variation in wood particle

size had no effect on the results but for the short reaction tinte. t = 5 min. wood chips

gave a somewhat higher yield of the aqueous soluble product. Tbus over this size range

at least.. the wood liquefaction reactions appear to he controlled more by the reaction

kinetics than by diffusion in the wood particles fed to the reactor.

2.1.4 Continuous wood liquefactioD

Demonstration ofcontinuous liquefaction reactor oPeration. with and without the

recovery and recycle of the aqueous lU phase. was provided by Douglas et al... 1986..

and Ladanowski. 1986. They used a hench-seale facility for treatment of lignocellulosic

material (hybrid poplar and cellulose) onder low severity conditions of atmospheric

pressure and about 125°C in aqueous lU solution. The liquefaction reaetor was a

continuous stirred tank reaetor (CSTR) operated al a mean residence lime of 10 min for

runs extending to 8.Sb. The system involved a continuous reactor and

batchwise-continuous removal of organic product from the reactor effiuent by solvent
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extraction with Methylene chloride. Because of the small seale of the operation the

reactor was operated at about R = 13 gmol HI/g atom e simply to avoid plugging of

the smalI diameter reactor effluent lines with the viscous produc~ while the earlier batch

reactor experiments had established that the requirements of the chemistry of

liquefaction were satistied with a stoichiometric ratio of about R = 3.5 gmol HI/gmol

e in wood when the initial concentration of the aqueous solution was about 56 - 57

wt% HI.

Reaction characteristics were investigated ftrSt for the CSTR system but with a

continuous feed of aqueous Ht i.e. without recycle of the aqueous stream canying

unreacted HI. Such operation is a direct extension of batch reactor operation. For

comparable conditions. organic product yield and elemental composition of the

extracted product from a batch reaetor and the eSTR fed with fresh aqueous HI were

indeed found to he effectively the same.

Ali continuous systems with recycle to a eSTR of a reactor effluent stream have

an unsteady state period after start-up. For this wood liquefaction eS"fR four criteria

were used to monitor the approach to steady state~ Le. produet yiel~ and HIC. ole.. and

IIC atomic ratio of the extraeted product. Of these~ ooly HIC and ole ratio of the

product did not change appreciably from start...up to the end of 8.5h of continuous

reactor operation. Yield of extraeted product increased rapidly after start",up~ becoming

steady after about 2h oPeration with cellulose as the substrate. after about 4h with

hybrid poplar. The steady state yield from hybrid poplar was 2.5 times the yield at

stan-up. This very large change from start-up to steady state established one of the two

key fmdings of this study~ i.e. tbat with recycle of the aqueous HI phase to the reactor

the product fraction initially dissolved in the aqueous phase is eventually convened to

the organic phase product. This investigation thereby established the new and important

charaeteristic that when the continuous reactor system is closed up by recycle~ ail of the

liquefaction product leaves the system as organic phase produc~ with no build up of

organic produets dissolved in the recirculating aqueous phase.

The tinaI criterio~ ue alOmic ratio of the extraeted produ~ never approached
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a steady state value but increased continuously, reacbing after 8.Sh of operation a value

of about five rimes the initial value. Measurements confmned that the concentration of

12 in the reactor also increased continuously, a consequence of more 12 being produced

by the liquefaction reaction then was removed by the methylene chloride extraction. The

increase in I1C ratio of the extracted product was then simply a consequence of the

increase in 12 concentration in the reactor. Thus a second important outcome of this

investigation was finding that the I1C ratio of the produet is coupled to the [2

concentration in the reactor. This finding opened the possibility of reducing the I/C ratio

of the product which must eventually go to zero, by some kind of improved continuous

reactor operation that maintains the [2 concentration at a low level.

2.2.5 Produet soIubility

(a) Solvent reaetor

The organic produc~ a sticky viscous liquid at reactor temperature., adheres to

all surfaces. Douglas et al.., 1990, investigated the idea of dissolving this product at the

moment of its formation. i.e. to bave the product dissolved in a solvent Iiquefaction

reactor. This "solvent reactor" concept thereby combined two steps of a potential

continuous wood Iiquefaction process. the liquefaction and the organic phase product

extraction. into a single operation. While simple in concept, this idea was found difficult

to put into practice because of the several constraints governing the choice of the

reactor solvent:

(1) chemical non-reactivity to ID., 12 and the product;

(2) a volatility permitting reactor operation around lOOGe al atmospheric pressure;

(3) its solvent propenies for the organic produet;

(4) cost.

Sorne potential reactor solvents identified after an exhaustive search were tested

directly in solvent liquefaetion reactor experiments. Preliminary lesting of phenol and

acetic acid as a liquefaction solvent showed good cbaracteristics., with zero yield of
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solvent insoluble product. However the reactivity of phenol and acetic acid with

aqueous HI and iodine (Fuches., 1936; Konieczny and Harvey, 1979) eliminated them

as potential liquefaction solvents. The product was round to dissolve partially in

chlorobenzene and tetralin., which gave two phases when mixed with HI solution.

Tetralin was eliminated because, with its hydrogen donor nature., it reacts with 12 giving

HI.

The only solvent of appropriate volatility found to satÎsfy the requirements of

chemical non-reactivity in this highly reactive system was chlorobenzene. Solvent

liquefaction reactor tests showed that the addition of cblorobenzene to the reactor did

not change the cbemistry of the liquefaction process. The chemical composition of the

product was vinually unchanged. An advantage was that the Ile ratio of product

dissolved in chlorobenzene was substantially lower than without this solvent.

Unfonunately even chlorobenzene is not a panicularly good solvent for the product..

with the result that the size of a solvent liquefaction reactor would he substantially

increased. Their conclusion was that altbougb the solvent reactor concept bas sorne

attractive advantages, the constraints necessary in practice limited the application of this

concept in the laboratory. They noted however that the search for an appropriate reactor

soIvent was a problem only for laboratory operation. For an industrial-scale process the

ideal reactor solvent would he the more volatile fraction of the liquefaction product

itself. which would automatically fulfil the constraints as to volatility., non-reactivity.,

product solubility and cost. Thus their solvent reactor concept MaY he reconsidered later

using. as the reactor solvent, a fraction of the product itself.

(b) Bydrotropic salis

The approach of increasing the solubility of organic product in the aqueous

phase through the effect of hydrotropic salts was also tested by Douglas. 1990.

Hydrotropic salt solutions are aqueous solutions of salts that increase the solubility of

slighdy water-soluble substan~ a phenomenon first noted by Neuberg in 1916. For

example, concentrated solutions of a1kali iodides are excellent solvents for numerous
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organic substances (McKee.. 1946).

Preliminary testing of three salts.. KI.. Na! and Li!. in a system of the viscous

organic product plus the aqueous HI solution gave complete dispersion of the organic

phase product in the aqueous phase and no acetone-insoluble residue whatever. The

reactor surface was quite clear of the usual adhering viscous organic product. The

relative yields of the product as viscous liquid organic phase and as aqueous phase

dissolved in the solution were however not changed by the hydrotropic salts. Neither

the type of salt used or its concentration influenced the yields. This observation of a

fme dispersion of the organic phase product in the aqueous solution by the hydrotropic

salts could play a role in continuous laboratory reactor operation if the need to eliminate

plugging of reactor effluent lines is encountered.

1.1.6 Cbemistry of reactioD of wood with aqueous HI

Examination of the chemistry of wood liquefaction with aqueous HI solution

requires first a brief outline conceming the components of wood. Wood consists of

three main constituents.. cellulose. hemicellulose and lignin. and sorne minor ones..

principally extractives and inorganic cornpounds (Goldstein.. 1984). Cellulose is a glucan

homopolymer. (C6H IOOS)". of high molecular weight (about 100.000). generally

crystalline but also found in amorphous fonn.. consisting of linear chains of J3( 1.4)-0­

glucopyranose units. Hemicelluloses consist of amorphous branched chains (molecular

weight < 30.000) comprising mixtures of polysaccharides containing D-glucose.. D­

mannose. D-xylose.. D-galactose and L-arabinose and also sorne of their oxidation

products. Lignins are amorphous three-dimensional networks of polymers of

indeterminate molecular weight formed by free radical oxidative condensation of three

phenylpropane units: p-hydroxyphenylpropane.. guaiacylpropane and syringylpropane

(Sarkanen and Ludwig.. 1971). Lignin remains an enonnous puzzle which is still quite

incompletely understood in spite of long continuing intensive research. The overall

formula of spruce milled wood lignin (MWL) was quoted by Wayman and Pare~
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1990. as C9Hs02(H20)O.4(OCH3)O.92" i.e. CHI.t700.J3'

Wood also contains a variety of extractives such as resîns. phytosterols. fats and

fany acids. The composition of the extractives is highly species-specific. In addition

wood contains very small amounts of ash.. 0.3 - 10/0 • from inorganic compounds 50ch

as CaO. K;!O. Na20. MgO. SiO:!.. F~03 and P20S'

The nature of cellulose is the same in all wood species.. but hemicelluloses and

lignins change in amount and in composition from species to species. The

hemicelluIoses of 5Oftwoods have a high proponion of mannose. while hardwood

hemicelluIoses have a high proportion of xylose. Softwood lignin is lower in methoxyl

conten~ being about 15% compared to about 21 % in hardwood Iignin.. implying that

bardwood lignin bas higher proportion of sinapyl alcohol. In summary. the distribution

of wood components between 5oftwoods (coniferous) and hardwoods (deciduous) differs

as follows (Sjostrom. 1981).

•

• Softwoods
Hardwoods

Cellulose

42±2%
4S±2%

Hemicellulose

27±2%
30±S%

Lignin

28±3%
20±4%

Extractives

3±2%
S±3%

•

For consideration of reaction of lignocellulosic materia! with aqueous In it is

necessary to refer to the physical properties of aqueous HI solutions, densities.. vapour

pressure of HI. stability at the bubble point.. and the vapor-Iiquid equilibrium data al

atmospheric pressure. and these are recorded in Appendïx A. T-x diagrams for the

vapor-Iiquid equilibrium of the ID-H20 system at atmosphere pressure appear as Figure

S.l.

Ofall halogen acids., HI in aqueous solution bas the MOst easily liberated proton.

thus facilitating oxidation of 1- te 12, This fact explains why biomass behaves 50

differently in aqueous HI than in other strong acids such as HCI.. HBr or H250...

Moreover the presence of ID prevents 12, wbich is produced by the attaek of 1- on the

molecular structure of a biomass. from reaeting with organic compounds formed during
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liquefaction. Hence whatever organic iodides are in the product are the result of the

original HI-wood reactio~ not from subsequent reaction with I:!.

The reactions of wood with aqueous HI are mainly those of the three major

macromolecular cell wall components - cellulose. hemicellulose and lignin. Three types

of reaction of wood with aqueous HI are acidic hydrolysis.. oxidation.. and dehydration.

Hydrolysis and oxidation are the most important degradative processes for

depolymerizing the biomass. HI in aqueous solution acts as a chemical reagent. as a

catalyst. and as a hydrogen donor in various reactions with wood. and not simply as an

acid. Because of these important properties it is consistently referred to throughout the

present work as "aqueous HI" rather than as tthydriodic acid" to underline the fact that

the action of HI is not simply that of an acid.

Aqueous HI acts on lignocellulosic material in four ways:

- chemical cleavage reagent

- H- catalyst

- hydrogen donor medium

- iodinating agent

These types of chemical reactivity. Fengel and Wegener. 1984.. are now considered from

the perspective of the goals of good wood liquefaction with aqueous HI.. listed helow:

(1) Depolymerization of wood components to maximize yield of wood oil product

Hydrolysis of polymer linkages leads to depolymerization. Vulnerable to

hydrolysis are acetal linkages in carbohydrates and aryl linkages in lignin. With the HI

acting as a catalyst.. the proton of HI interacts rapidly with glycosidic sugar units.

dePQlymerizing tbem into their monomers. Lignin is not depolymerized to its monomers

but is aise affected by acid catalyzed hydrolysis through its aryl ether linkages to yield

low molecular weight compounds.

Oxidation reactions occur simultaneously with hydrolytic degradation in acidic

media. Hydroxyl groups and the end groups of polysaccharides and side chain groups

of lignin MaY he subject to oxidation attaek. Ring structures of polysaccharides and the

three dimensional lignin structures cao he preserved or may he destroyed by cleavage

of the 0 -C or C -C bond.
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(2) Reduction of oxygen conten~ desirable for the product as a fuel

Dehydration reactions occur under acidic conditions. causing decomposition of

hydrolysed sugars. Acid catalyzed dehydration of monosaccharides leads to formation

of furfurals or anhydro sugars by the elimination of water.

(3) Maximize the hydrogen:carbon ratio in the organic product and prevention of

condensation reactions of initial or intermediate products of the liquefaction reactions.

Minimizing loss of hydrogen in the organic products and minimizing

condensation reactions thereby minimizes the yield of insoluble residue't hence limits

or eliminates the need for expensive hydrogenation to upgrade the biomass oil product.

To avoid extensive condensation reactioDS it is common to add stabilizers that react

with depolymerized units before they can undergo condensation. Hydrogen is frequently

used for this purpose. In the system of wood liquefaction with aqueous HI, HI acts not

only as a chemical reagenl but also as a catalyst and as a hydrogen donor. Thus W

provided from the aqueous HI solution protects the reaction intennediates against

condensation reactioDS. The fmding noted in Section 2.2.3 that the carbon-base yield

of insoluble residue by liquefaction of wood in aqueous HI is typically from 0 to 10%.

less than the yield of the more degraded produc~ char. from conventional biomass

liquefaction processes indicates the effectiveness of depolymerization and suppression

of condensation in biomass liquefaction with aqueous HI solution.

(4) Eliminate iodine content in the organic produet

Organic iodides, produced as reaction intennediates in biomass conversion with

aqueous HI, would he reduced by further reaction with HI, producing a compound of

lower ole ratio. Moreover HI would prevent [2' produced by various reactions, from

reacting with the organic products during wood liquefaction in aqueous HI solution.

•
2.3 ReductioD of iodiDe to ltydrogeD ioclide
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As 12 is produced in stoichiometric prOportions by the reaction of biomass with

aqueous HI.. as recorded in the stoichiometric equations of Sections 2.2.2 and 2.2.3 .. the

alternatives of dealing with this I:! production are now presented.

2.3.1 SolveDt extraction of 12

Numerous publications treat the extraction of molecular iodine from aqueous

solutions. The solubilities of I:! in water. in ln solution and in sorne solvents appear in

Appendix B. For application of any extraction strategy in the process of biomass

liquefaction in aqueous HI solution the solvent for 12 must he chemically non-reactive

with HI and I:! .. must he immiscible in aqueous HI. and must bave a greater affmity for

I! than does aqueous ID solution. The latter requirement alone is formidable: a litre of

57 wt% Hl. weighting 1.7 kg. dissolves over 3.5 kg of [2 (Powell and Campbell.. 1947).

[n aqueous HI solution of this concenttation of [2 it is considered that each HI Molecule

sorbs four atoms of iodine. i.e. two Molecules of 12 per ln molecule.. Appendix B.2. For

typical conditions of wood liquefaction in aqueous ln solution.. the aqueous phase after

reaction contains about 6 - 7 gmol Inllitre.. but only 0.5 gmol l!litre although this HI

solution could sorb about Il - 14 gmol Illitre. As no solvent is known which could

compete with the HI solution as a solvent for 12 it may he concluded tbat no 12

extraction strategy would work.

2.3.1 Cbemical red.mon of 12

[adine.. like other halogens.. is active chemically (Kirk-Othmer. 1966). In 8Cid

solution it is a mild oxidizing agent. ft readily oxidizes sulphite to sulphate.. oxidizes

sulphur dioxide to sulphuric acid. stannous and titanous salts to stannic and titanic salts..

hydrogen sulphidelsulphur. nitrous acidlnitric acid. arsenious acidlarsenic acid. ferrous

saltslferric salts ete. ("Supplement to MeUor's Comprehensive Treatise". 1956; "Gmelins

Handbuch".. 1955). Sodium thiosulpbate is a normal agent 10 determine 12 concentration
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in dilute acid solution (Kalman~ 1887) with the reaction as

As I! is only a mild oxidizing agent most of the foregoing reactions are reversible under

appropriate conditions. The fact that the aqueous phase after batch reaction contains

about 6 - 7 moles III per litre and only approximately 0.5 moles Il per litre therefore

eliminates ail the reducing agents notOO above as being of too low reducing power.

Reduction of Il with formic aci~ oxalic 3Cid and carbon monoxide is possible

chemically but is too slow to he applicable in tbis wood liquefaction system.

The ooly reducing agent known to he sufficiently sttong to fulfil ail the chemical

and kinetic requirements imposed by the liquefaction process is hypophosphorous acid~

H:;PÛ1• As noted earlier~ aqueous HI is sold commercially with a small amount of

H3P01 to suppress the oxidation of In to Il. The reaetion with [1~ given in "Supplement

to Mellor·s Comprehensive Treatise'\ 1971~ is:

However on an industrial scale the cost of separating the H3PO:; and converting it back

to H:;P01 would he prohibitive" so the route of chemical reduction of Il back to m is

not a practical alternative wonh investigation.

1.3.3 Electrocbemical redumoD of Il to HI

Iadine in the presence of iodide ions is rapidly convened to the triiodide ion., 13 - "

(Kimura et al 1990)
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The I!I - redox couple electrode reaction

bas been investigated by many researchers. The standard exchange current density of

1/1- on platinum.. i. is claimed by Vetter.. 1952.. to he of the order of 0.4 A cm -:!. with

the concentrations of 1- and I! are 1 M. Dané et al... 1968.. found the exchange current

density as 0.049 A/cm:! for [1-] = O.033M and [l~ = 0.0369M at 25°C. The high value

of exchange current density shows that I! reduction to iodide is extremely fasL

Wroblowa and Saunders.. 1973.. and that mass transfer control could he minimized until

the very low 12 concentration of 0.01 M.. Gorbachev and Belyaeva 1961.

Generation of HI by electrochemical reduction of I! was studied by Carlin.. 1977.

He patented the technique of producing aqueous hydrogen iodide solution in an

electrolyte cell by feeding 12 to an aqueous catholyte liquor.. passing current through an

electrically conductive anolytic liquor. a diaphragm or membrane.. and an electrically

conductive catholyte liquor.. with formation of HI at the cathode. The catholyte liquor

could he 1 to 55 wtO/o HI solution containing 12 in concentration up to saturation. The

anolytic liquor could he an aqueous acidic solution to provide the hydrogen ions. for

example 5 - 40 wtO/o sulphuric acid.. 2 - 38 wtO/O hydrochloric acid. or phosphoric

acid. for which the respective co-product would he O!, Cl!.. or O2, The concentration

of the anolyte acid should provide good electrical conductivity and minimize water

transpon from the anolyte to the catholyte.

Carlin separated the cathode and anode ceUs with a permionic membrane to

allow hydrogen ions to pass from the anode to the cathode. His preferred permionic

materials were duPont NAFION 425. a 0.005 inch thick film of 1200 equivalent weight

perf1uoroethylene copolymer. and duPont NARON 390, a 0.004 inch thick layer of

1100 equivalent copolymer contaeting the anolyte and a 0.0015 inch layer of 1500

equivalent weight copolymer contaeting the eatholyte. Carlin reponed current densities

of 0.1 - 1.0 Ncm? al such membranes.
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Carlin~s cathode and anode companments consisted of two glass elbows~ each

with a 38 mm diameter by 102 mm long base and a SI mm dianteter by 76 mm vertical

ann~ with the membrane clamped between the horizontal anns. The anode was a

stationary lead plate~ 12.7 mm x 15.9 mm x 3.2 mm thick. Cathodes were thin square

or circular plates of a titanium alloy~ le~ 316 stainless steel or perforated steel. The

anolytic liquor was 15 wt% aqueous suJphuric acid for O~ production at the anode. The

cells were uostirred and operated at room temperature. Carlin ~s interesting results are

summarized in the Table 2.1.

With O2 generation on a lead anode in H2SO.. solution the anode surface is

covered fll'st with PbSO.." which oxidizes to a brown layer of Pb02 when the electrode

is polarized at higher potentials. When the conversion of PbSO.. to Pb01 is near

completion~ O2 evolution stans on the Pb02 surface. The initial PbSO.. layer has a very

high resistivity" whereas the Pb02 layer is good conductor (Hine~ 1985). The anodic

overpotential for Pb01 is very hi~ 0.6 - 0.7 V even at the very small current density

of 10-7 A/cm! (Hoare. 1968). The effect of stirring bas only a insignificant effect on

the rate of oxygen evolution (Randle and K~ 1979).

There are two crystalline forms of Pb02" a-Pb02 and fl-Pb02• When Pb is

subjected to anodic oxidatioo in stroog acids~ p-Pb02 is formed; in neutra1 and alkaline

solutions normally a-Pb02 occurs (Ruetsehi et al.. 1963). However both forms bave

been identified on the positive plates of lead acid batteries (Kirk and Othmer" 1980).

As the overpotential is very dependent 00 the electrode surface~ performance is difficult

to reproduce. The polarization curves (overpotential vs. curreot density) for both forms

of Pb01 for oxygen evolution are given by Hoare~ 1968. The overpotential of the strong

acid form (I3-Pb02) is higher than the neutral and alkaline form of a-PbO!. For Jl-Pb02

the Tafel slope (defmed in Appendix C.I) is 0.12 V and excbange cuneot density is

6.2-10-[0 A/cm!; for a-Pb01 corresponding value are 0.05 V and 1.7-10- 16 A/cm!.

The imponance of Carlin·s work is in establishing that for pure inorganic

solutions of 12 in aqueous ID it is practical ta reduce the 12 electrochemically 10 m~ and

that 12 concentration can thereby he maintained al very low levels.
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Table 2.1 Elcctrochemical Reduction of 12 by Carlin (1977)

e

w
~

Test Anode Cathode Membrane Spacing· Voltage Cathode lUI) (12) Ill) Il
NAI:ION Current Reduction

Density Rate
(mm) (V) (A1cml) wt% wt% M (g1min)

l'ilanium alloy
1 lead 12.7mm x 15.9mm 425 19/12.7 4.08 0.495 55 1.5 0.1 0.08

x 1.6mm

lead
Il lead 12.7mm x 15.9mm 425 12.7/19 4.25 0.495 55 0.8 0.05 0.08

x 1.25mm

316 stainlcss steel
IV lead 12.7mm x 15.9mm 390 12.7 3.77 0.155 40.4 0.03 0.002 0.11

x 1.5mm

perforated steel
V lead diameter 31.8mm 390 12.7 3.78 0.222 42.2 0.02 0.001 0.11

x 1.5 mm

• Spacing: Cathode/MembranelAnode
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2.4 Research strategy - the electrocllemicalliquelaetion reactor

Biomass liquefaction reactions are fast in concentrated aqueous HI solution~ in

the order of a couple of minutes or less. During this direct liquefaction process~

depolymerization and reduction of the biomass is accompanied by oxidation of 1- to [:!.

A basic requirement for a continuous liquefaction reaction system is therefore for a

companion process to close the iodine loop by reducing the 12 back to HI for reaction

with biomass in the liquefaction reactor.

The literature review shows tbat neither solvent extraction of 12 or chemical

reduction of 12 to HI are practical, but that electrochemical reduction of 12 to HI is fast

and is reponed not to he mass transfer controlled until very low 12 concentratioa in the

order of 0.01 M~ which is much lower than the levels of 12 concentration in the aqueous

HI solution reached in the wood liquefaction batch reaction experiments reviewed in

Section 2.2.3. Electtochemical reduction of 12 to HI bas been demonstrated ooly in

purely inorganic aqueous solutions of ID and 12• However if it cao he demonstrated thal

even in the system of multicomponent viscous organic products from wood liquefaction

in aqueous HI solutio~ 12 cao still he reduced electrochemically back to ID~ the I-n -+

12 -+ HI loop would thereby he closed. By carrying out the wood liquefaction reaction

in the cathode compartment of an electrochemica1 cell" the 12 produced by the

liquefaction reaction MaY he convened immediately back to HI. thus providing the key

to a continuous wood Liquefaction reactor system. This novel concept is subsequendy

referred to as the ECLR.. the electroehemicai IiquefadioD reactor.

Thus the specific objectives of the present investigation are to design an

electrochemical Liquefaction reactor, an ECL~ for the direct Liquefaction of wood in

concentrated aqueous I-n solution in the cathode cell so that the 12 produced by the

liquefaetion reactions can simultaneously he reduced electrochemically back to the HI

reactant, with an appropriate anode cell for generation of the fr ions required for

regeneration of HI in the cathode ceU; to determine the electroehemical performance

characteristics of such an ECLR; to determine the cbaracteristics of wood conversion

in such an electroehemica1 liquefaetion reactor.
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CHAPTER 3

DESIGN OF ELECTROCHEMICAL LIQUEFACTION REACTOR

3.1 Introduction

[n \\food liquefaction by reaction with aqueous HI solution at annospheric

pressure and low temperature. the chemical reactions summarized in Section 2.2.6

include reduction of the components of wood and correspondingly oxidation of the

iodide ion to [:. As outlined in Section 2.3.3. electrochemical reduction of [: to HI is

the most promising solution available for closing the HI ~ [: ~ HI loop. The basic

concept of the electrochemical liquefaction reactor is to carry out the wood liquefaction

in an electrochemical reactor with simultaneous reduction of the [., back to the HI

reactant.

The electrochemicaI liquefaction reactor. the ECLR. is an electrolytic cell of two

companments separated by a membrane Permeable ooly to hydrogen ions. The cathode

cell is simultaneously the wood liquefaction reactor and the reactor for electrochemical

reduction of [: to [- ions. The anode cell must produce ft ions for transpon through

the semipermeable membrane to the cathode where [- ions are generated. thus

regenerating HI. Two options were considered for the anode cell electrolyte. With

aqueous HCI as anolyte. H- and CI2 are generated al the anode whereas if aqueous

H:SO~ is used. ft and 0: are generated by water electrolysis. Due to environmental

concerns and govemment regulations the trend is to reduce the use of chIorine for

bleaching wood pulp. while the use of oxygen and oxygenated compounds for

delignification and bleaching is correspondingly increasing. Anention was therefore
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focused on the hydrolysis of H20 from concentrated H2S04 solution in the anode cell

to generate W and 02. Thus a unique electrochemical liquefaction reactor system was

designed and built to incorporate the cathode and anode ceUs for wood liquefactio~ 12

reduction and O2 productio~ as weil as a continuous wood feeder and an In gas supply

system in order to control the HI concentration to the level desired for wood

liquefaction in the electrochemical reactor.

3.2 E1ectrocbemical aspects of the liquelaetion reactor

3.1.1 Cathode compartnleDt for Il reductioD to HI

Extensive investigations of cathodic reduction of 12

(3.1)

described in Section 2.3.3 establish tbat on a platinUID electrode this reaction is

extremely fast (Wroblowa and Saunders~ 1973). The thermodynamic minimum potential

cao he calculated from the Nernst equation

(3.2)

•

which with the temperature correction term according to Plambec~ 1982.. becomes

In Equation 3.3 the standard equilibrium pltential &01:11_ = 0.621 V (Laitinen..

1975: Desideri et al.~ 1985), R is the gas constant, 8.314 J. mol· ~ and F is the

Faraday constant, 96487 C· mol- l
. Typical reaction conditions in the cathode celI are

57 wtOlO HI catholyte, i.e. [1-] = 7.5 ~ iodine concentration [IJ = 0.01 M. and
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• temperature == 120°C. For these conditions the thermodynamic minimum potential for

reduction of 12 is +0.46 V. the positive value indicating that cathodic reduction of 12 to

1- is thennodynamically spontaneous with respect to the standard hydrogen electrode.

3.2.2 Anode compartment for 810 bydrolysis to H+ and 02

For anodic oxidation of water at a lead surface in acidic conditions.

•

reviewed in Section 2.3.3. the thermodynamic minimum required potential is

v = ELl
. - RT/2F (ln ([H"]2 P 1.2»

.1 H..o.o: 0:

which again with the Plambeck temperature correction tenn is:

(3.4)

(3.5)

•

Va = ELl~"'Q;O: - 0.846.10-3 (T - 298.15) - RT/2F (ln ([H"f Po:1:!» (3.6)

The standard equilibrium potential is EOH..O,O: = -1.229 V (Hoare. 1965; Milazzo

et al .• 1978). Typical anode conditions in the present study are 38 wt% H2S0~ anolyte..

Le. [HO] = 10.4 M. at about 60°C because the anode cell is adjacent to the cathode

""ood liquetàction cell at about 120°C. For these conditions the thermodynamic

minimum required potential becomes -1.29 V. The negative sign shows that hydrolysis

of water at the anode is not spontaneous't i.e. it is necessary to apply sufficient voltage

for this reaction to proceed.

3.1.3 OveraU voltage for HI regeneration and 0 1 production

The reactions are:
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• at the cathode
al the anode

overall reaction

.. 21-

- 11202 + 2H'" + 2e
V e = +0.46 V
Va = -1.29 V

Vmm = -0.83 V

This -0.83 V is just the thennodynamic minimum required potential for the

overal1 reaction to occur. To have electrocbemical reaction at a finite rate there are in

addition the overpotentials at both electrodes.. l'le 1+ 1'1111. plus the voltage drop from

the electrical resistance of the entire system including for H- transport across the

membrane. referred to as the ohmic voltage drop. V°hm
• Thus the total required voltage

is

VT = Vmm - Ille 1 - 111111 - V°hm (3.7)

•
The cathodic overpotential. lle for [:/1 - conversion.. and the anodic overpotentiaI. 'la for

H10/H--0: generation. are given in Appendices C.2 and C.3 for a platinum cathode and

Iead anode. electrode materials chosen for reasons discussed subsequently. At a cell

current of 10A and for the present conditions. the upper Iimits are -O. 19 V tor the

cathodic overpotential and 1.15 V for the anodic overpotential. At 10 A cell current the

voltage drop by electrical resistance of the electrochemical circuit in the laboratory

ECLR system is about 4.70 V (Appendix CA). Therefore at 10 A the theoretical upper

limit of the total applied voltage is VT = -6.87 V. as shown below along with the

relative contribution of the components to the total applied cell voltage.

Percent contribution

Thus the major component of the total required cell voltage is ohmic voltage drop•

Vmm = -0.83 V
-Illel = -0.19 V
- Illa 1 = - 1.15 V
_V°hm = -4.70 V

Vr = -6.87 V

11%
3%

17%
69010

100°;'0
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(4.70V)~ the source of 213 of the total cell voltage. As the initial design of a laboratory

seale electrochemical liquefaction reactor.. this fust ECLR is undoubtedly remote from

one that would mjnimjze circuit ohmie drops. Of the 4.70 V ohmic voltage drop it is

estimated that 40% of this drop is that required by the semiPenneable membrane

separating the cathode and anode compartments. Thus for the future there is substantial

potential for reducing the ohmic voltage drop and hereby increasing cell energy

efficiency.

At a very low cell current. 0.1 A.. the eathodic overpotential.. 1'1c[-+O. is -O.002V

and the anodic overpotential. 1'111[-0. is 0.89 V. as given in Appendix C. Therefore at 0.1

A the total applied voltage.

Vr'-+O = -0.83 V - 1-0.0021 V - 10.891 V

is - 1.72 V. This is the estimated value of cell voltage which is just sufficient to

produce a very small current in the electrochemical circuit.

ln order to accommodate the maximum values of voltage and current estimated

above. \\ith capacity for a larger seale reactor in future. the eell voltage was supplied

by a De po"'"er supply of range 0 - 16 V and 0 - 100 A.

3.2.4 Competitive cathode reactioD of Hl evolutioD

The comPetitive reaetion to iodine reduction.. obviously one to be avoided.. is

cathodic evolution of hydrogen by reduction of the fr ions which are transported from

the anode cell through the semipermeable membrane.

(3.8)

•
The equilibrium reduction potential for H2 evolution is
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• (3.9)

where by defmition the standard equilibrium potential EOH.'fi; = 0 V. For typical cathode

conditions as set by the requirements for wood liquefactio~ 120°C with 57 wt% HI

solution.. Le. [H·] = 7.5 M.. the thermodynamic minimum required potential is -O.068V.

The overall minimum potential for H:! evolution at the cathode and H!O hydrolysis at

the anode.. with Va for the latter as determined by Equation 3.6. becomes

V'mm = Vfh + Va = -0.068 V + (-1.29 V) = -1.36 V

The overall ceU voltage for H1 generation and 0 1 production is

Using the cathodic Tafel equation and the data of Prentice, 1991. tor the exchange

current density for H1 evolution at a platinum electrode. the overpotential tor H:!

evolution at cathode is llH.fi; = -0.46 V for a typical current tor 10 A in the

electrochemical celL Appendix C.5. Fortunately with platinum as the cathode Metal the

absolute value of TlH. H: = 0.46 V for the unwanted H1 evolution is comfortably greater

than the absolute value of 111:11- = 0.19 V for the desired [1 reduction to 1-. Thus at 10

A cell cunent the predicted total cell voltage for H1 and 0 1 production is:

•
V" T = V" mm - l 'lH. H: 1 - l11a 1 - vohm (3.10)

V· T = -1.36 - 1-0.461 - 11.151 - 4.70 = -7.67 V

[n order to obtain 11 reduction to HI without generation of H1 in the cathode cell

the electrochemical circuit must he operated at a voltage lower than that which wouJd

generate H1• For [1 reduction.. Equation 3.7 May he written as

• V r = VIDin - 111I:JI-1 - 111.1 - V°hm
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where~ from Equation 3.1 L the overall voltage VT = -6.87 V for [2 reduction.

Therefore by reference to Equations 3.10 and 3.11 it seen that with a platinum

cathode there is a significant voltage range of (-7.67 - (-6.87) =) -0.80 V over

wmch it should he possible to obtain [2 reduction without H2 production. The existence

of this window of opponunity for obtaining 12 reduction without H2 generation is aided

by the fact that on a platinum cathode the absolute value of the hydrogen overpotential

(0.46 V) is over double that for 12 reduction (0.19 V)~ hence enabling the latter to he

obtained to the exclusion of the former.

3.3 Selection of electrodes and membrane

3.3.1 Cathode and anode

Three considerations regarding the choice of electrode are pre-eminent (Tilak

and Weinberg~ 1981): stability; conductivity and surface characteristics of the electrode

materiaL Le. overpotential of the electrode. Using these criteri~ especially the

requirement of high overpotential for hydrogen evolution~ the electrode materials

selected were platinum for the cathode (Wroblowa and Saunders.. 1973) and lead for the

anode (Carlin~ 1977).

Cathode: The choice of platinum provides the critical requirement of an

electrode of very high absolute value of hydrogen overpotential to favour [2 reduction

over H2 production. Carlia 1977~ also used 316 stainless steel. However tests here

established this to he a poor choice hecause it corrodes in the presence of [2 and strong

aqueous HI~ forming precipitates through side reactions with HI. Any precipitates must

avoided in the present wood liquefaction reaction system. An economical option for

commercial use could he the use of an electrode electroplated with platinum.

The original platinum cathode.. supplied by the Johnson Matthey/AESER Corp...

was a thin wire mesh cylinder.. 13 mm diameter.. 50 mm long.. of a mesh made of 0.15
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mm diameter wire witb the mesh openings about 0.36 mm square~ of total surface area

55.9 cm1
• This electrode served successfully during the early development and evolution

of the ECLR reactor but~ being fragile~ deteriorated during the innumerable assembling

and disassembling operations and was therefore subsequendy replaced.

The tinal platinum cathode~ also manufactured by the Johnson Manhey/AESER

Corp.. was a cylinder. 25 mm diameter. 50 mm long. fahricated from 1 mm thick

platinum sheet. of total surface area (both sides) 78.5 cm1
• This cylinder was mounted

on a platinum shaft. 3 mm diameter x 100 mm long. with the shaft extending 10 mm

beyond the end of the cylinder in arder to fit in the bearing provided by a 59 mm

diameter x 20 mm thick teflon support block. As cathode rotation was used to minimize

mass transfer resistance. this support block served to prevent cathode oscillation. The

upper end of the platinum shaft was screwed ioto a stronger shaft of 1/4" diameter. type

316 stainless steel. which was covered with heat shrinkable teflon tubing to prevent

corrosion.

Anode: For H~ and O:! production by water hydrolysis from concentrated H:!SO...

a good choice of anode metal is lead. inexpensive and easily shaped. as was used by

Carlin. 1977. The actual anode surface is not lead but the lead dioxide~ PbO:!. to which

it is easily oxidized. Lead dioxide is a good electronic conductor. much better than lead.

and is highly stable under the strongly oxidizing anodic conditions in acid media (Rifi

and Covitz. (974). For each electrochemical run. new pure lead plate was used to

provide an excellent anode material~ PbO:!. in H2S0-t solution for electrolysis of H20.

The lead plate anode (50 mm square x 4 mm thick). cast in the McGill machine shop.

was supported by a lead shaft bent to minimize inter-electrode spacing. Concentrated

acid H:!SO.. is used in the anode compartment to minimize water transtèr with the W

transport from the anode to cathode cell.

3.3.2 Membrane

The cathode and anode compartments must he separated by a semipenneable
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membrane which allows Ir ions generated at the anode to pass to the cathode

compartment while preventing counter diffusion of the 1- ions to the anode celi. The

permionic membrane selected was Nation 324.. 0.3 mm thick. a perfluorosulfonic acid

cation exchange membrane. Nation 324.. which bas good chemical resistance and low

electrical resistance. is a reinforced composite membrane with 1500 and 1100 equivalent

weight copolymer layers on the cathode and anode sides.. respectively (Nation

perfluorinated membranes.. Product Bulletin. by DuPont). Nation 425 and 390 were used

as cell membranes in Carlin"s 1977 patent.

3.4 Desilll of electrochemical 6quefaction reactOl' system

3.4.1 Electrocbemical IiquefactioD reactor

The electrochemical liquefaction reactor was designed taking into account

electrode curreot distribution and mass transfer effects (King.. 1981: Savinell.. 1983:

Selman. 1981). Considerations ofcurrent distribution require mat the cathode and anode

face each other. while reduction of mass transfer effects al the cathode led to the use

of a rotating cylindrical cathode. The ECLR design characteristics 10 obtain high I~

reduction rate.. high current efficiency.. low obmic resistance.. high energy efficiency.. and

high I~ reduction efficiency include:

(1) Large surface area of the electrodes.. to give a high 12 reduction rate. which

controls directly the liquefaction rate and hence the wood feed rate.

(2) Large surface area of the membrane.. matching the size of the electrodes. thereby

reducing the membrane ohmic resistance.

(3) Small spacing between the cathode and anode surfaces.. to reduce the cell ohmic

resistance. The ohmic drop.. discussed in Section 3.3.. is the dominant factor conttolling

the applied celI voltage. Reducing the obmic voltage drop increases the energy

efficiency.
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(4) Low mass transfer resistance al the cathode. Although the electrochemical

reduction of I! to 1- is extremely fast. the reduction becomes mass ttansfer controlled

at low [IJ. As low levels of [I!] are desired for the wood liquefaction reaction.. this

lower limit on 12 concentration cao he reduced by reducing the mass transfer resistance

at the cathode. conveniently obtained by the use of a rotating thîn-walled cylindrical

cathode.

The ECLR must he a two compartment electrolytic celI with the cathode and

anode companments separated by a cationic membrane permeable only to H· ions.

Figure 3.1 .. to avoid mixing the ID solution catholyte and the H!SO4 solution anolyte..

as discussed in Sections 3.2.1 and 3.2.2. ln the cathode companment. which is also the

wood liquefaction reactor.. wood is fed into aqueous ID solution generally at its bubble

point between 100 - 125°C for the HI concentration range used. Thus two reactions

occur simultaneously in the cathode celI.. the wood liquefaction and the electI'ochemical

reduction of the reaction product 12 back to the reactant HI. In the anode comparnnent

the electrolytic hydrolysis of water in H2SO" solution produces bath the W ions

necessary for the cathode cell and O2 as the associated producL

The cathode companment is a vertical glass cylinder of diameter 60 mm ID.. 180

mm high.. connected by a horizontal flange.. located 20 mm from the bottom of the

cathode cell.. to a matching Oange on an end of the horizontal cylindrical body of the

anode compartment.. Figure 3.1. As the height of both cathode and anode is 50 mm.. the

connection between the ceUs tbat cames the semipermeable membrane was slightly

larger. Thus these connecting flanges were 57 mm ID" thereby aiding unifonn current

distribution between the cathode and anode. The anode cell is an L-shaped container

with a vertical glass cylinder" 60 mm ID.. 180 mm hi~ joined to a horizontal glass

cylinder.. 90 mm ID.. which cames the 57 mm ID flanged connection to the cathode

celI. The 57 mm flanges carry the permionic membrane.. mounted in silicone rubber

seals.. which separates the compartments. The cells were joined tightly al the two

flanges with a tetlon clamp.

To reduce the electrical resistance the distance between the two electrodes was
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minimized to 38 mD19 but for tests described in Chapter 4 this spacing was varied by

repositioning the lead anode electrode. The large size of the anode compartment was

to accommodate sufficient anolyte for long uninterrupted runs. The level of catholyte

and anolyte solutions was maintained just above the top of the flanged connection.

thereby maintaining the electrodes just completely submerged. The volumes ofcatholyte

and anolyte solution typically charged were 220 ml and 1300 ml respectively. A tetlon

block. 59 mm diameter x 20 mm thick. with the support bearing for the shaft of the

rotating cathode was located at the bottom of the cathode ce1l9 Figure 3.1.

The top connection of cathode cell was a 60/50 standard taper joint. mounted

directly on the top of the 150 mm bigh cylinder. The glass head of the cathode cell was

panicularly challenging, with no less than five openings wbich are identified in the

same way below and on Figure 3.1:

(a) rotating cathode shaft and cathode electrical connection.. with a 24/40 standard

taper joint. off-centre to reduce the spacing between the cathode and anode

(b) wood feeder connection.. with a 24/40 standard taper joint

(c) HI make-up gas inlet line. with size 7 ring seal plug

(d) connectioD- via a 10/19 standard taper joint. for flow of vapour from the reactor

to 160 mm high condenser and its return after condensation

(e) thermometer connection with size 7 ring seal plug

The anode head was mounted on the 60 mm ID vertical cylinder which extended

for 60 mm above the top of the horizontal anode cell cylinder. The glass head of the

anode compartment was less comple~ with three connections, identified also in the

same way on Figure 3.1 as below:

(f) anode electrical connectioD, size 7 ring seal plug

(g) O! gas ourlet, size 7 ring seal plug

(h) thermometer connectioD, size 7 ring seal plug
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The gas outlet of the anode head was connected to a wet test meter to measure

the O~ production. With the final version of the ECLR., a gas product collector was

connected to the top of the cathode cell water cooled vapour condenser. The glass

blowing for this design of ECLR was canied out by La Salle Scientific Inc~ Montreal.

3.4.2 Continuous wood reeder

The feeder which introduces dry wood flour into the boiling aqueous HI solution

in the reactor. Figure 3.2. was fabricated in the McGill machine shop. The detailed view

of the wood feeder. Figure 3.3. shows its two pans. the wood reservoir and metering

screw. The stainless steel conical wood flour supply~ 75 mm ID diameter. of

capacity 100 g wood flour (oven dried for 2h at SOOC). is covered to isolate the wood

flour from air bumidity and bas a motor driven wiper to prevent bridging at the bonom

of the cone. The stainless steel horizontal metering screw in a 25.4 mm diameter

cylinder carries wood flour to the reactor. The wood feed rate is determined by the

speed of the metering screw through calibrations given in Appendix D.

The horizontal metering screw is connected to the glass head of the cathode

compartment through a teflon adaptor. This connection is provided with a venical teflon

cleaning rad. 120 mm long. fined closely into a teflon cylinder which in tum fits into

a glass 24/40 standard taper joint. The teflon cleaning rod serves periodically to clear

any wood flour sticking to the inside surface of tetlon connection into the liquefaction

reactor.

3.4.3 m make-up sapply system

The HI make-up supply system is shown by a photograp~ Figme 3.4. and a

schematic di~ Figure 3.5. The make-up is required in order to maintain ID

concentration at the exact level desired for wood liquefaction. The ID supply cylinder•

supplied by Matheson Gas Produets Corp.., is permanendy stored in a freezer al -23°C
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to reduce to a negligible level the rate of In decomposition to 12 • The vapour pressure

of HI at - 23°C is 25 psig (Mellor. 1930)~ while the boiling point of ID at atmospheric

pressure is -35.3°C (Kirk·Othmer. 1963). The installation contains four main parts:

(a) HI gas supply system for make·up during wood liquefaction consists of ID

cylinder. cylinder shut-off valve 14. valves 1 and 2, main regulator 5, tilter 6.. flowmeter

7.. shut~ff valve 8. two one-way purges 15 and 16~ a three way on/off valve 22.. and

a V-tube to prevent flow of aqueous solution into the In main supply line and In

cylinder.

(h) HI gas purging lines for emergency purposes. consisting of valve 3.. valve 10 and

a three way on/off valve 23. These two lines cao he used if there is excess pressure in

the main HI gas supply line during wood liquefaction or at the moment stopping the

wood liquefaction. The line with valve lOis used also to flush HI through the HI

cylinder exit line in order to prevent corrosion deposits from accumulating and plugging

the main HI cylinder valve.

(c) nitrogen gas purging system., consisting ofN2 cylinder (extra dry), main cylinder

valve 1I. two stage regulator 12., shut~ff valve 13.. relief valve to prevent high pressure

in the system 17. and shut~ff valves 4 and 9. This line is used to prevent corrosion of

the main HI supply system by purging the ID out with nitrogen before and after a

liquefaction experiment. When wood liquefaction is not being carried out., dry nitrogen

is kept in all lines to avoid corrosion.

(d) dry air purging syst~ consisting of shut-off valve 18, dryer column 19.

pressure gauge 20, and regulator 21. The dry air purging system is used to eliminate

humidity and prevent corrosion in the main ID supply system by purgjng with dry air

before and after a liquefaction experiment. After each purging of this system with dry

air. the line is then purged with dry nitrogen. When not in use the system is always

maintained in a dry nitrogen atmosphere.

The oPeration of the ID gas supply system is recorded in Appendix E.

50



•

•

CHAPTER 4
ELECTROCHEMICAL PERFORMANCE CftARACTERISTICS

4.1 Iotroduction

A series of experiments was performed to detennine the characteristics of the

electrochemical liquefaction reactor (ECLR) when used for electrochemical reduction

of 12 in aqueous ID solution but without wood Iiquefaction in the cathode compartment.

Thus these tests were performed with the cathode compartment charged with 55 - 57

wt% aqueous ID solutions maintained at their bubble point temperature ofabout 125°C.

and containing known concentrations of [2. With both cylindrical platinum cathodes, i.e.

the original mesh cathode, 13 mm diameter x 50 mm long x 0.15 mm mesh thickness..

and the subsequent sheet metal cathode, 25 mm diameter x 50 mm long x 1 mm sheet

thickness. the electrochemical reaetor was characterized for O2 production in the anode

companment with the lead plate anode, 50 mm square x 4 mm thic~ and 38 wtOlO

H2S0~ solution as anolyte.

4.2 Basis for electrochemical cbaraderistics

The electrochemical reactions for this system are:
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• Cathode:

Anode:

Overall:

[2 + 2e = 21-

H20 = 1/2 O2 + 2 W + 2e

[2 + H20 = 2 H" + 2 [- + 1/2 O2

•

•

The electrochemical characterization involved determining the form of

interdependence relating the parameters of current - voltage - cathode rpm - [2

concentration - [2 reduction rate - cathode cuneot efficiency (Appendix F). The H- and

12 concentrations were analyzed by the methods recorded in Appendix H.l.

For calculation of the imponant electrochemical characteristic~ cathode current

density~ a value is required for the cathode area that is effective for electrochemical

reaction. "EtTective area" is that with view of the anode. With a cylindrical cathode the

inside surtàce and the half of the extemal surface which faces away from the anode

have no view of the anode and thus do not participate much in the electrochemical

circuit. Thus current density in those regions is low. Excluding that less ineffective area

leaves 1/4 of the total surface are~ Le. the 1/2 of the external surface làcing the anode.

Although ail this area sees the anode it is not all equally effective because both

electrode separation distance and viewing angle between cathode and anode vary

substantially. At the point where the cylindrical cathode surface is parallel to the anode.

the inter-electrode spacing is smallest and the viewing angle is perfecto At 90° on either

side of that position not ooly is the spacing at a maximum but the cathode angle of

view of the anode drops to zero. With such an eleetrode geometry the current density

drops off from the maximum at the point where the cathode surface is closest and

parailei to the anode~ to a low current density wben the viewing angle is zero. The

theoretical solution giving the variation in cunent density with position is dependent on

the specifie electrochemical system as weil as the geometry. and in any case is very

uncertain. As an approximation it is assumed here tha~ of the cathode cylinder external

surface that to a variable extent sees the anode. the effective area is 3/4 of that

circumferential area. On this basis the effective area of cathode would he 1/4 x 3/4 of

its total surface ar~ i.e. 10.4 cm:! for the original platinum mesh cathode and 14.7 cm:!
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• for the subsequent cathode made from a continuous shect. These are the valuet; used for

ail calculations of cathode current density.

The iodine reduction rate \vas determined from measured solution volwnes and

iodine concentrations by the relation

•

where

rI: rcd. : I;! reduction rate.. glmin

[I;!]j. [I~f : initial and final iodine concentrations.. molll

VI" Vf : initial and fmal solution volumes in the cathode cell. 1

MI: : molecular weight of 12" 253.8

t : reduction time.. min

(4.1 )

Curreot efficiency.. E.. is the yield relative to the electrical charge passed during

electrolysis.. i.e. relative ta the electron as a reaetant (Pletcher and Walsh.. 1990). Thus

•

E = CJuug~ used /onning prot:luct
Total chlJrge passed

For the cathode reaction

12 + 2e = 2 1-

the cathode current efficiency is
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CluJrge used redllcing 12 2nF
E = =-

C Totlll charge possed 1t

or. in terms of measured quantities and with n = 1.

E = 2 F r
C 60 1 M 11 "d.

GW 1:

where

El: : cathode current efficiency. fraction

F : Faraday constant. 96487 C mol- '

la..'.: : average curreot during Il reductio~ A

n : number of electrons.. g equivaleot

4.3 Performance characteristics with the mesb cathode

(4.3)

(4.4)

•

With the platinum mesh cathode.. voltage - current - cathode curreot density

characteristics determined at various levels of 12 concentration in the aqueous HI

solution are shown in Figure 4.1. Each test was carried out with the voltage being

iocreased from zero to the maximum value shown in Figure 4.1. then repeatecL with

three such cycles being required to reduce essentially aU the Il to HI. Thus during the

fust cycle.. which took 15 min. the 12 concentration decreased from 0.14 M to 0.02 M.

During the second cycle (8 min) the 12 concentration decreased from 0.02 M to 0.002

M.. while in this case for the third cycle (5 min) almost no 12 remained to he reduced.

As it was shown in Section 3.2.3 that the ohmie drop accounts for about 7001Q of the

minimum eeU voltage while the Nernst potential of the cathode and anode accounts for

54



e e e

Cathode rpm ; 2000
Cathode Temperature; 1(XfC

3. •

N 2.8

6 2.6
ël 2.4
>- 2.2
i 2
c:
CI) 1.8
o 1.6
1:CI) 1.4

~ 1.2
o 1
-8 0.8

.2 0.6
li 0.4
o 0.2

0' 'E fA , , , l , , , J , ,

o 1 2 3 4 5 6 7 8 9 10 11 12

Voltage, V

Voltage· Cathode Current Oensity Relation

1210 119

Figure 4.1 Voltage - Current - Cathode Current Oensity Relations: Mesh Cathode

2 3 458 7 8

Voltage, V

Voltage - Current Relation

Cathode rpm : 2000
Cathode Temperature: 1(XfC

301--=----=--=28 . r..t26·· ----~ ,

22-

-.:20
1! 18·­
~ 18·­
d 14-

12 _.

10··
8··
8
4··
2··
o
oIR

[J D - - - t:_; - - - Cathode: PI; 13 mm dlam. )C 50 mm

Cycle 1 : 15 min Cycle 2 : 8 min Cycle 3 ; 5 min Anode; Pb; 50 mm )C 50 mm

VI • O= 2.1 V ~ .0= 2.0V VI • O= 2.3 V
Ca1hotyte: 56 wt% HI

Anotyte: 38 wt% H2SO.
Initiai (12) = 0.14 M (121 = 0.02 M (12l :; 0.002 M
Values (Hi:; 7.39M (H~ =7.41 M (Hi:; 7.46M

(HI) :; 56.2 wt% (HI) =56.2 wt% (HI) :; 56.5 wt%

Final (1,] = O.02M (1,] :; 0.OO2M (12l :; 0.0015 M
Values

(Hi =7.41 M (Hi = 7.46M (Hi:; 7.54 M

(HI) = 56.2 wt% (HI) :; 56.5 wt% (HI) :; 56.8 wt%



•

•

•

only about 10%, it is not surprising tbat the current and cathode curreot density

decrease only slightly with decreasing the 12 concentration at a fixed voltage.

Performance characteristics at fixed values of cell voltage, 8 V, and cathode

rotation speed, 2000 rpm, are illustrated in Figures 4.2 - 4.4. The iodine reduction rate

and cathode current efficiency decrease only slightly with the 12 concentration over the

range down ta about 0.02 M, then drop very sharply for lower [12]' This break point in

the curves of Figures 4.2 - 4.4 indicates that the onset of mass transfer control of 1.,

reduction occurs for these conditions at [IJ of about 0.01 - 0.02 M. This value checks

well with the work of Gorbachev and Belyaeva, 1961, discussed in Section 2.3.3, who

found that 12 reduction becomes mass transfer controlled at an 12 concentration of about

0.01 M.

4.4 Performance cbaracteristics \Vith the sbeet cathode

4.4.1 Current - voltage relations

The test cycles as described for Figure 4.1 were canied out also for the cathode

cylinder made from a solid sheet of platin~ as used for the later experiments. The

levels of cathode current density are similar for the two cathodes.. but cannot be

comPared precisely because of the indeterminant effectiveness of the small scale curved

surfaces of the mesh cathode. At very low circuit current, near zero, the voltage is about

2 V. Figure 4.5. The theoretical calculation in Section 3.2.3 indicated the voltage as

1.62 V at the very low circuit current of 0.1 A. The -0.4 V difference from the

measured value cao he attributed to the assumptions made for that calculation. For

example it was assumed that the anode would behave as Il-Pb02, but in the anodic

solution there may he a mixture of a-Pb02 and ~Pb02' Ruetsehi et al... 1963.

When 12 concentration becomes very low, - 0.01 M, H2 generation was observed

for applied voltage higher tban 9.2 V. This observation shows that in this
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electrochemical wood liquefaetion reactor the I! concentration could not he maintained

at a level as low as 0.01 M. However.. as [IJ reaches 0.7 M - 1.2 M with

nonelectt'ochemical batch liquefaction of wood in aqueous Ill.. a limiting value of [I;!]

= 0.01 M could correspond to the only about 1% of the I~ concentration levels

experienced without I! conversion back to ID.. bence constitutes no signÏficant

limitation. Carlin. 1977. reponed a cathode cunent density of about 0.5 Ncm! for

parallel flat plate electrodes at 4 V and with I;! concentration about 0.1 M. For the

necessarily approximate value of effective cathode area between the cylindrical cathode

and flat plate anode in the present experiments" Figure 4.5 shows that at 4 V and for

[IJ in the range of 0.006 - 0.5 M.. the cathode current density obtained here is likewise

in the order of i =0.5 A/cm!. With all the dissimilarities from Carlin"s experiments and

the approximations required.. it is remarkable to obtain such similar cathode current

densities. Thus fonunately the evidence is that this is a quite robust. stable

eleetrochemical system.

The resistance of the eleetrolyte cell is ca1culated by the relation

where

V - V[_o = IR

V : voltage.. V

: curren!.. A

V[ __ 0 : maximum voltage at 1~ 0 A.. V

R :~ce .. omm

(4.5)

•

and is shown in Figure 4.6. Il is apparent that there is initially a nonlinear voltage­

current relation region at very low current. this region being larger at very low I!

concentration. Nonlinear voltage-current behaviour indieates phenomena other than

simple ohmic ~ce. At very high voltage there is occurrence of other phenomena

such as H! generation. Excluding those extreme regions it is apparent from Figure 4.6
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that the overall ceU ohmic resistance is about 0.27 ohm.

The IR drop must increase linearly with voltage" as shown by the data

represented in Figure 4.7. ft was estimated in Section 3.2.3 that the IR drop due to the

electrical resistance of the system would he 4.70 V at 6.80 V. which is conftrnled by

the measurements for [IJ of 0.52 M - 0.18 M shown in Figure 4.7.

4.4.2 EfI'ect of voltage and Il conceDtratioD

The electrochemical characteristics were determined at 3 levels of cell voltage..

3 V. 6 V and 7 V" with the cathode rotation speed flXed at Soo rpm. The current and

cathode current density decrease relatively little as [I~ approaches zero.. Figures 4.8 and

4.9. because of the dominant role of cell ohmic resistance" about 70% of the total.. and

the small role of the Nernst potential of electrodes, only about 10% of the total cell

voltage as noted in Section 3.2.3. By contrast the 12 reduction rate and cathode current

efficiency" Figures 4.10 and 4.11 .. drop offprecipitously al low values of[lJ. The value

of [lJ at which the 12 reduction rate begins to drop significantly with decreasing [lJ is

dependent on the cell voltage. These critical values for [12] are approximately 0.16 M

for 7 volts.. 0.08 M for 6 volts" and 0.02 M for 3 volts. Likewise cathode current

efficiency begins to drop for [12] less than about 0.08 M at 6 or 7 volts.. but not until

[lJ is about 0.01 M at 3 volts. Below these threshold values of [lJ the iodine reduction

rate and cathode current efficiency drop because the electrochemical cell performance

becomes affected by the rate of mass transfer of I! from the bulk of the solution to

cathode surface.

It is highly favourable to the ECLR concept ta have found that there is a wide

region of operability for 12 concentration and cell voltage over which cathode current

efficiency is in the range 90 - 10001'0. A value of [IJ = 0.08 M is about 10% of the 12

concentration levels obtained for wood liquefaction without conversion of12 back to m.
suggesting that it MaY he possible to reduce these levels of [IJ by about 9()01'o in an

ECLR.
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4.4.3 EfI'eet of cathode rotation and 12 eonee.tntion

The electrochemical characteristics were nen determined at 3 levels of cathode

rpm. O. 500 and 1000 rpm. for a constant cell voltage of 6 V. Figures 4.12 to 4.15 show

patterns similar to those discussed in Section 4.3.2. The higher the cathode rotation

speed. the lower the critical value of (IJ at which 12 reduction rate~ Figure 4.14~ and

cathode current efficiency. Figure 4.15. begin to drop off: This effect results from the

higher cathode rotation speed reducing the mass transfer resistance for 12 transpon to

the cathode surface. For [2 reduction rate and cathode current efficiency these threshold

values of [12l are about 0.15 M. 0.08 M and 0.04 M for cathode rotation speed of O. 500

and 1000 rpm. respectively. In the range of 12 wbere diffusion of 12 to the cathode

surface is Dot mass transfer controlled. cathode current efficiency is 95 - 100% for the

highest cathode rotation speed. 1000 rpm. but even with a stationary electrode the

current efficiency is about 900/0.

Thus it is found tbat al easily obtainable cathode rotation rpm. mass ttansfer

control stans at values of [I:J an order of magnitude less than the values of [I:J existing

in a nonelectrochemical liquefaction reactor. typically 0.7 M - 1.4 M as will he

detailed in Chapter 5. ft is fottunate for the overaJl objective of this investigation that

the electrochemical cell May be operated in the range where mass transfer is not a

major restriction in determining the rate of reduction of 12 which. in the ECLR concep~

determines the wood liquefaction rate. Although cathode rotation was used in the

present study to reduce mass transfer etTcct in the reactor. it is encouraging to note from

Figures 4.14 and 4.15 tbat even with no tlow of the aqueous In solution over a

stationary eleetrode.. cathode CUITent efficiency stans to drop below the plateau value

of about 90% only wben the 12 concentration drops below 0.15 ~ an order of

magnitude below the levels of 0.7 M - 1.4 M occurring in a batch wood liquefaction

reaetor without 12 reductioD. In an industrial design of ECLR. fluid flow over a

stationary cathode could perform the same function of reducing the boundary layer

thickness and thereby improving the ceU current efficiency above the lower limit of

9QOA. found here for a stationary cathode in non-tlowing solution.
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4.4.4 Effect of spacial betweeD electrodes

A test was made of the sensitivity of the electrochemical characteristics to the

spacing between cathode and anode. The normal inter-electrode spacing was 40 mm..

Le. a 20 mm closest point distance between cathode and membrane.. and 20 mm from

anode to membrane. This 40 mm spacing was increased to 50 mm by increasing the

anode-to-membrane distance from 20 mm to 30 mm. The test was made at a cell

voltage of 7 volts and cathode rotation speed of 500 rpm. For this approximately 30%

increase in inter-electrode spacing Figures 4.16 and 4.17 show that the 12 reduction rate

and cathode corrent efficiency both are decreased by only about 10%. This

demonstration indicates that performance characteristics are not particularly sensitive

to electrode spacing. This fmding indicates that a large scale ECLR could he designed

without severe constraints as to inter-electrode spacing.

4.4.5 Water traosfer between ceDs

With ECLR operation.. significant water transpon could occur in association with

the transPort of H· as H30· from the anode to the cathode compartment. The fairly

concentrated solution of H250.., 38 wt%.. used in the anode cell helps limit this water

transPort by lowering the thermodynamic potential for water transPott from the anode

celi. Tests were performed to measure the extent of tbis effect. For the base case with

no electrochemical cuneot.. with 57 wtOlO III solution in the cathode compartment and

38 wtOlO of H2SO.. solution in the anode compartment.. it was found that during 4h there

was 5 ml increase in the cathode compartment and 5 ml decrease in the anode

compartment.. Le. 1.25 mIIh H20 transfer rate. With electrochemical reduction of I! in

the 57 wtOlU HI solution for 3h 45 min there was 46 ml solution volume increase in the

cathode cell and 60 ml solution volume decrease in the anode cell. Thus with

electrochemical reduction the water transpott rate is much greater (46 m1/3.75h=) 12.3

mIIh. The net loss of solution volume (60 - 46) = 14 ml is due to water hydrolysis to

W and O2• The phenomena of waler transport during wood Iiquefaction in the ECLR
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is discussed in Section 7.9.

4.5 SIImmary

The performance characteristics for electrochemical reduction of 12 in the ECLR

design of tbis laboratory but in the absence of wood liquefaction have been

documented. Because of the unknown effects of wood liquefaction on the

electrochemical performance of this ECLR design.. it was essential fllSt to detennine

these characteristics quantitatively with the presence of just the inorganic constituents

of the system I:! • HI • H20. The following characteristics were determined.

(1) Hydrogen is produced when the voltage is 9.2 volts or more. Thus cell

voltage would aiways he set below this value in order to avoid hydrogen generation at

the cathode.

(2) ln the range of 12 concentration that would be experienced for ECLR wood

liquefaction. curreot begins with the electrochemical circuit at a cell voltage of about

2 V. In the region of stable operating characteristics the total resistance of the ECLR

circuit is about 0.27 ohms. At a cell voltage of 6.80 V.. a realistic value.. the IR drop in

the electrochemical circuit was measured as 4.70 V. These measured values confmn

those calculated in advance in Chapter 3 in connection with the design of the ECLR.

(3) The electrochemical performance cbaracteristics.. Le. current.. cunent density..

12 reduction rate.. and current efficieocy.. have beeo detennined as a function of cell

voltage.. 12 concentration. cathode rotational speed and inter-electrode spacing.

(4) Over a broad range of operating conditions the cathode cuneot efficiency is

hi~ in the range 90 - 100%.. and is stable with respect to cell voltage.. cathode

rotational speed and 12 concentration.

(5) The 12 concentration at which cathodic current efficiency starts to drop

because of mass transfer control was detennined as a function of ceU voltage.. cathode

rotational speed and inter-electrode spacing. Depending on these electrochemical
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parameters this threshold I:! concentration is in the range of 0.04 M - 0.08 M.

concentrations which are very low relative to typical levels of [IJ about 0.7 - 1.4 M

for non-electrochemical batch wood liquefaction.
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CHAPTER 5
NONELECTROCHEMICAL WOOD LIQUEFACTION

5.1 Experimental approadl

5.1.1 IntroductioD

Prior to beginning study of electroehemical liquefaction a limited investigation

was made of the corresponding nonelectrochemical process.. i.e. the liquefaction of

wood at low severity conditions.. atmospheric pressure and low temperature. by batch

reaction in aqueous ID solution. The effects of four parameters were investigated - shon

reaction times.. concentration of ID in the aqueous phase.. ID:wood stoichiometric ratio..

and the individual behaviour of the principal components of wood - cellulose.

hemicellulose and lignin.

5.1.2 ~ecImones

The experimental bateh reactor was a one-litre., three-neck round bottom flask.

One neck carried a thermometer., another the water-cooled overhead condenser to retum

fD-H20 vapour and low boiling point produet vapour as condensate to the flask. The

centre neck was enIarged 10 facilitate charging the wood fiour al the stan of each bateh

reaction. Agitation by a magnetic stirrer was provided 10 achieve temperature

uniformity. rninimize mass transfer effects and disperse the produet.

Previous work in this laboratory established tbat wood liquefaetion can he

obtained in 50 - 57 wr-IO aqueous ID solution al Ils - 12~C. By a fonunate
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coincidence this temperature range corresponds to the bubble point line for the Iiquid

phase for ID-H20 vapor-liquid equilibrium at compositions just below the atmospheric

pressure azeotrope at 56.5 wtOlO HI and 127°C. Most of the T-x phase diagram for the

HI·H20 system at atmospheric pressure, Figure 5.1, was determined by Carriére et

Ducasse, 1926. The numerical data are recorded in Appendix A. Thus an atmospheric

pressure reactor operating at the bubble point of the aqueous HI solution.. Figure 5.1 ..

conveniently provides reactor temperatures in the range 100 - 127°C for HI

concentrations from 0 - 64 wtOlO HI. The present study extended the concentration of

the HI solution in the batch reactor to values both above and below those studied

previously. The maximum HI concentration used in the present experiments is 68.5 wt%

for which the bubble point is about 40°C.

For investigation of the effect of initial HI concentration in the range 15 - 61

wtOlO ID the batch reactor experiments were performed by adding wood fiour to boiling

aqueous HI solution whic~ over these concentrations. is in the range 102 - 127°C.

After the required amount of aqueous In solution was brought ta its bubble point

temperature an amount of wood satisfying the desired HIlsubstrate ratio, ~ was added.

Wood fiour, oyen dried for 2h at 800C. wrapped in "kimwipes" tissue paper (paper 1

- 2 wt% of the amount wood used) was introduced quickly «lOs) and the reaction

a1lowed to proceed for the desired reaction time t.. generally 15 min. At the desired

reaction time the reaction was quenched by reducing of the temperature to about 60°C

within a few seconds by immersing the reactor in a bath of crushed dry-ice in ethanol,

which provided an initial rate of temperature drop of about 3°C/s.

For experiments with an initial ID concentration solution of 68 wtOlO a different

procedure was used because the bubble point of this concentration HI solution is only

about 40°C. Thus wood fiour was mixed in the reactor with 68 wt% HI solution at

room temperature., then heated to 9()OC in about 6 min. As the biomass Iiquefaction

reactions consume HI and produce "20. as given quantitatively in Sections 2.2.2 and

2.2.3. these effects cause In concentration in a bateh reactor to decrease, and explain

why it is possible 10 increase the reactor temperature above the bubble point., about
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40°C on Figure S.l .. of the 68 wt% HI solution charged to the reactor. As reaction rates

are low at the lower temperatures.. the time when the reactor temperature reached 90°C

was taken as the effective start of reaction. Thus reaction was continued for IS min

after reaching the temperature of 90°C. This approximation is not important because for

reaction times in the order of 15 min the wood liquefaction reactions are relatively

insensitive to reaction time.

[n the reactor the total organic product is automatically partitioned by the

aqueous HI solution acting aIso as a solvent. yielding an aqueous phase soluble product

fraction. AP. and an organic phase fraction. OP. [n batch reactor liquefaction of wood

the yield of the OP fraction is typically about five times the yield of the AP product

fraction. [n the steps of purification of the OP this fraction is partitioned again by

solvent extraction with acetone into an acetone-soluble fraction. OA.. and the organic

residue not soluble in either aqueous HI or acetone. designated ON. The insoluble ON.

the undesired product fraction. might loosely he considered as a char-type product.

After batch reaction the aqueous solution was removed from the reactor and the

part of the OP product fraction dispersed in it was separated by tiltration. Ali the OP

product fraction was dried in an oven at SO°C for 2h to obtain it in a water-free. HI-free

state. For elemental analysis a small amount.. about 5 wt% of the OP product fraction.

was not subjected to acetone extraction. The remainder of the OP fraction was subjected

to an acetone extraction as described above. The ON insoluble residue fraction was

separated by filtration from the solution of OA product in acetone. For determination

of the yield and elemental analysis of the OA product fraction. first the acetone was

removed by distillation. then the material subjected to 3 days of atmospheric

evaporation and fmally dried in an oven at SO°C for 2h. Although the acetone-soluble

product fraction OA obtained in this way should he in an acetone-free. water-free. lfl­

free state. in fact the OA product composition May have been influenced by contact

with acetone. Therefore the elemental composition of the OP product recorded in Tables

5.1 - 5.3 is that measured directly for the OP not contacted with acetone rather than

being taken as the som of the OA and ON product fractions.
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The yields of ail product fractions are defmed on a carbon basis. The small yield

of the aqueous phase product AP was generally obtained by difference because this

fraction is difficult to detennine directly. This procedure was validated by direct

determinations for the AP product fraction from two experiments reported in Section

5.2. The OP.. OA.. and ON product fractions were analyzed for carbon.. hydrogen and

oxygen by Pregl type microcombustion using the elemental analysis tàcility of the

McGill Department of Chemical Engineering. The iodine content was determined

separately by the microcombustion method described in Appendix H.2. Before and after

reaction the aqueous solutions were anaIyzed for HI and Il concentrations using 0.15

M NaOH solution and 0.03 M N~S:!03 solution by the methods recorded in Appendix

H.I. The analysis methods for the substrates and products appear in Appendix H.2. The

experimental conditions and results for this series of experiments. Nos.36-39. 56-57.

59-60.. 62-68. 72-87. 89-99. lOI and 105 are appeared in Appendix [ and J.

S.I.3 Malerials

Standard hybrid poplar wood (particle size ~ = 0.22 mm). from fORINTEK

Canada Corp.. was used.. of elemental composition reported by NRC in 1985 to he

CHI ~q 0 070 . The NRC wood certificate information is recorded in Appendix G.

The microcrystalline cellulose. (C6H IOOS)n. i.e CH1670083. was obtained from

A&C Chemical Products Inc.

Xylan was purchased from Aldrich Chemicals Corp. The analysis of this xylan

was determined here to he CH1.61007q. while the elemental composition ofhemicellulose

is reported to he approximately (CSHs0 4)n. or CH1.6000.ao. Xylan is considered to he

representative of hemicellulose.

i\lkali lignin from Sigma Chemical Corp. was determined here to have the

elemental composition of CHLlSOO.33.

A supply of t'Alcen" lignin from the experimental alcohol pulping process of

Repap [nc.• of elemental composition determined in this laboratory as CHUSOO.Jl~ was

75



•

•

obtained from Repap.

Appendix G records the composition of the substrates used - hybrid poplar..

cellulose.. xylan.. and alkali and Aleell lignins.

The 55 - 57 wt% aqueous HI solution.. without H3P02 stabilizer.. was supplied

by ACP Chemical Inc. The lower concentration HI solutions.. < 57 wtOl'o.. were prepared

by dilution with distilled water. Solutions of > 57 wt% HI were prepared by purging

pure ID gas into 57 wt% HI solution. A cylinder of pure HI was obtained from

Matheson Gas Products Corp. and stored in a freezer at -23°C.

5.1.4 Definition of yields

Yields of the various produet fractions on a carbon basis are indicated by Yq ..

where j indicates the panicular fraction of product i.e. OP (OA and ON) and AP. Yields

of the OA and ON fractions on a carbon basis are related to the yield by weight.. WJ..

and weight fraction carbon content., ZOj't of that fraction as follows.. where the subscript

s reCers to the substrate:

yGOA = (WOA • ZeoA) / (Ws • ZoJ

Yields of the OP and AP fractions are:

(5.1)

(5.2)

(5.3)

•
As reviewed in Section 2.2.1 and to he discussed in Section 7.3.. the methoxy (CU30-)

group in lignin should he convened quantitatively by III to methyl iodide., CUJI. By the

method recorded in Appendix H.2 the methoxy carbon content of hybrid poplar was

determined to he 4.7%. The direct measurement of yield of CHJI produced by hybrid
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• poplar reaction with 57 wt8/O III solution was 4.90/0 as recorded in Section 7.3't thus

providing excellent agreement between these two methods. If methyl iodide is

represented as MI, the complete materia! balance for carbon May he expressed as:

(5.4)

The HIC.. O/C't and UC atomic ratios and the hydrogen retention and oxygen

removal values of the OP.. OA, and ON product fractions are related to the elemental

anaIysis of corresponding product fractions and substrates, as:

•
or

or

where

(Hydrogen Retention)j = (ZHIj / lOj) / Cl",s / los)

(Hydrogen Retention)j = (HIC)j / (HlC)s

(Oxygen Removal)j = 1 - (lOlj / lOj) / (lOis / ZoJ

(Oxygen Removal)j = 1 - (O/C)j 1 (O/C)s

(5.5)

(5.6)

(5.7)

(5.8)

(5.9)

•
J

s

: O~ ON't OP, and AP produet fractions

: substrate9 Le. hybrid poplar't eellulose't xyl~ aIkali lignin, Aleell lignin

: atomic weight of carbo~ 12.01
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• : atomic weight of hydroge~ 1

: atomic weight of iodine. 126.9

WJ

Ws

YCj

Zc,1

ZHlj

ZIiJ

• ZO/j

Zes

ZH;s

ZOIS

•

Ao : atomic weight of oxyge~ 16

(HlC)j : HIC atomic ratio of product j

(IIC)j : UC atomic ratio of product j

(O/C)j : O/C atomic ratio of product j

(HIC), : HIC atomic ratio of substrate

(O/C), : O/C atomic ratio of substrate

: weight of product fraction j. g

: weight of substrate usecL g

: carbon base yield for product fraction j, fraction or %

: weight fraction carbon in product fraction j

: weight fraction hydrogen in product fraction j

: weight fraction iodine in product fraction j

: weight fraction oxygen in product fraction j

: weight fraction carbon in the substrate

: weight fraction hydrogen in the substrate

: weight fraction oxygen in the substrate

Ali weights and compositions are on a moisture-free basis, and where relevant. on an

HI-Cree and 12-free basis.

S.2 StoicbiOIIIetric equatioœ for Uquefadion readioœ

S.2.1 General stoicbiometric equatioIIs

The reaction stoichiometric equation may he written as:
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or

CHu Ols + a fi = Ycap (CHk 0, lm )OP + y CAP (CHk 0, lm )AP + y C'MI (CH31)

+ b H20 + c 12

= YC:OA (CH" H, lm )OA + y OON (CHk H, lm )ON

+ y CAP (CHk H, Im)AP +YCMI (CH 3!)

+ b H:!O + c I! (S. 11)

Where

k. 1. m : HIC. O/C. IIC atomic ratio of a product fraction

ks. ls : HIC. ole atomic ratio of the substrate. Le. hybrid poplar. cellulose.

xyl~ alkali lignin or alcell lignin

Therefore when all the produet fraction yields. YCj. and elemental compositions.

(CHk 0, lm )J. have been determined the stoichiometric coefficients ~ b and c may he

calculated by successive balances for H.. 0 and 1 from application of the following tbree

equations:

a = ~[(yc:.)(k)j] + 2 b - les.. gmol ID reacted Pel' gmol C in substrate

b = ls - ~[YCIj)(l)j]' gmol H20 produced per gmol C in substrate

c = 0.5 {a - t[(Yc:)(m)j}' gmol 12 produced per gmol C in substrate

With the stoichiometric ratio of In to substrate.. R- defined as gmol ID

suppliedlgmol C in substrate.. il follows that the ratio In reactedIHI supplied.. Le. the

fractional conversion of ID. designed XHI' is

• XHI=a/R
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The hydrogen retention of a product fraction j relative to the substrate.. Equation

5.8.. is k., / ks. The oxygen removaI for fraction j relative to the substtate.. Equation 5.9..

is (l - I
J

/ Is).

An ideal model stoichiometric equation may he described for the following

specific assumptions:

(1) Ali oxygen in the substrate is converted to water.. with production of an oxygen­

free hydrocarbon product.

(2) AlI hydrogen in the substrate remains in-the organic product. which bas the same

HIC atontic ratio as the substrate.

(3) Ali HI supplied is converted.. and aIl (- oxidized to (2" i.e. an organic product

without iodine content.

With these assumptions for ideal Liquetàction to produce hydrocarbon product

the general Equation 5.10 may he rewrinen as:

(5.13)

where the model stoichiometric coefficients are

3modd = 2(1s)

bmodcJ = ls

cmodcJ = Is

The model stoichiometric ratio of I-Wsubstrate.. R...~ is

for which the model ID conversio~ Xm. modd~ is

XHL madd = a..... / R... = 100010
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The ratio of actual to model stoichiometric ratio of HIlsubstrate! ~~ indicates the

effectiveness of the ID supplied in a liquefaction reactor.

For the substrates of hybrid poplar, cellulose, xylan. alkali li~ and Alcell

lignin.. the above model stoichiometric coefficients are as follows:

Substrate Composition éImodd bmadd cmodd ~

Hybrid Poplar CH1.S9 0 0.70 1.40 0.70 0.70 1.40
Cellulose CHI 67 0 0.83 1.66 0.83 0.83 1.66
Xylan CHI.61 Oo.~ 1.58 0.79 0.79 1.58
Alkali Lignin CH '.IS 0 0.33 0.66 0.33 0.33 0.66
Aleell Lignin CHus 0 0.31 0.62 0.31 0.31 0.62

Recause the yield of the product AP dissolved in the aqueous HI phase is not

easily determin~ YOAP is generally obtained by difference. Likewise the composition

of AP. i.e. (CHIt D, lm )AP' is difficult to determine reliably. Therefore it was not

generally possible to apply fully the rigorous method based on balancÎDg the

stoichiometric Equation 5.11. An alternate method to determine the reaction

stoichiometric coefficients a and e is by material balance before and after reaction by

titration for [11] and [I~. This material balance alternative leads to the following

expressions determining the coefficients a and e:

•

a = (gmol H·)~ rmcIÎCNI - (gmol H·)1Ijte rmcriM

gmol C of 5Mbstrate

c = (gmol 12)., l8IdiM - (gmol 12)1Mfon"'"

gJIIOl C of 5Mbstrau
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By this method it is not possible to obtain the stoichiometric coefficient b. gmol H!O

producedlgmol C in substrate.

When as described in Sections 5.2.2 and 5.2.3 both the yield and the

composition of the AP fraction is detennined directIy. the stoiiChiometric reaction

Equation 5.11 can be solved for the stoichiometric coefficients. ~ b and c.

5.2.2 Stoicbiometric equation for wood Bquefadion

The application of the reaction stoichiometric Equations 5.10 and 5.11 when

complete yield and composition information is available is now compared with the

procedure using Equations 5.14 and 5.15 when this information on the AP product

fraction is not available. The abbreviated version with Equations 5.14 and 5.15 is

demonstrated witb the results of wood liquefaction for Experiment 78 at R = 4.4 gmol

HI/gmol C in wood with initial concentration of solution 57 wt«'10 HI for 15 min

reaction time. The reaction stoichiometric coefficients a and c as determined by

Equations 5.14 and 5.15.. recorded in Appendix 1.3. are

a = 0.72 gmol HI reactedJgmol C in wood

c = 0.33 gmol I! producedlgmol C in wood

The yield of the OP (OA + ON) product fraction. YooP• was 83.3%. The elemental

composition of the OP fraction by direct elemental analysis for carbon. hydrogen.

oxygen.. and iodine content as detailed subsequendy in Tables 5.1 and 5.2 was

detennined as CHU6 00.1610.12. The carbon-base yield of CH31 was determined to he

4.90/0.. Section 7.3. Therefore allowing for 4.9010 yield of CH3I. the carbon base yield of

AP product obtained by difference from Equation 5.4 would he 11.8%.

The comparison case using the complete Equations 5.10 and 5.11 is

demonstrated with the wood Iiquefaetion results from Experiment 99. a repücate of

Experiment 78 but for which the yield and elemental composition of the AP Produet
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fraction were determined directly. The aqueous solution after reaction was treated by

0.03 M Na:!S:!O) solution to reduce 12 in the aqueous solution. which then was ex:traeted

by Methylene chloride to obtain the organic product fraction AP. The CH2C12 phase was

very slowly separated from the aqueous phase with a separatory funnel. In the

distillation column that was used to remove the CH2Cl2 (b.p. 47.7°C) the methyl iodide

(b.p. 42.4°C) produced from reaction of In witb methoxy groups in the lignin would

also he removed. ln order to obtain AP product free of CH2CI2~ HI and H20 the

materia! was evaporated for about 3 days under atmospheric conditions~ then for 2h in

a 50°C oven to constant weight.

The carbon base yield of the AP product fraction by this direct measurement was

15.90AJ. which compares reasonably to the AP yield of 11.8% obtained by difference

from Equation 5.4 along with the estimated 4.90;0 yield ofCH3I. With this confirmation

of satisfactory agreement for a yield which is very difficult to determine.. the values of

y CAP for ail other eXPeriments were determined by difference using Equation 5.4.

The composition of the AP product by direct elemental analysis was detennined

to he CH IS7 0 0.20 10.04, Therefore the reaction stoichiometric Equation 5.11 can he "Titten

for hybrid poplar liquefaction as

CHI.S9001O + a ln = 0.833 CH1.1600. 1610. 12 (OP) + 0.118 CHI510 0.2JO.04 (AP)

+ 0.049 CH]I + b 8 20 + c 12 (5.16)

AlI values in Equation 5.16 are those determined directly with the exception of the yield

of the AP product fractio~ 0.118~ which is the value determined by difference. As the

direct measurement of the AP fraction yield involves the most complex Procedures and

is then the determination most subject to error~ the AP yield by difference is taken as

a reasonable estimate in Equation 5.16 and is in faet the only basis available for all

other sets of wood liquefaetion eXPerimentaI results.

By balancing Equation 5.16 for IL 0 9 and I~ as descnDed earlier for Equation

5.11.. the reaction stoicbiometric coefficients are determined as:
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a = 0.79 gmol HI reactedlgmol C in wood

b = 0.54 gmol H20 produced!gmol C in wood

c = 0.32 gmol I:! producedlgmol C in wood

By comparisolL for ideaJ reaction with hybrid poplar as substrate producing a pure

hydrocarbon product the stoichiometric coefficients gave in Section 5.2.1 are a = 1.40.

b = 0.7 and c = 0.7. Thus for hybrid poplar liquefactio~ the actual stoichiometric

coefficient a. representing the extent of HI reaction with the substrate. is 56% of that

for the ideal model.. with stoichiometric coefficients b and c also substantially lower

than those ideal values.

Therefore Equation 5.16 can he written as follows. with all stoichiometric

coefficients now determined:

CH'SqOO,70 + 0.79 HI = 0.833 CH1.I60o,16Io.12 (OP) + 0.118 CHU70 0.2JO,04 (AP)

+ 0.049 CH3I + 0.54 H20 + 0.32 12 (5.17)

These values of the reaction stoichiomeuic coefficients.. a and c. are close to the values

of 0.72 and 0.33 obtained by Equations 5.14 and 5.15.

S.2.3 Stoicbiometric equatiOll for cellulose liquefadioo

This comparison of application of the complete stoichiometric Equations 5.10

and 5.11 wben complete yield and composition information is available.. with the partial

solutioa Equations 5.14 and 5.15.. when only partial data exiSlS is demonstrated now

for cellulose as substrate. For EXPeriment 86 al the same reaction conditions of R = 4.4

gmol HIIgmol C in cellulose.. 57 wtOAt initial En solution and 15 min reaction lime. the

reaction stoichiometric coefficients a and c determined by Equations 5.14 and 5.15..

recorded in Appendix 1.3.. for the partial solution are

84



•

•

•

a = 1.02 gmol ID reactedlgmol C in cellulose

c = 0.49 gmol 12 produced/gmol C in cellulose

The yield of the OP (OA + ON) product fraction of cellulose liquefactio~ YcoP" was

72.7%. The elemental composition of the OP fraction by direct elemental analysis, listed

subsequently in Table 5.3, was CHI.49 °0.1410.19' [n the absence of the methoxy groups

of lignin.. no methyl iodide is produced from cellulose and the yield of the AP product

fraction by difference from Equation 5.4, is therefore YCAP = 27.3%.

For the comparison case of complete solution using Equations 5.10 and 5.11 the

aqueous phase product fraction AP for a replicate t~ EXPeriment 105" was obtained

by treatment of the :m aqueous phase with NazS203 solution followed by Methylene

chloride extraction of the AP product. The yield of AP product fraction was thereby

determined to he 29.2%.. very close to the 27.3% yield obtained by difference from

Equation 5.4. The elemental composition of AP produet from cellulose was determined

to he CH•. 63 °0.1410.03' Therefore the reaction stoicbiometric Equation 5.11 can he written

for cellulose liquefaction as

CH16700.13 + a HI = 0.727 CH1.4900.14Io.19 (OP) + 0.273 CHI.6300.24Io.OJ (AP)

+bH20+cI2 (5.18)

Balancing Equation S.18 for H.. ° and 1 gives:

CH1.6700.1J + 1.18 ID = 0.727 CH1.4900.1410. 19 (OP) + 0.273 CH1.6300.24Io.o3 (AP)

+ 0.66 H20 + 0.52 12 (5.19)

Thus the reaction stoichiometric coefficients are:

a = 1.18 gmol ID reactedlgmol C in cellulose

b = 0.66 gmol H20 producedlgmol C in cellulose
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c = 0.52 grool 12 produced/gmol C in cellulose

By comparison with coefficients given in Section 5.2.1 for the ioeaI reaction

with cellulose liquified to a pure hydrocarbon produc~ Le. values of ~ b and c of.

resPectively 1.66. 0.83 and 0.83. it is seen that the actual value of the stoichiometric

coefficient "ait representing reactivity of the substrate with In is 71 % of that this ideal

limite The greater reactivity of ID with cellulose than with wood is shown by the

stoichiometric coefficient Italt being 71% of the ideal lintit with cellulose compared to

56% with wood as noted in Section S.2.2. These reaction stoichiometric equations for

both hybrid poplar and cellulose are in the range of those found by the previous work

for hybrid poplar by Douglas et al.. 1985. reviewed in Section 2.2.3 and for cellulose

by Douglas and Sabade. 1984. reviewed in Section 2.2.2.

5.3 Evolution 01 wood Uquelaction duriDg short reaction tilDe

The relations of reaction lime - teD1Perature - HI solution concentration during

the liquefaction reaction with hybrid poplar were examined for shon reaction times

using initial HI concentrations of S7, 61 and 68 wt% ffi. During batch reactor

liquefaction the fi concentration drops because of HI reaction with wood as weil as the

production of H!O of reactio~ as discussed in Section 5.1.2 and shown in

stoichiometric Equations 5.10 and S.ll. Reaction temperature varies corresponding to

HI concentration when, for atmospheric pressure operatio~ rcaction temperature is the

bubble point of the liquid phase for the HI-H20 syst~ Figure 5.1.

With 57 wtOlO initial concentration ID solution (Experiment 101 at R = 4.4 gmol

HIIgmol C in wood) the initial temperature is tbat of the azeotrope., 12'rC. Figure 5.2

shows that after only about 20s the reaetion with HI is already etIectively complete

because the reaetion temperature bas dropped ta 12SoC with little further temperature
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decrease up to 120s reaction rime. Specifically. after dropping 2°C in the first 20s of

reactio~ the reaction temperature decreased only 0.5°C in the next 100s. Thus the m
concentration dropped from the initial 57 wt% to about 52 wr»At in 20s.. to about 51 wtOlO

after 1205 reaction tinte. The values of HI concentration shown on Figure 5.2 are those

from the T-x diagram.. Figure 5.1 .. for the precisely measured temperature. except the

initial and fmal values which were determined by analysis. The excellent agreement

between HI concentration by the two methods con.firms the correctness of using reactor

temperature to monitor reactor HI concentration even though the aqueous HI solution

after reaction contains a smalt amount of dissolved 12 and aqueous phase soluble

product.

As the reaction of ID with wood is largely completed in 205 with initial 57 wt%

HI solutio~ il follows that all the [2 produced in 15 min reaction is from wood reaction

with HI in 205 reaction time with little I! produced by funher reactions involving

conversion of aqueous product AP into organic product OP in the following 14 min

405. Therefore the rate of 12 production from Equation 5.10 can he estimated by the

amount of [., before and after rcaction.. Appendix 1.6.. with the relation

r~ pro. = 1/3 min
(5.20)

to he 113 g limin or. altemately, by the stoichiometric coefficient c and amount of

wood used with relation

•
r~ pro.

c M~ Wwood 1 Mwood

1/3 min
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to be 124 g I/min. where

c : stoichiometric coefficien~ 0.32 gmol I/gmol C. Equation 5.16

Ml; : molecular weight of 12• 253.8

Mwood : formula weight of wood. CHI.5900.70' 24.92

r(; pro. : 12 production rate, g/min

Wwood : 12.68 g (l - 0.0026) = 12.64 g,

(0.26% moisture in wood. Appendix 1.1)

The rate of I:! production detennined by direct measurement of 12 agrees weil with that

by the reaction stoichiometric coefficient. In 20s reaetion about 40 g 12 was produced

by wood reaction with 57 wt% m solution.

Figure 5.3 shows that with the initial HI concentration about 61 wt%

(Experiment 77 at R = 2.0 gmol m/gmol C in wood) the initial temperature was 10SoC..

which is consistent with the T·x diagram, Figure 5.1. At about 30s reaction rime the

reaction temperature had increased to the azeotrope temperature of 127°C. indicating

that HI concentration bad dropped from 61 wtOA» to the azeotrope temperature

composition of 57 wtOl'o. By 40s reaction the reaction temperature bad now dropped to

116°C where it stabilized.. indicating that by 40s iD concentration had dropped.

according to Figure 5.1, to 46 wt«J1O. When the reactor is charged with solution of HI

content higher than the azeotrope and the reactor is operated at the bubble point

temperature. the temperature .. rime profiles show very clearly how reaction temperature

passes through a maximum as the bubble point passes through the HI-H20 azeotrope

composition. after which reaction temperature drops. In this case where in the space of

40 s reaction temperature passes from 10Soe to 127°e and back to 116°C. the

temperature - time profiles show that reaction with III was effectively completed in

about 40 s during which the 61 wtGlO initial En solution was diluted by reaction to about

46 ~IO HI.

With an initial III concentration of about 68 wtOlO, (Experiment 76 al R = 1.S
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gmol HI/grool C in wood). for wmch the bubble point is about 40°C~ Figure 5.4 shows

that it required about 5.8 min of very slow reaction with HI in order 10 drop the HI

concentration to about 64 wt% HI.. corresponding to bringing the bubble point

temperature to about 93°C from the room temperature. 20oe. This reaction tinte..

although long compared to the cases of Figures 5.2 and 5.3 because of the lower

reaction rate at lower temperature.. none the less shows that at the higher HI

concentration of 68 wt% and even at the exceptionally low stoicmometric ratio of R =

1.5 gmol HI/gmol C in wood used in this experiment.. liquefaction reaction rates remain

substantial even down to 40°C. The highest wood liquefaction reaction rate occurred in

the 2 minute interval between 5.5 and 7.5 minutes.. during which the reaction

temperature went from about 90°C to the azeotrope temperature of 127°C. then back

down to 120°C while Hl concentration decreased from about 68 wt% to the 57 wt%

azeotrope composition to 50 wt% HI. Thereafter the reaction temperature changed only

slowly to 113°C. corresponding to 45 wt% HI concentration.. while it was monitored for

a total of 21 min reaction lime. Thus this set of three experiments indicates that with

aqueous HI at an initial concentration of 57 - 65 wt% HI. a reaction time of 1 - 2

min at most.. and as little as 20 - 40s in some cases is sufficient for completion of the

liquefaction reaction with HI.

Because of the coupling between reaction rate .. reaction time .. reaction

temperature .. HI concentration.. with tbese ail variable in batch reactor experiments.

more precise conclusions are not possible. However in spite of these limitations the

findings from this interesting set of batch reactor experiments have important

implications tor future optimization of the process variables of reactor residence time ..

reaction temperature .. HI concentration for continuous wood liquefaction reactors

operating at steady state conditions.

5.4 Effect on wood liquelaction 01 initial m concentration: 15 - 68 wt"
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The limits of aqueous phase ID concentration may be appreciated by

examination of the T-x diagram for the ID-H20 system., Figure 5.1. When operated al

the bubble point temPerature.. reactor temperature decreases as reactor HI concentration

is either increased or decreased from the value of 56.5 wtOh at the maximum boiling

azeotrope of 12'rC. From batch reaclor experiments staning with solution of initial

concentration 56 - 57 wt% ID, Douglas et al., 1985 and Ng, 1985, established that the

liquefaction reactions were not gready affected by reaction temperature down to about

85 - 90°C.. with the wood being effectively completely reacted in shon reaction rime.

For HI concentrations below thal of the azeotrope, Figure 5.1 shows that the reduction

in bubble point temperature is not serious because at all ln concentrations on the dilute

side of the azeotrope the temperature remains above 100°C. By contrast the bubble

point temperature for I-II-H20 drops very sharply al compositions ooly slightly above

tbat of the azeotrope, which limits the maximum ln concentration for operation al

atmospheric pressure. For the present study the bighest ln concentration tested was 68

wt% HI. for which the bubble point is about 40°C.

ln batch reaction liquefaction of hybrid poplar the effect caused by varying both

initial ID concentration and the HI/wood stoichiometric ratio, ~ was investigated over

the ranges of 15 - 68 wtOh HI and 1.0 - 4.4 gmol Hl/gmol C in wood. Reaction lime

was flXed at t = 15 min in order to correspond to conditions used in earHer work from

this laboratory, Douglas et al.., 1985, and Ng, 1985. For initial ln concentrations al and

above the azeotrope composition the relations between initial and final reaction

temperatures are shown on Figure s.s. With 57 wtOA» initial ln concentration the

reaction temperature drops continuously during reaction, starting from the azeotropic

temperature of 127°C. The lower the stoichiometric ratio, ~ naturally the larger is this

temperature drop. Thus al values of R of 4.4, 3.5 and 2.0 gmol HIlgmol C inw~ the

drop from initial to final temperature is respeetively 5, 7 and 14°C. For liquefaction

starting with [Ill] of 61 or 68 wtOh ID, Figures 5.3 and 5.4 showed that the reaction

temperature starts below the azeotropic temperature, increases to a maximum al the

azeotrope concentratio~ then drops. This double-valued reaction temperature history
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occurs because the HI concentration drops continuously as H20 is produced and HI

consumed by the liquefaction reactio~ 50 the reaction temPerature follows the bubble

point temperature from one side of the azeotr0Pe composition to the other. Figure 5.5

shows just the initial and fmal values of the reaction temperature monitored

continuously in Figures 5.2 - 5.4. Tbese changes in reaction temPerature and HI

concentration are naturally more pronounced at lower ft for wbich the change in HI

concentration is correSPOndingly higher. as shown in Figure 5.6. For initial

concentration 45 wt% HI or less. the reactivity of HI acting as reducing agent becomes

very small.. as indicaled by the negligible change in HI concentration.

Application of reaction stoichiometry Equations 5.10 and 5.11.. or their partial

solution as Equations 5.14 and 5.15. leads to the relations shown in Figures 5.7 and 5.8.

At a particular value of stoichiometric ratio R the stoichiometric coefficients a and c

increase with increasing initial HI concentratio~ as does HI conversion also.. over the

wide range from [HI] = 30 wr»1'0 below which there is negligible reactivity of ID acting

as the reducing agent. up to the maximum concentration tested. 68 wt% HI. Figure 5.7

shows tha~ judged by the reaction stoichiometric coefficients a and c. wood-HI

reactivity iocreases very sensitively with HI to wood stoichiometric ratio al low levels

of R but approaches independence from stoichiometric ratio al higher values.

Specifically. as Ris increased from 1 to 210 3.5 to 4.4 gmol HI/gmol C in wood. those

stoichiometric coefficients show increases tirst by about one-half, then by much less

than that, then by a negligible change. As Rmo.t = 1.4 gmol HIIgmol C in wood for

"ideal" liquefaction to a pure hydrocarbon with wood as substrate. Section 5.2.1 .. these

results indicate that a value of~ of ooly (2.0/1.4 =) 1.4 limes this theoretical

value is sufficient to obtain about 'JOO1'o of the maximum reactivity between HI and

wood.. while (3.5/1.4 =) 2.5 limes this theoretical value gives the maximum HI-wood

reaetivity beyond which funher increases in R provide no further increase in In-wood

reactivity.

Methyl iodide is produced quantitatively from wood when the HI concentration

is 57 wtOlO or greater., and to a lesser extent al low ln concentration. Therefore the
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yields of CH)I and the AP product fraction are combined in Figure 5.9. This figure

shows tbat at a constant value of the stoichiometric ratio R. increasing the initial ID

concentration bas the effect of increasing the yield of the desirable product fraction OA~

at the expense of decreasing that of the undesirable product fraction ON. and of the

aqueous phase soluble product fraction AP. When using 57 wtO/o initial HI

concentration.. R = 3.5 gmol HIlgmol C in wood is sufficient to eliminate production

of ON. Figure 5.9 indicates that when the initial ID concenttation is increased ooly to

about 64 "to/o HI. the yield of ON can he suppressed totally with R = 2 gmol HI/gmol

C in wood. where this value of R is ooly 43°.;10 higher than~ value of 1.4 gmol

HI/grool C in wood. Determination by this study that the yield of the most desirable and

least desirable product fractions~ OA and ON~ are very sensitive to HI concentration

represents a significant contribution. These results oPen the possibility of determining

the optimum combination of R and aqueous phase HI concentration for a continuous

liquefaction reactor where tbere is no need to oPefate at the azeotropic composition.

For the severity of conditions just sufficient to eliminate any production of the

undesired ON product fractio~ it is of interest to consider the fmal rather than the

initial HI concentration. Thus the conditions noted above of R = 3.5 gmol ID/gmol C

in wood and initial [HI] = 57 wtO.;Io COrresPOnds according to Figure 5.6 to final HI

concentration of about 49 wtOlO" while R = 2 gmol Hl/gmol C in wood and initial [HI]

= 64 wtO/o corresponds to final ID concentration of about 48 wr»1'o. These observations

suggest that any combination of R and initial In concenttation which results in fmal HI

concentration of around 48 - 49 wtOlO of ln or higher would he sufficient to eliminate

completely the undesired acetone-insoluble ON produet fraction. As any practica1 wood

liquefaction would he operated as a continuous not a batch reactor" it is a potentially

important fmding that just under 50 wtOlO HI at the exit of a continuous reactor may he

sufficient to completely suppress production ofany cbar-like Pfoduet in this liquefaction

process.

As ID initial concentration is increased from 57 to 68 wtO.;Io~ the yield of OP

approaches lOOOA. as the yields of the AP and ON fractions approach zero~ Figure 5.9"

95



e e e

70 80 0 10 20 30 40 50 60 ,0 80

fI

Il

AP fraction (+ CH31)

OP fraction

ON fraction

OA fraction

100

90

80

70

~
60

50
C
0 40n 30!

LL 20

ti 10
~

~ 0

Q.. 100
CD 90··.c....

1 '5 80

" 70
ii 60>:

50

40

30

20

10

0
0 10

Initial HI Concentration, wt%

Figure 5.9 Eflect of Initial HI Concentration on Yield of Product Fractions

R, gmol Hl/gmol C in wood, !'. R =1.0 t R =3.5
u R =2.0 uR =4.4

Reaction lime, 15 min



•

•

•

even at the very low value of R of 2.0 gmol HIlgmol C. This 10\\" value of R may he

judged by the limiting value for "ideal" reaction to a pure hydrocarbon where.. for

hybrid poplar as substrate..~ = 1.4 gmol fIT/gmol C. It should he recalled from

Figure 5.6 that for R fixed at 2.0 gmol fll/gmol C.. increasing initial HI concentration

from 57 to 68 \\t% increases the final concentration from 45 to 49 wt% HI. Aside from

changes in product solubility with HI concentration.. the fmding that at R = 2.0 gmol

HI/gmol C the yield of the acetone-insoluble residue fraction ON decreases from 220/0

to zero as initial HI concentration is iocreased from 57 to 68 wt°/o shows that the

reaction chemistry bas changed. with no more acetone-insoluble product. With both the

reaction chemistry and product solubility in the aqueous phase changing with HI

concentration it is not possible to identify to what extent the changes in results are due

to changed chemistry or changed solubility. However the total elimination of the

insoluble residue product.. ON.. at higher HI concentration suggests that changes in

reaction chemistry are dominant.

Figure 5.9 also shows that when the initial HI concentration is lower than 45

\\'"t% at R = 4.4 gmol HI/gmol C. the yields of OP and AP become constant at about

60°/0 and 40%. This organic phase produet OP is however of very low quality. mostly

the acetone-insoluble residue.. ON. which in fact is approaching unreacted \\'ood as \\i11

he indicated by the compositions in Table 5.1. The relatively high yield of AP product

at the lower HI acidity condition. initial [HI] < 45 wt%.. indicates that wood is easily

converted to an aqueous phase soluble product at relatively weak reaction conditions.

Douglas and Sabade.. 1984.. Douglas et al.. 1985.. and Ng.. 1985. concluded that cellulose

and wood were converted initially to an aqueous phase product then subsequently.. at

a lo\\"er reaction rate. to an organic phase product. The present data provides

experimental e~idence in suppon of that earlier hypothesis. based on limited

information. that the wood hydrolysis reaction catalyzed by ~ is fast and is the first

step of wood liquefaction with HI solution.

Figure 5.10 shows that for a wide range of fIT stoichiometric ratio.. R of 2.0 to

4.4 gmol HIIgmol C in wood. the extent of deoxygenation of the OP produet is
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insensitive to initial In concentration from 68 wtOA. down to 57 wtO/O.. but deoxygenation

of OP drops off precipitously at some concentration nol much less than 57 wtOJO. Figure

5.11 shows that the hydrogen retention of OP improves for initial HI concentration

above 57 wtOlO. perhaps by a hydrogen donor etTect with the more concentrated HI

solution minimizing the loss of hydrogen from the principal product.. as reviewed in

Section 2.2.6. Whatever the reaction mechanism.. clearly initial In concentrations above

57 Wl% change the reaction chemistry.. as was indicated also in Figure 5.9 by the

elimination of acetone-insoluble residue fraction. The fact that hydrogen retention

increases for HI concentrations less than 45 wtO.IcJ is of no practical interest because

Figure 5.10 shows that oxygen removal correspondingly becomes negligible. The AP

fraction from reaction with initial In concentration lower than 45 wtOJO I-ll was not

obtained for analysis. The complete produet composition data from which Figures 5.10

and 5.11 derive are shown in Table 5.1.

With respect to the composition of the ON fraction... it is seen in Table 5.1 that

for initial [HI] below 45 wtO/O the nature of ON simply approaches that of ooly lighdy

reacted wood.. hence the high HIC and OIC ratios.. nearly those of wood.. and very Iow

[/C ratio.. nearly zero. For initial [HI] higher than 45 wtO/O the low HIC ratio of the ON

fraction distinguishes this char-type produet from the desirable OA fraction with its high

HIC ratio.

The values of UC in the OP produet fraction are dependant on I:! concentration

in the aqueous solution.. Figure 5.12. The final 12 concentration in the solution is in turn

related to initial m concentration and to HI/wood stoichiometric ratio ~ Figure 5.13..

in a type of relation paralleling that for the stoicbiometric coefficient c for 12 production

in Figure 5.7.

These yield and elemental composition data establish that wood reacts ooly

weakly with HI at low levels of initial HI concentration.. < 45 wtO.IO. A1so it appears that

as initial HI concentration decreases below 57 wtOA., dehydration reactions drop off very

sharply wbile wood hydrolysis continues to the lowest levels of HI concentration lested.

15 wtO/o HI. However a clear trend is established for both a more favourable distribution
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Table 5.1 Effeet on I)roduet Composition of Initial 1-11 Concentration: 14 to 68 wt%

R, gmol IU/gmol C 1.0 1.5 2.0 3.5 4.4

OA Fraction

CH, 48 00.29J 10071

C~I, 2S 0 0251 In.ols

CHI IS 00.23710048

CB I JI OO'46 I007S

1!!l1niuah wt%
14
30
44 CB, '60024910052

57 CII'''5 0 0 129 10 106 CHI J'Do '64 10014

61 CUI 36 0 0 160 10105 CB, 21 0 0 IH 10095 CHIH 0o,00 10075

___________~~ ~!~L~_~~~U~~~~ ~~J_~_~J~~!]~ J~! ~~~}J_~~_~!~~J~L _

ON Fraction

CH 1 S4 00.655 loool
CHI 46 OU6l8 10005

CHI 4l 0 0541 10.004CH I41 00 HO 10005

CB 107 00 '96 10020CH 10' 00 197 10032

1!!l1nilil" wt%
14
30
44
57
61 CH'l7 002,.. 10031

68 CH'21 °02.... 10039 CHo99 0 0 1..3 10050

---~------------------------------------------------------------------------------------------------------------------------._-

....
8

01) Fraction

1!!l1ni'ill' wt%
14
JO
44
57
61
68

Clf l 11 0 0 HO 10 Ilo

CI'I,u On 171 10 196 l'II, 21 On 17~ 10 21-.

CH, 1... 0 0112 10169

l'III 12 Ou '71 10 170

CI-luB Ou lM 10211

CB I li 00456 1002l

CBIIIOOI72101J5
CII I 2S 0 0181 10 '40

CH, S6 0 0645 10007

CH, SO °0.616 10.031

CH 122 0 0 "B8 10021

CII I16 0 0 161 fOl24
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in yield between desirable and undesirable product fractions~ and an improved hydrogen

retention and improved oxygen removal as initial HI concentration is increased from

45 wt% through what bas in previous work been the typical level.. 57 wt% of Ht to the

maximum concentration tested.. 68 wt% of HI. These results thus open new possibilities

for future optimization of the conditions of this wood liquetàction process in a

continuous flow reactor operating at steady state conditions.

The data of Section 5.4 are detailed in Appendices [ and J.

5.5 Erreet on wood 6quefadion of initial lU concentration: 57 - 68 wt~

As the results presented in section 5.4 establish that wood liquefaction is

ineffective at the initial HI concentration as low as 45 wt% and is effective at the final

concentration just below 50 wt%.. additional experiments with the stoichiometric ratio

extended up to 13 gmol H1/gmol C in wood were carried out. Reaction time was

maintained the same. at t = 15 min. Reaction temperature.. a dependent variable with the

research technique used here. was maintained al the bubble point of the aqueous phase..

Figure 5.1.

The interacting effects of R and initial and fmal HI concentrations are shown on

Figures 5.14 - 5.19. The extent of the liquefaction reactions.. as measured by the

coefficients a and c of the stoichiometric Equation 5.10.. is seen on Figure 5.14 to

increase with R and initial HI concentration.. particularly in the low range of HI/wood

stoichiometric ratio. At R = 2 gmol HIIgmol C in wood it is impressive that the HI

coefficienL a. increases by 1/3 when initial HI concentration is increased from 57 ta 68

wt%. Although this coefficient increases with bath R and [HI], it increases much more

sensitively with HI concentration than with R. Therefore the fraction HI converted (XH1

= aIR). in fact decreases strongly with ~ as is shawn by Figure 5.15.

As the results of section 5.3 establish the reaction of HI with wood to he

completed typically in less than a minute~ and as final ID concentration is a function
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of initial HI concentration and the stoichiometric ratio R. this suggests relating reaction

characteristics directly to fmal HI concentration. The relationship between R and initial

and final HI concentrations.. displayed fust as Figure 5.6.. is DOW give with the

additional data as Figure 5.16. When the reaction stoichiometric coefficients a and c of

Figure 5.14 are related to fmal HI concentration.. Figure 5.17 shows that no additional

parameter such as stoichiometric R is required. This demonstratioD of the dominant role

of fmal HI concentration in determining these reaction characteristics of the HI-wood

reaction constitutes a new perspective on this technique of wood liquefaction.

At 3 levels of initial HI concentration the etfect of HI:wood ratio R on yield of

the various product fractions is displayed on Figure 5.18. where. as noted in connection

with Figure 5.9. the yield of AP product and CH)I are combined. The combination of

higher values of HI:wood stoichiometric ratio and initial HI concentration is seen to he

highly effective in reducing the yield of the undesirable fraction.. ON. and

correSPOndingly increasing the yield of the OA fraction.

As Figure 5.17 demonstrated tbat the stoichiometric coefficients May be related

to a single variable.. fmal HI concentration.. rather than to the two variables. initial HI

concentration and R... this approach was tested funber by expressing the yield data of

Figure 5.18 as a function of final HI concentration on Figure 5.19. The only product

fraction yield that appears to he a unique function of fmal HI concentration is that for

the ON product. Thus Figure 5.19 indicates that this undesired product fraction can he

eliminated by any combination of initial [HI] and R which give final [HI] of 50 wt%

or greater. Figures 5.18 and 5.19 show tbat the yjeld of the OA product fraction is

ciearly dependent on two of the tbree variables.. stoichiometric ratio R and initial or

fmal ID concentration. Figure 5.18 is more informative conceming yields of the product

fractions O~ OP and AP because it is evident tbat as R is increased the yield of the

AP fraction dissolved in the aqueous ID phase must increase. which necessarily

decreases the yields of the OP and OA product fractiODS.

Over the range 1 < R < 3.5 gmol HIIgmol C in wood. by increasing the initial

[Ill] from 57 to 68 wtO/O the hydrogen retention of the OP product fraction cao he
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increased by about 10 percentage points" Le. in about direct proportion to initial HI

concentratio~ Figure 5.20. The reason for this effect could he that the higher HI

concentration solution acting as a better W donor reduces hydrogen 10ss from the

organic product., as reviewed in Section 2.2.6. Above about R = 3 gmol HI/gmol C" the

percent oxygen removal appears independent of stoichiometric ratio. Figure 5.21 .. but

for R in the more important range 1 - 2 gmol HI/gmol C.. a higher [HI] produces a

more deoxygenated wood oil. When hydrogen retention and oxygen removal for the OP

product is examined in Figures 5.22 and 5.23 relative to final HI concentration.. the

variability with the other parameter.. initial HI concentration.. is still present. Considering

the tour relations. Figures 5.20 - 5.23 .. hydrogen retention c1early shows more

variability over this range of reaction conditions than does the level of deoxygenation

of the OP product.

The I/C ratio of the OP product fraction appears related directly to the tinal 12

concentration in the aqueous phase.. Figure 5.24. in the same way as recorded on Figure

5.12 tor experiments over the wider range of 15 - 68 wt% initial HI concentration. The

relationship between fmal 12 concentratioIL initial HI concentration and HI/wood

stoichiometric ratio R is shown in Figure 5.25. The complete product composition data

trom which Figures 5.20 - 5.25 derive are given in Table 5.2.

The data of Section 5.5 are detailed in Appendices 1 and J.

S.6 Liquefaction of components of wood

Five substrates.. hybrid poplar. microcrystalline cellulose.. xylan., alkali lignin and

Alcell lignin.. were subjected to batch reactor liquefaction for 15 min using 57 wt% HI

solution over the range of R trom 2 to 8 gmol HI/gmol C in substrate. The

corresponding elemental formulae of these substrates are" respectively.. CH 1.59 0 0.70.,

CHt.67 0 0.83., CHl.6t 00.79' CHus 00.33 and CHus 00.31' as detailed in Section 5.1.3.

When the results are expressed as the stoichiometric Equations 5.10 and 5.11"
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• Table 5.2 Effect on Product Composition of
Initial fi Concentration: 57 to 68 wtOJO

ID concentration

61 wtOA. 68 wtOJO

OA Fraction

R. gmol HI/gmol C

CHus 0 0. 153 10.095

•

1
1.5
2
2.9
3.5
4.4
5.6
8.0

R, gmel HI/gmol C

CH1..36 00.160 10.los

CHI4S 0 0. 129 [0.103

CHu. 00.164 10.1Il

CHuI 00.164 10.014

CHuI 0 0.146 10.016

CHu:! 0 0. 140 10.011

CHu:! 00.143 10011--------------------
ON Fraction

CH U9 00.n5 10090

CH U 1 0 0. 121 10.105

CHus °0.122 10101

•

1
1.5
2
2.9
3.5
4.4
5.6
8.0

R, gmel ID/gIIlel C

1
1.5
2
2.9
3.5
4.4
5.6
8.0

CHIOI 00.191 10.032

CH1.ol 0 0. 192 10.019

CHI.07 0 0.196 10.020

CHI.04 0 0. 182 10.169

CHI.09 00.177 10.1.43

CHu1 0 0. 112 10.135

CHI.I6 °0. 161 10.124

CHU3 00.165 10.105

CHU1 00.171 10.124

112

OP Fraction

CHu! 00.171 10.110

CHus°0. 111 [0.140

CH I11 °0.244 10039

CHoqq 00.143 [0045

CHus 00. ln [0.101

CHU3 0 0178 10.196

CHUI 00.175 10.214

CHu. 0 0. 165 10.112



• the low values of the stoichiometric coefficients a and c with lignin as the substrate~

Figure 5.26. indicate the significantly lower reactivity of lignin with III relative to that

of the cellulose and hemicellulose components of wood. As the stoichiometric

coefficients are controlled by the oxygen content of the substrate~ with substrates of

considerably different O:C ratio it would he logical to base coefficients relative to

oxygen. not carbon. When the reaction stoichiometric coefficients are reexpressed on

the basis of oxygen instead of carbon the trend of reactivity of various substrates for

liquefaction with aqueous ID remains the same~ as shown in Figure 5.27. The relation

between the HI/substrate stoichiometric ratio on the carbon basis~ R. and on the oxygen

basis. Re. is simply:

This lower reactivity of lignin appears also as a lower HI conversion. Figure

5.28. and a lower drop in the aqueous ID concentration after the batch reaction. Figure

5.29. Based on the criteria of stoichiomettic coefficients a and c. HI conversion and

drop in HI concentration. it is seen in Figures 5.26 - 5.29 that cellulose and xylan have

a somewhat greater reactivity with HI than does hybrid poplar. corresponding to that

for lignin being much lower. The trend of reactivity to liquefaction in aqueous ID for

all these substrates is in the order:

•
or

Re = R / (O/C)s

(5.22)

(5.13)

•

Cellulose > Xylan > Hybrid Poplar > Lignin

ln Figure 5.30 the yields of the produet fractions ON and OP are shown going

to 1000/0 with the yields of OA and AP fractions going 10 zero for the limiting case of

the substrate in water (R = 0). As reviewed in Section 2.2.1 and to he confirmed

experimentally in Section 7.3., CH31 is produced from lignin by reaction with In al
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conditions used bere. The yields of CH]I and AP product fraction detennined as

described in Section 5.2.2 are again combined in Figure 5.30. Figure 5.30 shows that

over the imponant range of R around 2 - 3 gmol I-Wgmol C. cellulose is better than

poplar. Le. for the same value of stoichiometric ratio cellulose gives a lower yield of

the undesired ON product fraction and a higher yield of the high value product. OA.

Poplar is marginally better than pure xylan on this basis of comparison. At the same

value of R. cellulose liquefaction gives a higher yield of the aqueous phase product

fraction AP than other substrates. probably because of the ease of hydrolysis of

cellulose.

The results eonfirm the expectation that lignin would give a bigh yield of the

ON fraction. the insoluble residue. With alkali lignin as the substrate the yield of the

ON insoluble residue is above 250/0. even with R> 3.5 gmol HIIgmol C for whieh the

ON produet yield from poplar is eompletely suppressed. Results with Aleell lignin are

diffieult to interpret. For bateb reactor experiments acetone is used to extraet the OA

produet fraction from the total organic phase product fraction OP. However as Aleell

lignin is itself 98% soluble in acetone.. the OP produCl fraction from i\leell lignin was

not fractionated with acetone. Therefore the yjeld of the ON product from Aleell lignin

could not he detennined. The yield of the OP produet fraction from Aleell and alkali

lignins was obtained directly from the weight and elemental analysis of this produ~

instead of by Equation 5.3. The solubility of alkali lignin in acetone is negiigible.. which

underlines again the faet tbat the properties of lignin are generally altered by the

method used to extraet it from biomass. For alkali lignin the yield of the OA product

fraction is the difference between the yield of the OP and ON product fractions. For

cellulose and xylan the yield of the OP produet was obtained as the sum of the yields

of OA and ON fractions.. i.e. by Equation 5.3.

The hybrid poplar used is 43.3% ceUulose~ 32.7% hemicellulose and 24.2%

lignin aceording to Appendix G. When these proportions are applied 10 the yields of

Figure 5.30.. using alkali lignin to represent li~ a theoretical yield for each produet

fraction can be calculated. This calcu1ated yjeld is compared on Figure 5.31 with the
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product fraction yields as determined from experiments with poplar. Although the yields

of the OA and OP fractions from wood predicted in this way are quite close to those

obtained experimentaIly.. the calculated yield of ON product at R of 3.5 gmol HIJgmol

C and higher. essentially ail from the lignin.. is much too high. With as complex a

reactant as wood and with the further complexity of the wood liquefaction reactions..

one should expect there to be interactions which would make invalid the simple

addition of yields from each component of the wood atone. Also.. it is well known to

be impossible to avoid altering lignin when extraeting it from wood. Il is apparent from

the calculation of yield for the insoluble residue ON fraction that. in reaction with

aqueous HI. the behaviour of alkali lignin is substantially different from "in situ't lignin.

In this case the performance with wood is bener than that which would he predicted

based on the performance of its separate components.. in that the actual yield of the

MOst desired product fraction.. OA. is higher and the yield of the least desired product.

ON. is much lower than that calculated from the components of wood.

The elemental formulae of product fractions are given in Table 5.3.

The OP product fraction from cellulose corresponds to about 85 - 90%

retention of the hydrogen. Figure 5.32. and to 80 - 90% removal of oxygen. Figure

5.33. relative to the substrate. The OP product fraction from xylan has the sante level

of deoxygenation but the hydrogen retention is 5 - 10% less than from cellulose. As

compared to the OP produet from xylan.. that from wood liquefaction has about 100/0

lower hydrogen retention and 5 - 10% lower deoxygenation.. with the somewhat lower

performance for wood attributed to ilS lignin content. Il should he noted that although

hybrid poplar is 24% lignin. these performance indicators for POplar are only about 5

- 150/0 less than for pure cellulose. Thus although "in situ't lignin contributes the least

to the desirable performance characteristics for this wood liquefaction process.. these

characteristics are reduced less than proportional to this substantial lignin content.

The fmal 12 concentration for these substrates is given as a fonction of reaction

conditions in Figure 5.34. As notOO on Figures 5.12 and 5.24. the UC ratio of the OP

product for wood is independent of reaction conditions such as stoichiometric ratio and
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Table 5.3 I)roduct Composition for Liquefaction of Various Substrates

Substrate Hybrid Poplar Cellulose Xylan Alkali Lignin Alcell Lignin

R OA Fraction

gmol HI/Gmol C

2 CH I4S 0012910101 CHI 49 0 0 lB 10099 CHI"" 0 0 I2,loUI

2.9 CHI 18 0 0 164 10111 CHI4~ 0 0 ullo "" CHI )s 0 0 uo lom
3.5 CHI 31 0 0164 10.014 CHI"" 0011410110 CH I1s 0 014'1 lo09s

4.4 CHili 0 0 14610.07~ CHI 39 0 0100 10092 CHI 31 0 0090 10 0'#2

5.6 CH u2 0 0140 10.071 CHUt! 0001910087 CHUt! 0009S 10016

8.0 CHI)} 0014310.072 CHilI) 0001210014 CHI 16 0 0011 10013
--~----------------------------------------------------- ------------------------------------------------------------------._-

CHI.oo 0023610014

CHu3002sII00is

CH 1.13 0026l 10.011

CH 1 Il 00.2~910.011

ON Fraction

CH107 0 0 U6 10021

CHI Il 0 0 117 10021

CHI Il 0012410031

CH 1.12 0 0 107 10027

CHus 002061004s

CH114 0009S 10043

CHI Il 00094 100ll

CH 101 0 0.197 10.Ol2

CHI.OIOOI92 10019

CH 101 0 0.1% 10.020

R

amol HI/amol C
2

2.9
3.5
4.4
5.6
8.0 CHI 07 0 0261 10017

----------------------------------------------------~--------------------------------------------~.--------------------------

~

~

R OP Fraction

gmol HI/gmol C
2

2.9
3.5
4.4
5.6
8.0

CHI 04 0011210169

CH Il)9 0 0 177 10 I·U

CH UI 0017210 ilS

CH I.16 0 0 161 10 124

CH 123 0 0 lbS 10 lOS

CH I21 0 0178 lu 124

CHI .... Ou 181 10223

CH I43 0016410212

CHI 49 0 0 142 10 191

CHus 0 0181 lu ISII

CH I31 0 0 III 10 1~6

CHI H 0 0131 10 ln

CH 1.. 1 0 0 lU. 10 I~S

CH, ... 0 0097 10 ISS

CHI Il 0 0 2S9 10088

CHI 20 Ou 267 10 III

Cli. 19 0 0 269 10 Ils

CHI 09 0026110019

CH III 00.24S 10 0S4

CH 1.10 0 0247 10.0~1

CH, 08 0 0296 10.04~

CHI 04 00.231 10040

CH 104 0 0264 10037

CHI 17 °02.... 10.066

CH III 0 0 24S 10061

CH U3 00.238 10.048
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HI concentration and appears to he uniquely a function of the fmal I;! concentration. To

illustrate the conclusion that the iodine content of the OP organic product expressed as

IIC ratio is unrelated to the type of substrate or to the Liquefaction reaction conditions..

Figure 5.35 consolidates the results for liquefaction ofwood.. which appeared earlier on

Figures 5.12 and 5.24.. with the results now for a variety of substrates.. in all cases for

a wide range of liquefaction conditions. The soW'Ce of the degree of experimental

scatter in the data will he discussed when the results for electrochemical liquefaction

are integrated in Chapter 6.

The data of Section 5.6 are detailed in Appendices [ and J.

S.7 Snmmary

( 1) Stoichiometric equations for liquefaction reaction

At the conditions of 57 wt% initial HI concentration. HI to substrate

stoichiometric ratio R = 4.4 gmol HI/gmol C.. and reaction time t = 15 min. the reaction

stoichiometric equation for hybrid poplar liquefaction is

CHI 590 070 + 0.79 III = 0.833 CHI.I60o.,6Io.11 + 0.118 CH 157°0.101004

+ 0.049 CH31 + 0.54 H10 + 0.32 [1

where the carbon-base yields of the OP and.~ product fractions are reSPectively 83.3%

and 11.8°,4. For these conditions there is no yield whatever of the char-like insoluble

residue product from this biomass liquefaction process applied to wood. For cellulose

liquefaction under the same batch reactor conditions the stoichiometric equation is

CHU )70 0.83 + 1.18 III = 0.727 CHI.-'90o.14Io.19 + 0.273 CHu30o.24Io.o3

+ 0.66 HlO + 0.52 12
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where the yields of the OP and AP fractions are respectively 72.7% and 27.3%. The

greater reactivity of HI in solution with cellulose than with wood is indicated by the

higher stoichiometric coefficients for HI. 1.18 compared to 0.79. As m reduces the

substrate with the production of H20 while the 1- is oxidized to 12• pan of this higher

HI reactivity corresponds to the O/C ratio ofcellulose being 19% bigher than for hybrid

poplar.

(2) Evolution of wood liquefaction over short reaction tintes

As HI is consumed and H20 produced by the liquefaction reaction. during batch

reaction the HI concentration drops from its initial value. When.. as in the present worl.

an atmospheric pressure reactor is operated al the bubble point of the aqueous HI

solution for which the maximum boiling azeotrope is 127°C at 56.5 wto/a Ht the

progress of the liquefaction reaction cao he followed by monitoring the reactor

temperature.. a precise indicator of the HI concentration as it decreases during batch

reaction. In this way it was determined that for some operating conditions the

liquefaction reactions between substtate and HI are nearly complete in as linIe as 20s.

(3) Effect of HI concentration and HI/wood stoichiometric ratio

Of the three reaction conditions in batch reactor liquefaction.. initial and fmal HI

concentration in the aqueous phase and HI/wood stoichiometric ratio, two of these

conditions are independent while the third is determined by the other two. A series of

experiments were made to determine which of these parameters exerts the most direct

effects on the various yield and product composition characleristics of wood

liquefaction.

The reaction activity of aqueous HI with wood increases very strongly with HI

concentration. a variable never investigated in the previous studies. For initial HI

concentration lower than 45 wtOA. the reaction aetivity of HI acting as a reducing agent

is very weak. becoming negligible al [HI] of 30 wtOl'o. Even 50, the effeet of H"" as

catalyst hydrolyzes the polymers of wood to the extent of a 40% yield of aqueous ID

phase soluble product for [HI] in the range 14 - 45 wtOlO HI. The evidence

demonstrates that the hydrolysis step of wood liquefaetion is fast and occurs even at
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weak conditions for liquefaction. The dehydration step of wood liquefaction May he

slower and certainly requires stronger reaction conditions.. Le. initial concentrations in

the range 55 - 65 wt% HI.

[n batch liquefaction of hybrid poplar the yield of the undesired acetone­

insoluble residue fraction, ON.. cao he totally eliminated by any combination of III to

wood stoichiometric ratio R.. gmol HIIgmol C, and wtOl'o initial III concentration which

gives a fmal HI concentration of 50 wt% HI or higher. Thus of the three inter-related

parameters, fmal HI concentration alone controls the yield of this unwanted product.

[n the stoichiometric equation for bybrid poplar liquefaction given in item (1)

above~ the stoichiometric coefficients for consumption of HI and production of 12 were

found to increase sensitively and linearly with final HI concentration over the wide

range of 42 - 55 wt% ID regardless of the combinations of values of the two

parameters.. initial HI concentration and HI/wood reaction stoichiometric ratio. which

determine fmal HI concentration.

The hydrogen retention of the OP product appears to he sensitive to both initial

and fmal HI concentration. Hydrogen retention can he maintained at 70% or better for

a variety of batch reaction conditions.. but can he improved to about 85% by increasing

initial HI concentration to 68 wtOl'o fD. The extent of deoxygenation of the OP product

fraction is about 75% and is relatively insensitive to III concentration and to

stoichiometric ratio R except tbat deoxygenation drops off sharply at sorne value of

initial HI concentration not much lower tban 57 wtOl'o or for conditions gjving fmal [HI]

below 45 - 50 wtOl'o HI in batcb liquefaction of wood.

The iodine content of the OP produet fractio~ expressed as the atontic ratio I1C..

is a unique function of the 12 concentration al the end of batch liquefaction and appears

unrelated to reaction conditions or to the type of substrate used.

(4) Liquefaction of individual components of wood

The trend of reaction activity 10 liquefaction in aqueous III solution is in the

order
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Cellulose > Xylan > Hybrid Poplar > Lignin.

Relative to other lignocellulosic substrates~ lignin liquefaction gives a significantly

higher yield of the undesirable acetone-insoluble residue fraction~ ON. Cellulose

contributes more yield of the aqueous phase soluble product fraction~ AP. apparently

lrom the ease of cellulose hydrolysis in HI solution. The extent of deoxygenation and

hydrogen retention for the liquefaction of cellulose and xylan is about 5 - 15% greater

than for hybrid poplar because of the lignin content of the wood. The experimentally

determined performance characteristics for the liquefaction of wood in aqueous HI

solution is better than that which would he predicted from the characteristics of the

components of wood determined separately. Thus lor liquefaction in aqueous HI

solution. the presence of 24% lignin in hybrid poplar lowers the important

characteristics of wood liquefaction by only 5 - 15%.
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CHAPTER 6
BATCHWISE ELECTROCIIEMICAL WOOD UQUEFACTION

6.1 Introduction

Preliminary batch and batchwise-continuous wood electroehemical liquefaction

experiments were carried out with the initial concenttation of aqueous HI to the ECLR

flXed at 55 - 61 wt% ffi. These bateh reactor and then batchwise-eontinuous reactor

runs were ail carried out during the process of developing the design and the operating

capability to achieve the fully continuous ECLR operation reponed in Chapter 7.

Although the experiments reponed in Chapter 6 were in pan a means to an end. much

unique information concerning electrochemical wood liquefaction was determined in

this way.

A run referred to here as "continuous" means a wood liquefaction experiment

with rates of wood f~ rates of generation of 12 from the liquefaction reactions and

rates of electroehemical reduction of 12 back to ID ail partially or approximately

continuous~ but without continuous withdrawal of produet from the reactor and without

conuol of the ID concentration in the aqueous phase to a steady-state value. Thus

although reactor operation was approximately continuous in some respects., with respect

to the HI solution concentration., a variable of considerable imponance as established

in Chapter 5.. tbis was not steady-state operation. The wood feed was either batchwise­

continuous as described subsequently for nIDS -8, "9, "11, "12, "16 - "19ECLR. or fully

continuous with the wood feeder for nms "14, "1S and "20ECLR. The cathode was

changed for run "IIECLR from the original cylinder of platinum m~ found 10 he
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rather fragile, to a larger cathode for which the cylinder was made from a solid sheet

of platinum. Further modifications were implemented subsequently for the more

conttolled ECLR operation reponed in Cbapler 7.

The hybrid poplar wood used<t from FORINTEK Canada Corp., bas elemental

composition CH U90 0.1O, as recorded in Appendix G. The 57 wt% aqueous HI and 38

wt% H:!S04 solutions used as catholyte and anolyte were supplied by ACP Chemical

Inc.

6.2 Batcb electrocllemical wood Uquelaction

6.2.1 ExperimeDtal procedure

Four batch wood electrochemical liquefaction experiments<t "2<t ..S, "'6 and

"'IOECLR. were carried out during the period when the capability of making long

duration continuous runs was under developmenL The principal operating conditions

were: approximately 55 wt% ID solution in the cathode companmen~ 38 wtOlO H2SO"

solution in the anode companmen~ HI to wood stoichiometric ratio R = 4.5 or 10 gmol

HI/gmol C in wood. cell voltage of 4.5 or 6 V and cathode rotational speed 600 ­

2000 rpm. Reaction time ranged from 15 to 140 min. The cylindrica1 cathode was 13

mm diameler x 50 mm long, of 0.15 mm thick platinum mesh with 0.36 mm. square

openings, the mesh being formed of 0.15 mm diameter wire. The anode was a lead

plate, 50 mm square x 4 mm thick. The detailed experimental conditions are displayed

in Table 6.1.

Before starting a batch liquefaction experiment the aqueous HI solution was

brought to reaction temperature, about 125°C<t with cathode rotation al the desired speed.

The required amount of wood fiour (oven dried for 2h al serC) satisfying the desired

HI/wood ratio, R, was introduced quickly into the aqueous HI solution al reaction

temperature in the ECLR. For runs -2, -5 and -6ECLR the ceU voltage was estabüshed
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Table 6.1 Experimental Conditions for Batch ECLR Wood Liquefaction

e

...
QI

E"periment No. '2ECLR '5ECLR '6ECLR "IOECLR

Cathode Cell (HI solution) 250 ml 240 ml 240 ml 210 ml
Anode Cell ("2S0. solution) 1330 ml 1300 ml 1300 ml 1300 ml

Cathode Dimensions, diam. x length, mm 13 x 50 13 x 50 13 x 50 13 x 50
Anode Dimensions, mm 50 " 50 50 x 50 50 x 50 50 x 50
Spacing: Cathode-Membrane-Anode, mm 25/20 25/20 25/20 25/20

Voltasc, V 4.5 4.5 6 6
Cathode Rotation Speed, rpm 2000 1000 1000 600

R, smol HI/gmol C in wood 4.5 4.5 10 10

Reaction Time, min 15 140 30 (+5)120

Cunent, A -5 -4.5 -9 6-9

Cunent density, Ncm2 0.5 0.5 0.9 0.6 -0.9

Cathode CcII Temperature, oC 120 124 121 122
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at the desired level from the moment of introduction of the wood. For the =IOECLR test

the power was supplied al 6 volts starting 5 minutes after wood liquefaction staned.

After the desired reaction rime the reactor contents were emptied into a flask and

the part of the OP product fraction which W as dispersed in the aqueous phase was

separated by filtration. The yield of the OP product fraction was obtained by combining

the weight of the OP product separated from the aqueous phase with the OP product

that remained adhering to the reactor surfaces.. detennined gravimetrically. Prior to

elemental analysis of the OP product from these 4 runs.. this fraction was oven dried at

SO°C for 2h in order to obtain it in the desired H:!O-free.. HI-free state. The methods of

elemental analysis are recorded in Appendix H.2. After each run the cathode was

cleaned in the concentrated HN03 solution to remove all organic product.

The results of analysis of the aqueous HI solution for I:! and HI concentrations..

before. during and after reaction.. as determined by the methods recorded in Appendix

H.I. are sho\\TI in Table 6.2.

6.2.2 Electrochemical 12 reductioD witb batcb IiquefactioD

These batch reactor experiments provide the crucial tirst indication that it is in

fact possible ta reduce [:! electrochemically in the presence of wood liquefaction.. with

the cathode exposed to the viscous wood oil producL and without generation at the

cathode of H:! by the competitive electrochemical reaction. The curreot was about 5 A

al 4.5 V and 9 A at 6 V. respectively 0.5 A/cm1 and 0.9 A/cm:! cathode current density.

With electrochemical batch wood liquefaction the cell current and cathode current

density were decreased by about 20 - 30% compared loi:! eleetrochemical reduetion

in the pure aqueous HI solution for which. with [1:] == 0.05 M.. 6 A cell current and 0.6

A/cm: cathode current density were obtained at 4 V.. and 12 A or 1.2 A/cm:! al 6 V.

For the batch reactor mode operation of the ECLR the I! concentration in

solution passes through a sharp maximum because al short rimes the rate of generation

of 1: exceeds the rate of electrochemical reduction of 11 whereas later on the opposite
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Tahle 6.2 Anlllysis of Aqueous JIl Solution for Batch ECLR Wood Liquefaction

Experiment No. -2ECLR -5EClR M6ECLR MIOECLR

R = 4.5 gmol IU/gmol C R = 10 gmol Ili/gmol C

ConcelltratÎon
lime Cell

Voltage (12) [HI) (HI) (121 [lU) (HI) (1 2) (HI) (HI) (12) (HI) (HI)
(min) (M) (M) (wt%) (M) (M) (wt%) (M) (M) (wt%) (M) (M) (wt%)

0 without 0.003 1.02 54.5
5 without 0.14 6.54 52.2

0 with 0.004 7.27 55.6 0.007 7.17 55.2 0.007 7.17 55.2 0.14 6.54 52.2
15 with 0.31 6.23 50.6
30 with 0.32 6.23 50.6 0.018 6.66 52.8
60 with 0.19 6.35 51.2 0.008 6.53 52.1
90 with 0.003 6.49 5J.9
120 with 0.11 6.37 51.3 0.002 6.49 51.9
140 with 0.086 6.35 51.2
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is the case. As discussed in Section 5.3, with initial 57 wtOA. lU solution the wood

reaction with ID could he complete in as little as 20s., which would correspond to

generating about 40 g 12 over the tirst 205. By con~ at 8 V and 12 concentration

around 0.02 - 0.45 M with the mesh cathode. the 12 reduction rate as recorded in

Section 4.3 is at around 1.2 - 1.6 g/min.

For run "IOECLR at a high HI:wood ratio, R = 10 gmol HIlgmol C in wood. the

[IJ was 0.14 M after 5 min batch reaction without electrochemical current which. as

discussed in Section 5.3 .. would correspond to completion of the reaction with lU and

hence the generation of 12, By the end of Ih. 12 concentration was reduced from 0.14

M to 0.008 M. a very low level. Le. 94% of the 12 convened back to Hl. At the end of

2h when the experiment was stopped the I! concentration was ooly 0.002 M. essentially

12-free. Thus even the early operation of the ECLR in batch reactor mode provided

evidence that one basic objective of the present study was achieved.. i.e. tbat

electrochemical reduction of 12 back to 1- can be obtained in the presence of wood

liquefaction and of the viscous crude wood oil product around the cathode.

The competitive cathodic reaction of H! generation occurred only when the 12

concentration became low.. around 0.1 M. with this mesh cathode. This condition

existed after about 60 min for run ·5ECLR. and after about 15 min electrochemical

reduction time for the lower Hl/wood stoichiometric ratio of runs "6 and "IOECLR.

The Hl concentration decreases initially because the rate of consumption of lU

by the wood-HI reaction is greater than the rate of electrochemical reduction of 12 to

lfl. as weil as because the Hl solution is diluted by H20 produced from wood-HI

reaction. Equation 5.10.

6.2.3 Composition .ad yield of erude product

With initial aqueous solution about 55 wtOA. ID but without make-up Hl to

maintain the ID concentration constant., the composition ofthe crude produet from bateh

electrochemical wood liquefaction typically bas 6S - 82% hydrogen retention and 70
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- 78% oxygen removal relative to the w~ Table 6.3. As the composition of the

crude product would he determined by the ID-wood reactions whic~ according to

Section 5.3. may he nearly completed as little as 20s.. it is as expected that the levels

of hydrogen retention and deoxygenation of the product with batch liquefaction are

essentially independent of whether or not the 12 produced is subsequently reduced

electrochemically.

The iodine content of the crude producl.. represented as the I:C atomic ratio..

decreases with decreasing 12 concentration in the aqueous phase. as demonsttated in

Table 6.3. Thus this early data indieates that the I:C ratio in the OP product from run

".OECLR is 0.04 at an 12 concentration of 0.002 M. These values are significantly less

than the typical level of 0.12 - 0.16 I/C ratio in the OP product from

noneIecttochemical batch Iiquefaction with initial 57 wtO.Ic» ID solution and fmal [IJ of

0.6 - 1.4 M at realistic values of ID to wood stoichiometric ratio and initial ID

concentration. Although this iodine content of the crude produet is still much higher

than the ultimate objective.. the fact that it is lower with electrochemical than

noneleetrochemical wood liquefaction is encouraging.

The carbon-base yield of the OP produet fraction. determined ooly for IWO runs..

was 81.40/0 for run #2ECLR and 39.0% for run #IOECLR. These yields were somewhat

higher than for noneleetrochemical bateh wood liquefaetion al the same conditions of

HI/wood stoichiometric ratio and initial In concentration from Figme 5.18. Except for

run -2ECLR the OP produet was not extraeted with acetone as was usually done for the

nonelecttochemical bateh liquefaction experiments reponed in Chapter 5. When the OP

product fraction from run ~ECLRwas subjected to acetone extraction to determine the

yield of the acetone-insoluble fraction.. ON.. it was found tbat for these conditions..

giving final [HI] = 50.6 wtOlD.. the yield of this undesired produet fraction was totally

suppressed. This finding is consistent with the results of Chapter 5 which showed that

the ON produet fraction is elirnjnated when the final III concentration is above about

48 - 49 wtOlD•
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Table 6.3 Elemental Analysis of (1) Product Fraction f{)r lJatch ECLR Wood Liquefaction

e

...
~

Elemenlal Analysis
Experiment (BI Inn.. (121nnal

Elemental contenl, wl% Alomic ralio
Uydrogen Oxygen

No. relenlion removal
(wt%) (M) C 1-1 0 1 1'olal IIIC O/C IIC % %

1f2ECLR 50.6 0.31 49.76 5.41 Il.78 35.16 102.11 1.3 1 0.199 0.075 82.4 71.4

1f5ECLR 51.2 0.086 54.27 5.05 12.75 31.03 103.10 1.12 0.176 0.055 70.4 74.9

1f6ECLR 52.8 O.OIB 59.40 5.08 13.16 24.26 101.90 1.03 0.166 0.039 64.8 76.3

"IOECLR 51.9 0.002 54.13 5.61 Il.48 25.86 97.08 1.24 0.159 0.045 78.3 77.3
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6.3 Batcbwise-cODtinuous e1ectroebemical wood 6quefactiOll

6.3.1 Experimental procedure

This type of operation involved runs generally of Sb with batcbwise-continuous

wood feed and corresponding generation of 12 and electrochemical reduction of 12 back

to HI.. but no flow of the product or aqueous HI solution from the reactor and no make­

up HI to maintain ID concentration at a steady-state value in the liquefaction reactor.

Witbout the control provided subsequendy (Chapter 7) the HI concentration decreased

during tbese runs by from 5 to 13 wtOlO Ifl. Although this type of oPeration does not

include all aspects of a steady-state flow reactor. it represents some key characteristics

of a continuous ECLR system.

For ail Il runs of this series the anode companment was charged with 1300 ml

of 38 wt% H2SO" solution for the production of O2 at the anode. The anode was lead

plate of same dimensions as for the batcb electrochemical reactor experiments. For runs

lI8 and lI9ECLR the cathode was the original platinum mesh cylinder. 13 mm diameter

x 50 mm long x 0.15 mm wall thickness mesh made from 0.15 mm diameter wire with

0.36 mm square openings in the mesh. The membrane-tcrcathode closest point distance

was 25 mm.. as for the batch experiments. A basic difference for runs -Il - -20ECLR

was the change to the platinum sheet cathode.. 25 mm diameter x 50 mm long x 1 mm

wall thickness.. with the membrane-tc.cathode closest point distance 20 mm but the

membrane-tc.anode distance lD1changed at 20 mm. The initial volume of aqueous ID

solution was 350 ml for runs lIg and ·9ECLR., 195 - 220 ml tbereafter.

The batchwise-continuous wood feed was by addition of a small batch.. every 5

minutes. at the rate 0.05 - 0.15 glmin (oven dried wood for 2h al 800C) directly ioto

the lop of the cathode cell compamnent.. except for runs -14.. 1# 15 and ~OECLR for

which wood was fed automatically by the continuous feeder. However without the

addition of HI make-up to control III concentration in the ECLR the latter cases still

lacked tbat essential feature of steady-state tlow reactor operation. The cathode

rotational speed was varied during the first four runs of tbis series. tben in rlD1S -14 -
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1I20ECLR was maintained constant at 1200 rp~ a speed detennined to he adequate to

minimize mass transfer resistance. The electrochemical circuit was operated at 6 volts.

except for run "16ECLR at 7 volts. The temperature of the cathode cell was maintained

at about 120°C. just slightly lower than the bubble point in order to minimize vapour

loss from the wood feeder connection when it was opened for batehwise wood feeding

and to avoid sticking of the wood flour to the wall by wet vapour when wood Oour was

fed from the top. The temperature of the anode ceU was about 7frC. The complete

operating conditions are displayed in Table 6.4.

Small samples of aqueous solution. about 3 - 5 ml. were withdrawn from the

cathode cell every 30 min for determination of12 and ID concentrations by the methods

recorded in Appendix H.I. With no HI make·up.. the HI concentration decreases

continuously. Appendix K, by an amount depending on the wood feed rate. the area of

the cathode and the initial HI concentration of the aqueous solution. Although HI was

regenerated from [2 by electrochemical reduction,. sorne iodine becomes tied up with the

product and some in the aqueous HI inventory in the ECLR, the volume of which

increases by water of reaction from wood liquefaction. Equation 5.10. and by water

transpon from the anode to the cathode compartment as discussed in Section 4.4.5.

With runs Sh long starting from about 5S wtOA. In solution. the HI concentration

decreased to 50 - 52 wt% with the mesh cathode.. to 44 - 48 wt'IA. with the subsequent

larger cathode. Runs "19 and -20ECLR were started with the initial aqueous HI

concentration enhanced to 60 - 61 wtOA. by adding 12 to the standard strength HI in the

ECLR solution and electrochemically reducing this 12 to HI directly in the ECLR prior

starting wood feed. T0 limit the drop in HI concentration. these particular runs were

planned for 3h instead of the customary Sb and the In concentration dropped over a 3h

run from about 60 - 61 wtOA. to about 51 - 52 wtOl'o. The average In concentration

recorded in Table 6.5 is the average value of }fi concentration during the run from

Appendix K. These En concentration drops are ooly a cbaracteristic of the incomplete

laboratory version of continuous ECLR operation and are not relevant to a fully

continuous~ steady-state operation with a totally controlled ECLR system. Run "18ECLR
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'l'able 6.4 Experimental Conditions for Batchwise-Continuous ECLR Wood Liquefaction

e

~

~

ELECTRODES Anode Cathode
Compartment·•• Compartment·••

Run No. Voltage Cathode Run Anode Cathode Spacing Initial Average Initial Average
Time Volume Temp. Volume Temp.

(V) (rpm) (min) Dimensions Dimensions Area· •• (ml) (PC) (ml) rC)
(mm) (mm) (cml

) (mm)

"8ECLR 6 560 300 50x50 13diam.xSO 10.4 2S/20 1300 -70 3S0 122

"9ECLR 6 610 300 SOxSO t3diam.xSO 10.4 25/20 1300 -70 350 123

"II ECLR 6 1500 280 SOxSO 2Sdiam.xSO 14.1 20/20 1300 -70 220 Ils

'12ECLR 6 1000 300 SOxSO 2Sdiam.xSO 14.1 20/20 1300 -70 195 115

"I4ECLR 6 1200 345 50x50 25diam.xSO 14.7 20/20 1300 -70 215 115

"I5ECLR 6 1200 300 50x50 25diam.x50 14.7 20/20 1300 -70 220 115

"I6ECLR 1 1200 300 50x50 2Sdiam.xSO 14.7 20/20 1300 -10 220 liS

/l17ECLR 6 1200 300 SOx50 25diam.x50 14.7 20/20 1300 -70 220 120

"I8ECLR 6 1200 180 SOx50 25diam.xSO 14.7 20/20 1300 -70 220 120

"I9ECLR 6 1200 180 50x50 2Sdiam.xSO 14.7 20/20 1300 -70 220 123

"20ECLR 6 1200 180 50x50 2Sdiam.xSO 14.7 20/20 1300 -10 220 120

• Effective area: 1/4 x 3/4 x (total surface area)
Total surface area of 13 mm diam. x 50 mm cathode: 55.9 cm;!
Total surface area of 25 mm diam. x 50 mm cathode: 78.5 cm;!

•• Electrode spacing : 25/20 indicates 25 mm cathode to membrane, 20 mm anode to membrane for 13 mm diam. x 50 mm cathode
20/20 indicates 20 mm cathode to membrane, 20 mm anode to membrane for 2S mm diam. x 50 mm cathode

••• Anode compartment solution : 38 wt% "2S04 solution
Cathode compartment solulion : see Table 6.5
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Table 6.5 Experimental Results for Batchwise-Continuous Ect.R Wood Liquefaction

e

..
~

ClJRRENT WOOD FEEU UI SOLUTION

Average Average
Average Cathode feed Tolal Initial Final average

Run No. currenl Current Rate Weighl
Density 1121 (I-IIJ IIU1 Volume 112J (111J (UI) Volume (UI]

(A) (A/cm2) (g/min) (g) (M) (M) (wt%) (ml) (M) (M) (wt%) (ml) (wt%)

N8EClR 7.5 0.72 0.050 14.972 0.006 7.24 55.5 350 0.047 6.11 50.0 372 52.5

N9EClR 7.8 0.75 0.047 14.149 0.002 7.09 54.8 350 0.033 7.41 52.0 366 52.8

"II EClR 12 0.82 0.096 26.933 0.007 7.40 56.2 220 0.063 5.91 49.0 235 53.4

"12ECL,R 11.6 0.80 0.091 27.316 0.009 7.47 56.4 195 0.045 5.14 44.6 237 50.0

"14ECLR 11.5 0.78 0.095 28.5 0.004 6.42 51.6 215 0.048 5.11 44.5 250 47.6

"15EClR 11.5 0.78 0.100 30.0 0.003 7.28 55.7 220 0.074 5.01 43.9 291 50.0

MI6ECL,R 15 1.02 0.101 JO.071 0.005 7.56 56.9 220 0.063 5.20 44.0 289 50.1

1l17ECL,R 8.8 0.60 0.050 15.008 0.0004 7.49 56.6 220 0.026 5.81 48.4 263 51.9

NI8ECL,R 9.4 0.64 0.150 26.99 0.0016 7.37 56.1 220 0.092 5.87 48.7 236 52.1

"19EClR 10.4 0.11 0.100 18.041 0.001 8.22 59.7 220 0.098 6.39 51.4 260 55.2

1l20EClR 12.5 0.85 0.086 15.607 0.0064 8.58 61.1 220 0.048 6.61 52.5 191 56.4
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was for 3h using initial ID solution containing 0.14 M KI to investigate product

solubility effects.

At the end of a run the reactor contents were emptied into a fiask and the pan

of the OP product fraction which was dispersed in the aqueous phase was separated by

filtration. The yield of the OP product fraction was obtained by combining the weight

of the OP separated from the aqueous phase as noted above" with the OP product that

remained adhering to the reactor surfaces" determined gravimetrically. For none ofthese

batchwise-eontinuous runs was the OP product fraction subjected to acetone extraction

as was usually done for the nonelectrochemical batch liquefaction in Chapter 5. The

yield of the aqueous phase soluble product AP was obtained by difference because this

fraction was difficult to determine directly" as noted in Chapter S. The methods of

elemental analysis of the product fractions are recorded in Appendix H.2. The cathode

was cleaned as described for the batch experiments.

6.3.2 Electrochemical Il redactioD witb batchwise-cODtiDuous tiqueractiOD

The major issues conceming the possibility of carrying out electrochemical

reduction of I! simultaneous with wood liquefaetion in the same reactor have been

identified as: (1) the extent of decrease in the electrochemical reduction rate because

of the presence of the viscous crude ail product., (2) the effect of simultaneous

liquefaction on the small range over wbic~ in the absence of liquefactiolL I! reduction

may he obtained to the exclusion of the competitive electrochemical reaction of

hydrogen generatio~ and (3) the level of 12 concentration that cao he maintained in the

presence of liquefaction. These issues are now examined through the results of the

batchwise continuous runs ·8 - "20ECL~ summarized in Table 6.S and Appendix K.

Considering first the eiTect ofwood liquefaetion on the electrochemical reduction

rate" the electrochemical ceU current., stable over that extended time" was in the range

7.5 - 7.8 A or a cathode current density i of 0.72 - 0.75 A/cm2 (runs ·8 and "9ECLR)
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with the smaller cathode of platinunt m~ while for about the same oPeratîng

conditions these values were 11.5 - 12 A or i of 0.78 - 0.82 A/cm! (runs iii 1.. 412.. "14

and "15ECLR) with the larger cathode constructed from continuous sheet Metal. These

runs establish for the flrSt time that stable operation is obtainable over a significant

period while feeding wood to the ECLR system.

The uncertainty in estimating the effective area of the cylindrical cathode..

described in Section 4.1.. and the further uncertainty between effective area for a

cathode constructed from mesh ("8 and "9ECLR) or from continuous sheet Metal

("II ECLR and all subsequent runs) makes it impossible to make precise comparisons

between the cuneot densities obtained for the two cathodes tested. With these

reservations. however. it is not surprising to fmd current densities with liquefaction

about 10% lower for the mesh cathode because the approximately 0.36 mm square

openings in this mesh could more easily he blocked by the viscous crude wood oil than

the smooth surface of the continuous sheet Metal cathode. Panial blockage of the

cathode surface would reduce the curreot.. giving an apparent lower current density. The

lower cathode rotation speed for the "8 and "9ECLR runs with the mesh cathode (510

-610 rpm) than with the subsequent cathode could also he a factor lowering the curreot

density. With the continuous sheet cathode, runs Iil1, "12 and "14ECLR at the same

operating conditions except for variable cathode rotation speed established that

eleetrochemical current was not very sensitive 10 cathode speed over the range 1000 ­

1500 rpm for the sheet Metal cathode. Thus from '14ECLR the cathode rotation speed

was flXed 1200 rpm.

With the continuous platinum sheet cathode al the same cell voltage and with

similar 1, concentration, the electrochemical current and cathode current density are

significantly lower in the presence of wood liquefaction than with the same apparatus

used for 11 reduction in pure aqueous HI without wood liquefaction. For I!

electrochemical reduction in pure aqueous HI solution with the mesh cathode at 6 V

and [IJ ~ 0.05 M. the current is about 12.5 A.. corresponding 10 1.2 A/cm! cathode

current density9 Figure 4.1 .. wbile for the larger sheel cathode the corresponding values
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at 6 V and (IJ == 0.05 Mare 15 A and 1 Alcm2 for the continuous sheet cathode. Figure

4.5. These measurements from Chapter 4 and those obtained here with liquefaction

indicate that for the same cell voltage and III concentration and for comparable [2

concentrations. the decrease in cell current and cathode current density with wood

liquefaction relative to that without liquefaction was by about 25% with the electrode

fabricated of continuous shee!. by about 40% with the mesh electrode which facilitates

blockage of surface area by the viscous produet as already noted. Thus in the fust

attempt to obtain [2 reduction simultaneously with wood liquefaction. the better of the

two designs of cathode shows only a 25% decrease in current density because of the

presence of the viscous etude wood oil produet.

The second major issue examined is the problem of obtaining 12 reduction to the

exclusion of the competitive cathode reaction of H2 generation. The generation of H!

was observed for runs "8 and "9ECLR with the mesh cathode at 6 V and with [I:J in the

range 0.02 - 0.04 M. With the switch from the mesh to the continuous sbeet cathode•

at the same cell voltage and similar other conditions the cathode current density

increased by about 10%. as noted cartier. and H2 generation disappeared for runs :1 Il.

-12 and -14ECLR. The only exception was tbat when run "14ECLR was continued after

Sb for another 3/4h but with no wood fee<L the [IJ dropped and H2 generation recurred.

No conditions for runs "15 - ~OECLR. all with the continuous surface cathode. gave

H! generation at the cathode. The sharply curved surfaces of the mesh cathode may

produce local current density conditions more conducive to Hz production. Run

If17ECLR was operated at a wood feed rate only 1/3 - 1/2 that of ail other runs with

the sheet cathode. yet even then H2 was not generated. This finding funher indicates

that the small scale geometry of the cathode surface cao play an imponant role in

controlling H2 evolution. As discussed in Section 3.2 and Appendix C.6. the voltage

range of 0.66 V over which it should he possible ta obtain 12 reduction but without H2

generation is the same for bath the mesh and sheet cathodes. A1though the few

experiments made with the mesh cathode did not succeed in identifying conditions for

good corrent density but without H2 generation. with the cathode surface of continuous
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sheet Metal all the conditions tested with any wood feed rate gave Il reduction to the

exclusion of Hl generation.

The third major question to he explored with these batchwise-continuous runs

concems the level of [I:J that can be maintained in a continuous wood liquefaction

reactor with simultaneous electrochemical reduction of 12 to lfl. The 12 generation rate

is controlled by the wood feed rate9 while the [2 reduetion rate is affected by 12

concentration. cathode geometry. cell voltage and cathode rotation speed as discussed

in Chapter 4. The batchwise-continuous runs were started with ID solution that was

nearly [1-free9 Le. [IJ about 0.001 - 0.006 M. The evolution during these runs of Il

concentration in the ECLR aqueous fi solution that is illustrated in Figure 6.1 should

he viewed in the context of nonelectrochemical liquefaction. With the later. Figure 5.13

shows that for a reaiistic range of reaction conditions9 Le. stoichiometric ratio R of 2

- 3.s gmol/gmol and initial [HI] of 56 - 64 wtOI09 the Il concentration al the end of

batch reactor liquefaction reaches 0.6 M - 1.4 M. For ail of the Figure 6.1 data except

for runs -18 and -19ECL~ 12 concentration after 5h operation is in the range 0.025 ­

0.05 M and is either slowly increasing or decreasing9 indicating that the ECLR runs

oPel'ated with conditions of approximate balance between 12 generated from wood

liquefaction and [2 reduced electrocbemically to 1-. For the special cases of "18 and

·19ECL~ it is believed that the higher [2 concentration derived ftom the corrosion thal

was subsequently detected on the connection between the platinum cathode shaft and

the stainless steel support shaft because the curren~ 9.4 - 10.5 ~ was lower than the

normal value of 11.5 - 12 A obtained for runs '11. 1112, "14 and "ISECLR al the same

voltage of 6 V. A new stainless steel shaft was instaIled for run "20ECL~ and the 12

concentrations were substantially lower tban in ·19ECLR. Considering all the runs of

the ·8 - ·20ECLR series9 exclusive of runs "18 and "19ECLR for the above reason.

Figure 6.1 illustrates the effectiveness of elec:trochemical reduction of 12 during wood

liquefaction in maintaining [IJ al about 5% of the value reached in nonelectrochemical

batch reaetor liquefaction.
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6.3.3 lodiDe cODtent of cnde prodact

The above experiments, batch or batehwise-continuous, establish that this ECLR

design is quite effective al reducing 12 in solution back to HI, even in the presence of

the wood feed and of the liquefaction reaction and organic reaction products. Table 6.6

lists as (I/C)op the iodine content of the OP product fraction from electrochemical wood

liquefaction runs '2 - '20ECLR together with those for sorne reference

nonelectrochemical wood liquefaction batch reactor experiments.

Nonnally the OP fraction analyzed was a sample of ail the OP product produced

during an ECLR run. For run '15ECLR however, samples of the OP product were

withdrawn for analysis each hour during the~ while at the end of the run samples

of OP product were taken from several locations in the cathode compartmenl. The

resulting I:C ratios show a tendency to increase with tinte during the run.. as did 12

concentration also. From Table 6.6 it is seen thal the I/C ratio of the OP fraction at the

end of '1 5ECLR varied randomly with position in the reactor. Most significantly, even

the OP product that adhered directly to the surface of the cathode where the reduction

of 12 to In occurs had an Ile content no different from that for product adhering to the

reactor wall, far from the cathode. This finding confirmed that the viscous OP product.

which has 12 associated physically with il as is established in section 6.3.4, does not

participate in the electrochemical reduction of 12 reaction occurring at the cathode

surface.

The objective for run "14ECLR was to continue the electrochemical operation

for O.75h after the end of the Sb of wood feeding, thereby decreasing the level of [12]

in the reactor aqueous phase al the end of 5.7S~ to determine whether this lowered the

I1C ratio of the crude organic produet fraction OP. During this 0.7Sb with no wood feed

the [IJ decreased from 0.048 M to O.033M but H2 bubble generation al the cathode was

observed. H2 production occurs when there is insufticient 12 al the cathode surface 10

satisfy the electroehemical current with 12 reduetion 10 HI. Elemental analysis

established that the IIC ratio of the crude OP produet taken ftom the reactor at the end

of run -14ECLR was not lower than normal.
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Table 6.6 Iodine Content of Crude Product

Run No Conditions [Izlfiaal [HI)iJsdlal [HI)linaI (I/C)op Comments
(M) (wt8Ict) (wt8Ict)

R. gmol/grool
~ECLR 4.5 0.31 S5.6 50.6 0.07S Batth ECLR
'SECLR 4.5 0.086 S5.2 51.2 0.05S without make-up HI
'6ECLR 10 0.018 S5.2 52.8 0.039 10.4 cm~ cathode

'IOECLR 10 0.002 S4.5 51.9 0.045
FMOI)OCf' gtmin Batchwise-Continuous ECLR

'SECLR O.OSO 0.047 55.5 50.0 0.063 without make-up HI
'9ECLR 0.047 0.033 S4.8 52.0 0.OS8 10.4 cm~ cathode

'lSECLR Ù 5S.7
1 0.025 S3.2 0.069 Batchwise-Continuous ECLR
3 0.027 48.4 0.060 without make-up HI
4 0.067 46.8 0.078 14.7 cm: cathode
5 0.074 43.9 0.092 Fwœd = 0.10 glmin

Produet from
Cathode 0.061

ECLR wall 0.063
ECLR bottom 0.090

Composite 0.10
'14ECLR 5 0.048 51.6 44.5 0.061 •• ""1::::'-; 0.095 giin-iD--· -

S.7S 0.033 44.3 0.070 Fwœd = 0 after 5h
'17ECLR Ù 56.6

1 0.0015 54.0 0.052 Batthwise-Continuous ECLR
2 0.0063 S" " 0.046 without make·up HI--'
3 0.011 SO.9 0.048 14.7 cm: cathode
4 0.018 49.3 0.046 F"-CI = 0.050 glmin
5 0.026 48.4 0.045

f-c.. gtmin
'12ECLR 0.091 0.045 S6.4 44.6 0.063 Batchwi~Continuous ECLR
'14ECLR 0.095 0.048 51.6 44.5 0.061 without make-up HI
'ISECLR 0.100 0.074 55.7 43.9 0.087 14.7 cm~ cathode
'16ECLR 0.101 0.063 56.9 44.0 0.074 [HI]ialllÙ = S6 - 57 wtOJO
'I7ECLR O.OSO 0.026 56.6 48.4 0.045 t =Sb
'18ECLR 0.150 0.092 56.1 48.7 0.083 -_n-Kiadded; ; =-3Îï--

FMOI)OCf' glmin Batthwise-Continuous ECLR
'19ECLR 0.100 0.098 59.7 51.4 0.10 without make-up HI
"20ECLR 0.086 0.048 61.1 52.5 0.11 14.7 cm: eathode

t=3h. (HI]imtJaI = 60 -61 wtO/o
R. gmol/grool

78 4.4 0.60 51.4 51.1 0.12 Nonelectrocbemic:al
79 3.5 0.68 57.6 49.6 0.14 batth wood liquefadion
80 2.9 0.77 51.4 48.6 0.14 [HI)imtJaI = 57 wtOJO
81 2.0 0.91 58.0 45.1 0.11
72 3.5 0.88 61.9 56.4 0.14 [HI]imtJaI = 61 wt%
77 2.0 1.19 61.0 58.6 0.17
73 1.0 1.35 61.3 52.9 0.13
7S 2.0 1.78 68.6 49.5 0.21 [HI]iaiIW = 68 wt%
76 1.5 1.97 68.5 4S.s 0.21
74 1.0 1.98 68.3 44.0 0.20
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For run lil7ECLR the wood feed rate was 112 the normal feed rate. which led

to [2 concentration in the aqueous solution about 112 the normal level. Figure 6.1. For

this run samples of the OP product. withdrawn each hour. showed that the iodine

content was moderately lower. Thus the [:C ratio in the product varies with ECLR

conditions. but is not as sensitive as was hoped.

Run .. 18ECLR was a speculative run with the initial aqueous HI solution

containing also KI at a concentration of 0.14 M. Moreover. the wood feed rate was 50%

higher than for runs 0 Il - li16ECLR. ln III solution. K.I may act as a hydrotropic

solvent to increase the solubiüty of low solubility material such as the liquefaction

product and thereby might change the IIC ratio of the crude wood oil product. With the

much higher wood feed rate. the 12 concentration at 3h was also much higher than all

previous runs and the I/C ratio for the OP product was also high. Thus the use of the

hydrotropic salt effect did not lead to a lower IIC ratio in the OP product.

From the perspective of all of the results of Chapter 5 for Ile ratio of organic

products from nonelectrochemical batch reactor experiments and from the batch and

batchwise-continuous ECLR runs of Chapter 6. it appears that the [/C ratio of the crude

liquefaction product shows no significant dependence on reaction tinte or length of

continuous run. reaction temperature. HI concentration. stoichiomettic ratio R or type

of lignocellulosic substrate. whether the liquefaction is nonelectrochemical or

electrochemicaJ. bateh or continuous ECLR operation. To illustrate this conclusion

Figure 6.2 shows all the Ile ratio results of OP produet fraction tor nonelectrochemical

batch liquefaction with wood. Figures 5.12 and 5.24. resu1ts with wood. cellulose. the

hemicellulose xylan and lignin as substrates. Figure 5.34. along with the Chapter 6

results for operation as a bateh ECLR and as a batehwise-continuous ECLR. This

collection of data provides a perspective witb 12 concentration varying by about a factor

of 1000. From Figure 6.2 it may be concluded that over this very wide range of 12

concentration in the aqueous HI solution. i.e. for [IJ from about 0.0015 to 2 M. the

iodine content of crude organic prodw:t from biomass liquefaction is controlled by the

[2 concentration in the aqueous phase regardless of major changes in ail other
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liquefaction reaction conditions. Because the method of analysis for iodine content of

the crude product is quite precise't the substantial variability in UC ratio on Figure 6.2

does not derive from the analysis. As a relationship between [I~ and the I1C ratio in the

product is apparent. and as the viscous produet adheres to swfaces in the reactor in

aggregations of greatly variable size~ the scatter observed in Figure 6.2 probably derives

from the quite variable degree of contact between of the viscous product and the

aqueous phase.

As it is not possible at least in the present design of ECLR to maintain the [12]

below about 0.03 M without 10ss of electrochemical efficiency from the onset at the

cathode of H:! generation. the competitive reaction to 12 reductiollt that level of [12] =

0.03 M apPears to determine the lower limit of organic produet I1C ratio for

electrochemical liquefaction. As the Preferred range of conditions for

nonelectrochemical batch liquefaction ([HI] of 57 - 64 wtOlD. stoichiometric ratio R of

2 - 3 grool HIIgmol C) produces levels of [I~ in the range 0.7 - 1.4 M't Figure 6.2

shows that this range of [12] would about IIC = 0.15 in the crude product. For

eleetrochemical liquefaction it is possible to maintain [IJ at about 0.03 M.. for which

Figure 6.2 shows that the crude product iodine content could he maintained at about Ile

=0.06. Thus although eleetroehemicalliquefaetion reduced the I1C content less than had

been hoPed.. the reduction is none the less significant - by about 60% from the level IIC

content in the crude wood oil produet for liquefaetion without simultaneous reduction

of 12 back to fll.

6.3.4 12 physicaUy associatecl OD crade predact

The work ofSn~ 1954" and Cotton and Wùkin.son. 1988. shows that 12 makes

charge-transfer complexes with organic Molecule structures such as a benzene ring't the

oxygen atom of a carbonyl group or the iodine atom of an iodide. Some or ail of these

types of associations mayc~ depending on conditions. These bonds are of widely

variably strength but in general are stronger than lypical physical adsorption but weaker
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than chemical bonds. To investigate tbis behaviour for the organic product from wood

liquefaction~ a Soxhlet extraction with CS,! was performed on the OP product fraction

from run IJI4ECLR. these results being detailed in Appendix L. The colourless CS!

solvent became light yeUow immediately., becoming gradually brown at longer

extraction time. These colour phase phenomena are weil known for the removal of

charge-transfer complex 12 ioto the 5Olvent.

The results shown in Figure 6.3 indicate that the fIr5t 113 of the iodine content

of the product was removed in about 8h extraction, then about 2.5 days to remove next

113 of the iodine.. with further [2 extraction occurring more slowly. The 6.4 wt% iodine

remaining after Il days extraction MaY be taken as the iodine content which is

chemically bonded as organic iodide. The results of 50lvent extraction of the crude OP

product therefore showed about 85% of the iodine to be physically associated with the

product rather than as organic iodide. Thus the crude product in fact bas a very much

lower organic iodide content than had previously been supposed.

When the results of Figure 6.3 are re-expressed as only the [2 content of the OP

product.. i.e. exclusive of the 6.4 wtOl'o iodine believed to he as organic iodide.. the

extraction process is as shown by Figure 6.4. The 12 content expressed as the fl::C ratio

is seen to drop in various stages, at successively decreasing rates. Of the various types

of charge-transfer complex bonded 12 molecules., the MOst weakly bonded is known to

he I! on benzene rings of aromatic components, 50 this 12 would he removed first. Next,

the 12 attaehed to carbonyl oxygen aloOlS would be removed as that bond is stronger

tban with benzene rings. As the 12 associated with iodine atoms is the strongest charge­

ttansfer complex bond., the 12 complexed with the organic iodide in the crude organic

produet would he the last to he removed by 50lvent extraction. Thus the rate of

extraction of I! is seen on Figure 6.4 to he higbest at first when it MaY he assumed that

the 12 is being removed from benzene rings., is slower when 12 is being removed from

carbonyl oxygens, and is slowest for removal of 12 from the iodide atom of the organic

iodine content of the OP product.

The OP prodw:ts from runs ' 1S., '17 and "18ECLR and the AP produet from run
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"12ECLR was treated with 0.3 M sodium thiosulphate solutio~ Na2S203~ to chemically

reduce the [~ that is physically associated on the crude produet. From Table 6.7 it is

seen that these product fractions after 12 removal showed consistently that ooly 5 - 7%

of the iodine content in the product is chemicalIy bonded. Le. that the atomic ratio IRJ/C

is only 0.007 - 0.01 for the organic iodine contenL The remajojng iodine detected by

elemental analysis is therefore 12 associated physically with the crude product. The

interpretation of these tests with solvent extraction and sodium thiosulphate treabnent

shows that the physical association between 12 and the product is sufficiently strong

that. as seen on Figure 6.2.. it does not respond to reducing the 12 concentration in the

ECLR to very low levels in the aqueous solution.

6.3.5 Produet compositioD and yield

The elemental composition of the OP product from batchwise-continuous

electrochemical wood liquefaction with initial 55 - 57 wtOlO aqueous ID solution but

without make-up In typically gave values of HIC of 1.13 - 1.25 and O/C of 0.12 ­

0.22 as shown in Table 6.1. Correspondingly.. Table 6.8 shows that relative to the

hybrid poplar feed the hydrogen retention and oxygen removal of the OP produet

fraction was.. respectively.. 71 - 78% and 69 - 82%.

With enhancing the initial In concentration to 60 - 61 wrolO~ therefore baving

51 - 52 wrt/o ID at the end of runs "19 and ·20ECL~ as high as about 80 - 850/0

hydrogen retention is obtained and oxygen removal also reaches a higher level of about

81 - 830/0 for the OP produet relative to the hybrid poplar feed. This observation of

higher hydrogen retention and oxygen removal at higher levels of ID concentration

suggests examining these characteristics as a function of ID concentration along with

the corresponding results for nonelectrochemica1 üquefaction reproduœd from Figures

5.22 and 5.23. This procedure leads to Figures 6.5 and 6.6~ where the value of ID

concentration for electrocbemical wood üquefaction is the average of ID concentration

during the run as recorded in Table 6.5. For comparison of hydrogen retention for
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Table 6.7 Elemental Analysis of Crude I)roducts for Batchwisc-Continuous ECLR Wood Liquefaction

e

...
~

As ohtaincd from rcaclor ARer treutment with sodium thiosulphate
Run Initiai I:inal A,rerage Finltl Ilroduct
No. 11111 Iflll 11111 1111 memcnlal Composition. wt'. Atomic ratio mementul Composition, wlo/. Atomic Ratio

wt% "'t°'" wt°'" M
C Il 0 1 total fliC O/C Ile c Il 0 1 lotal II/C O/C I/C

'8ECLR ".S SO.O S2.S 0.047 01) 49.69 S.OO Il.11 32.83 99.29 1.21 0.118 0.063

"91~CI.R '4.8 .52.0 '2.8 O.03J OP .52." SJI Il.12 32.24 101.29 1.2J 0.IS8 O.OSI

'III~CLR '6.2 49.0 'J.4 0.063 01) 48.84 4.90 10.97 32.11 97.42 1.20 0.168 0.063

(1) S2.09 '.OS 8.62 J4.SJ 100.29 1.16 0.124 0.063
'121~CI.R '6.4 44.6 SO.O 0.04S

Ail 64.3S 7.11 19.54 6.64 91.24 1.44 0.216 0.0098

01) 49.69 4.68 Il. 10 32.03 99.S0 1.13 0.198 0.061
·141:CI.R ".6 44.S 41.6 0.048

AI) 41.86 '.01 18.09 2S.4J 91.4S 1.2.5 0.278 0.049

'ISI:CI.R ".1 43.9 SO.O 0.014 01) 41.S? 4.12 12.01 38.07 9.5.77 1.19 0.217 0.087 63.SS '.99 11.39 4.IJ 91.76 1.13 0.20S 0.0072

'16ECI.R '6.9 44.0 ,o.1 0.063 (1) 46.17 4.67 12.12 36.06 99.02 1.21 0.197 0.014

'171:CI.R ,56.6 48.4 '1.9 0.026 (1) .5.5.10 .5.66 14.0S 26.30 101.11 1.23 0.191 O.04S 66.0' 6.40 14.11 6.62 93.24 1.16 0.161 0.()()9'

'III:CLR S6.1 48.7 S2.1 0.092 ()JI 43.IJ 4.'3 Il.10 38.24 97.70 1.24 0.190 0.083 63.7.5 6.27 IS.03 6.7) 91.78 1.18 0.177 0.0100

'19ECI.R '9.7 SI.4 ".2 0.091 OP 42.02 4.48 1.48 4'.76 99.74 1.28 0.134 0.103

"20ECI.R 61.1 ,52.' '6.4 0.048 ()II 43.42 4.91 7.03 44.37 99.73 1.36 0.122 0.097
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Table 6.8 Hydrogen Retention and Oxygen Removal for
Batchwise-Continuous ECLR Wood Liquefaction

Relative to Hybrid Poplar
Run Average Product
No. [HI] Fraction Hydrogen Oxygen

wtO/o Retention.% Removal..%

·SECLR 52.5 OP 75.5 74.6

·9ECLR 52.S OP n.4 77.4

·11 ECLR 53.4 OP 75.s 76.0

OP 73.0 82.3
·12ECLR 50.0

AP* 90.6 69.1

OP 71.1 71.7
"I4ECLR 47.6

AP 78.6 60.3

aI5ECLR 50.0 OP 74.8 69.0

"I6ECLR 50.1 OP 76.1 71.9

"I7ECLR 51.9 OP n.4 72.7

"ISECLR 52.1 OP 78.0 72.9

"19ECLR 55.2 OP SO.5 80.9

"20ECLR 56.4 OP 85.5 82.6
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batcbwise electrocbemical wood liquefaction operating at unsteady state ID

concentration. the MOst comparable nonelectrocbemical eXPeriments on Figure 6.5 are

the set for initial ID concentration of 57 wtOAt.. whicb is very close to the initial value

of [HI] for runs -8 - -18ECLR, Table 6.7. Comparison of these two correlation [ines

on Figure 6.5 indicates tbat batchwise-eontinuous electrochemical Iiquefaction gives

about 50/0 higher bydrogen retention of OP product. This improvement in hydrogen

retention in electrochemical Iiquefaction,. a1though smalI.. is an interesting aspect to be

examined further with the data of Chapter 7. ft is clear from Figure 6.5 .. however.. tbat

the hydrogen retention for ECLR wood oil product increases with the level of HI

concentration in the aqueous phase.. as was detected tll'St in the nonelectrochemicaI

batch reactor experiments. Likewise on Figure 6.6 the line from Figure 5.23 is also

shown. tbereby demonstrating tbat the deoxygenation for the OP products increases with

HI concentration for both nonelectrochemicaI and electrochemical liquefaction.. but in

this case there is no significant difference apparent between the two tyPes of operation.

A more detailed treatment of the composition of the product obtained from

electrochemical liquefaction of wood in a continuous ECLR system is deferred to

Chapter 7. The AP and OP product fractions after treatment with sodium thiosulphate

to reduce physically associated 12 show that when the iodine remaining is only that as

organic iodide.. then the I:C ratio is in the range 0.007 - 0.01 .. Table 6.7. Subtracting

this amount of iodine present as organic iodide.. IRJ:C of 0.007 to 0.01 .. from the total

amount of iodine present,. I:C of 0.05 to 0.10.. indicates that the iodine present as 12

physically associated with the produet bas a lypical level of I[::C in the range 0.05 ­

0.09. That is.. about 85 - 9()OAt of the iodine content in the crude wood oil product is

physically associated 12•

The yield distribution for this series of batehwise-eontinuous runs is recorded

in Table 6.9. The yield of the OP product fraction was obtained directly from the

amount and composition ofthis PrOduet.. as noted in Section 6.3.1. As discussed earlier~

CH3I is produced to the extent of 4.9010 carbon-base yield. The yield of AP prodUCl is

obtained difference. As shown in Figure 6.7 the yield of the OP product fraction
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Table 6.9 Yield of Product Fractions for
Batchwise-Continuous ECLR Wood Liquefaction

Before Reaction After Reaction

Run Average Wood OP AP CH11
No. [HI]

(wtO/o) Feed Carbon Weight Carbon Yield Yield* Yield
Wood Content OP Content Ycop Y CJAP YMIIAP

(g) (wt%) (g) (wtO/ca) (%) (0/0) (%)

8SECLR 52.5 14.972 48.2 9.673 49.69 66.6 28.5 4.9

89ECLR 52.8 14.149 48.2 5.702 52.55 43.9 51.2 4.9

·IIECLR 53.4 26.933 48.2 13.309 48.84 50.1 45.0 4.9

·12ECLR 50.0 27.316 48.2 16.781 52.09 66.4 28.7 4.9

·14ECLR 47.6 28.5 48.2 15.323 49.69 55.4 39.7 4.9

815ECLR 50.0 30.0 48.2 21.410 41.57 61.5 33.6 4.9

·16ECLR 50.1 30.017 48.2 20.999 46.17 67.0 28.1 4.9

·17ECLR 51.9 15.008 48.2 6.371 55.10 48.5 46.6 4.9

·18EClR 52.1 26.990 48.2 21.049 43.83 70.9 24.2 4.9

·19ECLR 55.2 18.041 48.2 14.973 42.02 72..3 22.8 4.9

~OECLR 56.4 15.607 48.2 12.326 43.42 71.2 23.9 4.9

• Obtained by ditTerenc:e
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increases and the AP prodw:t fraction necessarily decreases with inc:reasing average ID

concentration. As the yield of AP product represents the aqueous ID solution being

saturated with produc~ the AP yield depends on the amount of aqueous HI solution

~ which is different in the batchwise-continuous mode from the batcb reactor

operation of Chapter s. Thus no general comparisoDS are made between yields bere and

tbose for the earlier noneIectroehemical batch reactor resuIts. As carlier wode. Douglas.

1986. and Ladanowski. 1986, established that in a fully continuous reactor system with

recycle of the aqueous phase back to the liquefaction reactor the AP product is

cODverted to the OP crude wood oil. As the yicld of AP produet thereby goes to zero

for a Cully continuous ECLR system at steady-state, the levels of OP and AP yield in

the present experiments are not of particular imponance. However as Figures 6.S and

6.6 showed the improvement in produet quaiity by operation al higher levels of En

concentration, the significance of Figure 6.7 is in shoWÏDg that fonunately the yieId of

the OP produet would increase along with produet quality.

Figure 6.7 Effect of Average HI Concentration on Yield for
Batchwise-Continuous Wood Uquefaetion
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• 6.3.6 Reaction stoichiometric equation and coefficients

Infonnation is available for application of the reaction stoichiometric Equations

5.10 and 5.11 for two unsteady batchwise-continuous runs lJ12ECLR and lJI4ECL~ for

which the yield and composition data are recorded in Tables 6.7 and 6.9. The aqueous

phase product fraction AP was obtained for elemental analysis by Methylene chloride

extraction trom the aqueous HI solution after that solution had been treated with

Na:!S:!Oj solution to reduce all the Il to 1-. as recorded in Section 5.2.2. For run

"14ECLR the composition of the AP product by direct elemental analysis was

determined to be CH1.1S00.17810.049' As the yield of CH3I would he 4.90/0. the yield of the

AP product fraction is 39.7% by difference with Equation 5.4. Therefore the reaction

stoichiometric Equation 5.11 can be "ntten for batchwise-continuous run "14ECLR as:

•
CH, SqOO.70 + a HI = 0.554 CHI.1300.198IO.061 .. 0.397 CH 1.1S00.27810.049

+ 0.049 CH3I + b H:!O + C [:! (6.1 )

•

By balancing Equation 6.1 for H. ° and [ the reaction stoichiometric coefficients are

obtained as:

a = 0.64 gmol HI reactedlgmol C in wood

b = 0.48 gmol H10 producedlgmol C in wood

c = 0.27 gmol I! producedlgmol C in wood

Relative to :: 14ECLR. run "12ECLR Was with a somewhat higher initial [HI]~

56.4 wt%. but the same fmal [HI]~ 44.6 wt%.. therefore higher average [m]~ 50.0%. The

composition of the aqueous phase product fraction AP.. obtained as discribed above and

in Section 5.2.2.. was determined to he CHI..wOo.2t6Io.0098~ free of any physically

associated Il' Allowing for the 4.9% CH3I produce~ the yield of the AP product

fraction was 28.70/0 by difference from Equation 5.4. Thus the reaction stoichiometric
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equation is

CHU900.70 + a HI = 0.664 CH1.l60o.I:!4Io.063 + 0.287 CHI.-UOo.!16Io.0098

+ 0.049 CH3I + b H20 + c I:! (6.2)

Balancing Equation 6.2 for H. ° and [ as hefore yields the coefficients

a == 0.86 gmol HI reactedlgmoL C in wood

b == 0.56 gmol H20 producedlgmol C in wood

c = 0.38 gmol 12 producedlgmol C in wood

As the [/C ratio of the crude product is not sensitive to the reaction conditions

including the HI concentration. the iodine content of the crude AP product fraction

including the physically associated [2 May be taken as (IIC)AP = 0.05 from run

=14ECL~ which will subsequently he seen to be consistent with results from run

'121 ECLR. recorded in Sections 7.3 and 7.4. Therefore Equation 6.2 can he rewritten to

compare with Equation 6.1 with the same types of the OP and AP product fraction as

foLlows:

CHUQ0070 + a HI = 0.664 CHI.I6001!JO.063 + 0.287 CH.-WOO.116IO.os

+ 0.049 CH)I + b H20 + C [2 (6.3)

Comparison with Equation 6.2 indicates that the only coefficient changed in Equation

6.3 will he the value of c. which is now 0.38 gmoL [2 producedlgmoL C in wood.

Table 6.10 indicates that for run =14ECLR operated at 47.6 wt% average En

concentration the reaction stoichiometric coefficients.. a and c. are close to those for

nonelectrochemical wood liquefaction.. Table 6.10.. while for run =12ECLR at 50.0%

average HI concentration these coefficients are about 20% higher than the values

obtained from Figure 5.17 for noneLectrochemical wood Liquefaction at the same ID
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concentration. In this comparison it is assumed that the extend of the HI-wood reaction

would depend mostly on the fmal HI concentration in batch reaction~ and mostly on the

average HI concentration for batchwise-continuous reaction~ a1though precise

comparison are clearly not possible. For run :J 14ECLR the stoichiometric coefficients

may be somewhat reduced by the relatively lower initial HI concentration of 51.6 wt%.

Thus the comparison for run li 12ECLR may he more valid.. in which case the values of

stoichi0 metric coefficients significantly higher for electrochemical than

nonelectrochemical liquefaction are encouraging. The question of any ditTerences

between the chemistry of wood liquefaction with or without simultaneous

electrochemical effects is deferred to Chapter 7 when more detailed results with a more

controlled ECLR operation will he available.

Table 6.10 Reaction Stoichiometric Coefficients for
Electrochemical and Nonelectrochemical Wood Liquefaction

Reactor ECLR Nonelectrochemical Reactor

Basis -14ECLR Figure 5.17

Initial [HI]. wtG/o 51.6 57
Final [HI]. wtO/o 44.5 47.6
Average [HI]. wto/o 47.6

Reaction Stoichiometric Coefficients
il. gmol HI reaetedlgmol C in wood 0.64 0.66
b. gmol H:O producedlgmol C in wood 0.48
c. gmol 1: producedlgmol C in wood 0.17 028

Basis -12ECLR Figure S.17

Initial [HI], wtO.Io 56.4 57
Final [HI], wtO/o 44.6 50.0
Average [HI], wtO.Io 50.0

Reaction Stoichiometric Coefficients
il. gmol HI reactedlgmol C in wood 0.86 0.72
b. gmol H:O producedlgmol C in wood 0.56
c.. gmol [: producedlgmol C in wood 0.38 0 ....,

-'-

160



•

•

•

6.4 Slpnmary

The principal questions addressed in this cbapter were wbether electrocbemical

reduction of 12 could be obtained simultaneously witb wood liquefactio~ whetber the

viscous wood oil product blankets the cathode surface and/or the semipenneable

membrane~ whether it is still possible to obtain 12 reduction with exclusion of the

competitive reaction of H2 generatio~ and whether a reasonably low level of I~

concentration can he maintained with simultaneous wood liquefaction and I~ reduction

in such a reactor.

The preliminary 4 runs with batcb electrochemical wood liquefaction established

that I~ produced by the reaction of wood with ID can he reduced simultaneously with

wood liquefaction. Moreover with batch electrochemical liquefaction the 12

concentration could he maintained lower than 0.01 M even in the presence of the crude

wood oil. However on the mesh cathode~ the competitive reduction of H+ -. H2

occurred when 12 concentration became lower than 0.1 M. The crude wood oil product

had no major change in organic composition but its iodine content was reduced by

about 1/3 compared with that from nonelectrochemical wood liquefaction.

The series of Il runs with batchwise-continuous electtochemical wood

liquefaction with the ID concentration not controlled to a steady value gave encouraging

results. with reduction of [2 to ID that maintained a low level of [2 concentration in the

presence of the wood liquefaction reaction and the viscous wood oil. The specific

fmdings were:

( 1) The cell current and cathode cunent density with eleetrochemical wood

liquefaction is reduced relative to the system of pure 12-HI aqueous solution because of

panial blockage of the cathode surface by the viscous organic product. At comparable

operating conditions the cathode cuneot density with the cathode of continuous sheet

Metal is about 25% less with wood liquefaction than without.

(2) With the mesh cathode.. H2 generation was obtained at [2 concentrations lower

than O.OS M.. probably because oflocal electroehemical conditions al the sharply curved
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surfaces of this mesh. With the change from the mesh cathode to one fabricated from

continuous sheet Metal, 12 reduction was obtained without the competitive reaction of

H! generation at the cathode during electrochemical wood liquefaction for conditions

with any wood feed rate ta the reactor.

(3) Even with the somewhat reduced cathode cunent density. batchwise wood

feeding and the presence of viscous wood oil, stable operation was demonstrated up to

the maximum run length test~ 5~ while maintaining the 12 concentration not in excess

of 0.1 M.. averaging 0.03 - 0.04 M. This finding established that electrochemical

liquefaction was obtained with an approximate balance in reaction rates between [2

production from the wood-HI reaction and the [2 reduction by electrochemical reaction.

(4) While the 12 concentration in the aqueous HI solution was maintained al 0.03 ­

0.05 M. the iodine content of the OP product fraction from electrochemical wood

liquefaction. as atomic ratio. was found to he Ile = 0.06. This iodine content of the OP

product fraction is about 60% lower than that obtained for the nonelectrochemical batch

wood liquefaction.

(5) By application to the crude organic produet of two independent methods. CS!

solvent extraction and reduction of 12 with sodium thiosulphate. it was found that about

85 - 90% of total iodine content is as 12 physically associated with the crude wood oil.

while ooly 10 - 15% of the iodine content is chemically bonded as organic iodide.

Because the physical association between 12 and the organic produet is relatively strong.

the iodine content of the crude produet becomes asymtotic to a value of about Ile =

0.045 for [2 concentration in the aqueous HI solution decreased to the very low value

of 0.002 M during electrochemica1 wood liquefaetion.

(6) The percent hydrogen retention and oxygen removal of the OP product bath

increase with concentration of III in the aqueous phase in the liquefaetion reactor. As

HI concentration in the reaction aqueous phase dropped during these runs because the

ability to control ID concentration 10 a steady value was Dot yet implemen~ this trend

for improved product quality at higher HI concentration was an important finding for

subsequent development. The percent hydrogen retention appears to be measurably
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better in electrochemical than in nonelectroehemical liquefaction of wood.

(7) The reaction stoichiometric equation for unsteady batchwise-continuous

electrochemical wood liquefaction at the conditions of 6 V cell voltage" 1000 rpm

cathode rotation speecl 0.091 g/min wood feed rate and 56.4 wtOlO initial and 50.0 wt%

average [ID]" is

CHl.S900.70 + 0.86 ID = 0.664 CHl.1600.124IO.063 + 0.287 CHI4400.116Io.os

+ 0.049 CH3I + 0.56 H20 + 0.38 12

where the stoichiometric coefficients indicate carbon-base yields of 66.4%" 28.7% and

4.90/0 for respectively" the OP.. AP and CH)I product fractions. The extent of the HI­

wood reaction al comparable conditions appears greater in electrochemical than in

nonelectrochemical Iiquefaction of wood.
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CHAPTER 7
CONTINUOUS ELECTROCIIEMICAL WOOD LIQUEFACTION

7.1 Experimental basis for cODtinuous electrocbemical wood liquefaction

The present study was concluded with the most complete documentation and

analysis of an electrochemical liquefaction run carried out with a considerably more

elaborate experimental design. Specifically. run lJ21 ECLR of the present study

incorporated the fo11o\\';og elements:

- continuous. steady wood feed to the liquefaction reactor by a metering \\"ood feeder.

gÏ\·ing a continuous steady rate of production of I~.

- continuous steady electrochemical reduction back to HI of the I~ produced by

liquefaction reactions.

- make-up HI added at a continuous steady rate in order to maintain the aqueous HI

concentration in the liquetàction reactor steady at a target value.

- the reactor totally seaied 50 that all gas product is collected for determination of its

yield and composition.

- no \\ithdrawal of aqueous or organic phase product during the run.

- measurement of the anode cell O2 production rate..

- a program of sampling during the run and lengthy procedures subsequenùy to

determine yield and composition information for the various produet fractions.

This continuous electrochemical liquefaction run was carried out using the

equipment shown in Figure 7.1 .. with the reaetor tlowsheet shown in Figures 7.2. The

operating conditions were selected based on the experience gained with the simpler

ECLR system reported in Chapter 6.
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A steady controlled feed rate to the reactor of hybrid poplar flour. oven dried

for 2h at 80°C. was started wben the ID solution temperature became steady at the

bubble point. about 125°C. Electrochemical reduction of 12 al the rotating cylindrical

platinum cathode was obtained at a steady cell voltage of 6 V. Continuous make-up HI

gas to control aqueous phase concentration steady al about 55 wtOlO was fed into the

ECLR through the bead of the Liquefaction reactor - cathode compartment. The gas

product that was noncondensable in the water cooled condenser above the liquefaction

reactor head was received in a cold-trap collector. The volume of O2 produced by

hydrolysis of water from H2S04 solution al the lead anode was measured by a wet gas

meter. The cell corrent and temperatures at key points were recorded. Samples of

aqueous m solution (2 ml) were withdrawn eacb half bour from the bottom of the

liquefaction reactor for analysis.

The experiment was stopped after the planned run time of Sb. The organic phase.

aqueous phase and gaseous phase produet fractions were recovered to determine their

yield and composition.

7.2 OperatiDg coaditioas and cbaraderistics

The ECLR operating conditions are displayed in Table 7.1.

The wood feed rate. determined by recalibration of the metering feeder

immediately after the run. averaged 0.090 g/min over the Sb run len~ fluctuating

between 0.086 and 0.094 g/min al the set value of 20 rpm for the horizontal screw

rotation speed. Thus the total weighl of the wood fed in 5h was 27.0 g.

The cathode and anode cells were cbarged al the start of the run with 220 ml of

56.5 wtOlO aqueous ID and 1300 ml of 38 wtOlO H2SO4 solution. The cathode is a 25 mm

diameter x 50 mm long cylinder. fabrieated of 1 mm thick platinum shee~ placed with

its axis vertical. with an effective area for electroehemical reaction of 14.7 cm2 as noted
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Table 7.1 Continuous ECLR Wood Liquefaction Conditions

TilDe Cathode Cell Cell Carhode RI Gas O2 Produced Cathode
Rotation Voltage Current Current Feed Cell

Density Rate Volume Rate Temp.
(h) (rpm) (V) (A) (A/arr> (g/min) (ft3) (g/min) (OC)

0 1200 6 14.4 0.90 125

0.5 1200 6 12.7 0.86 0.20 0.051 0.064 124.5

1 1200 6 11.5 0.78 0.20 0.095 0.055 124.5

1.5 1200 6 11.5 0.78 0.22 0.142 0.059 124

2 1200 6 11.6 0.79 0.28 0.184 0.053 123.5

2.S 1200 6 11.7 0.80 0.40 0.228 0.055 123.8

3 1200 6 12.6 0.86 0.47 0.274 0.058 123.5

3.5 1200 6 12.5 0.85 0.60 0.315 0.052 124

4 1200 6 11.8 0.80 0.60 0.363 0.060 124

4.5 1200 6 11.5 0.78 0.58 0.410 0.059 125

5 1200 6 11.5 0.78 0.45 0.450 0.050 125

average 11.9 0.81 0.40 0.057

•

Wood feed nue:

Cathode:
Anode:
Total cathode area:
Effective cathode aRa:

Spacing of eathodelmcmbranelanode:

Initial solution of cad10de compartmeDt:
Initial solution of anode c:ompartmeDt:

Tempelature of the anode ccll:
Temperature of the gas collec:tor:

168

0.090 glmin (0.086 - 0.094 g/min)

Platinum. 2S mm diam. x 50 mm
Lead. 50 mm square
75.8 cm:
14.7 eut
20 mm/20 mm

220 ml of 56.5 wt~ HI solution
1300 ml of 38.6 wt~ R~ solution

-7QGC
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in Section 4.2. The anode is lead plate~ 50 mm square x 4 mm thic~ placed parallel to

the cathode cylinder axis. The closest point distance between the semipermeable

membrane and the cylindrical cathode is 20 mm. The distance between the membrane

and the lead plate anode is 20 mm. The semipermeable membrane.. Nafion 324. allows

H- i\)ns generated at the anode to pass to the cathode cell while preventing diffusion of

1- ions to the anode cell. The liquefaction reactor temperatw'e was in the range 123.5

- 125°C. The anode cell temperature was about 70°C.

As one of the many changes from the operation described in Chapter 6.. the

liquefaction reactor was totally sealed tbrougbout the run. with the gas product led off

through a waler cooled condenser and collected in a dry ice-ethanol coId trap al - 72°C

for subsequent determination of gas product yield and composition.

The electrochemical cell voltage was maintained al 6 V throughout the rune The

cathode was rotated al 1200 rpm.. a speed which the experiments reponed in Chapter

6 indicated is sufficient to suppress mass transfer resistance for electrocbemical

reduction of I! at the cathode surface. At rime zero the current was 14.4 A. the nonnal

curreot at this voltage and low I! concentration without wood liquefactio~ but the

current dropped to about 12 A wben wood was fed mto the reaetor. The average current

during the Sb liquefaction run was Il.9 A. and was quite steady. The decrease in

cunent by about 20010 relative to that for reduetion of I! from pure aqueous fi is

attributed to some blockage of the cathode and membrane surface by the crude wood

ail product. With 14.7 cm! cathode effective area as determined in Section 4.2.. the 11.9

A cell cunent corresponds to a cathode current density of 0.81 A/cm!.

This run with a more developed and controlled continuous ECLR system than

tbal used for the results reponed in Cbapter 6 provides further confirmation that the

electrochemical reduction of I! 10 fi still occurs with the addition of wood and with the

presence of the viscous sticky crude wood oil produet. During the 5h steady operation

there was no observed evolution of H! at the cathode.. indicating achievement of the

objective of closing the ID ~ I! ~ ID loop yel without including the undesired

competing electroehemical reduction of H+ ta H20
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The 12 and ln concentrations in the cathode compartment and the 12 and H2504

concentrations in the anode compartment were determined by the methods recorded in

Appendix H.I. The 12 and ID concentrations in aqueous HI solution were analyzed each

half hour during the rurt. as shown in Table 7.2. For the anode cell the concentrations

of H2SO.& solution before and after reactio~ and of 12 after reaction were determined.

The H2S04 concentration increased sligbtly because of the water electrolyzed to fonn

W and O2• and sorne water transferred to the eathodic cell as discussed in Section 4.4.5.

The I! concentration in the anode cell after the run was determined to be zero. which

conflrms that no 12 transferred through the membrane into the anode compartment.

The relation of I~ concentration in the aqueous HI solution and run lime is

shown in Figure 7.3. The 12 concentration remained al about 0.01 M - 0.02 M for 3.5h.

then increased to about 0.09 M at the end of the 5b run. The higher 12 concentration

toward the end of the run MaY derive from more blockage of the cathode surface by the

viscous organic product.

Sorne iodine is taken up by the wood liquefaction product and sorne 12 remains

unreduced in solution. 80th the volume of this solution and its 12 concentration increase

during -21 ECLR. Mass transfer effects establish a value of [I:J in the cathode cell

solution. the volume of which increases by water of reaction. Equation 5.10. and by

water ttansfer from the anode compartment. Section 4.4.5. This combination of effects.

all of which tend to cause the concentration of HI to decrease with run rime.. were

exactly compensated in this nm by the make-up ID used to maintain the aqueous phase

concentration constant al about 56 wtO/o m. The HI gas feed rate was controlled

according to HI concentratio~ with the bubble point temperature of the aqueous III

solution being used as the indieator of III concentration according to the T-x diagram.

Figure 5.1. The average III gas feed rate was 0.40 glmin. Recalibration of the HI gas

flowmeter after the run duplieated the earlier calibratio~ thereby confirming the

accuracy of this tlow rate. The procedure was successfuL as during the nm the bubble

point temperature was steady al 123.5 - 12SoC't which means that the III concentration

was steady between S4 - 56 wtOAt't averaging 54.8 wtOAt. This steady state condition for
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Table 7.2 Analysis of Cathode and Anode Compartment Solution for
Continuous ECLR Wood Liquefaction

e

~

~
~

ANALYSIS Of CATHODIC SOLUTION ANALYSIS Of ANODIC SOLUTION
Time
(h) Volume Density [12] (HtJ (HIJ· Volume Density [12] [1-I 2S04J [H2S04]

(ml) (g1ml) (M) (M) (wt%) (ml) (g1ml) (M) (M) (wt%)

0 220 1.69 0.0037 7.46 56.5 1300 1.292 0 5.09 38.6

0,5 0.0078 7.35 56.0

1 0.0052 7.12 54.9

1.5 0.0078 6.98 54.J

2 0.012 6.90 53.9

2.5 0.015 6.97 54.2

3 0.015 6.96 54.2

3.5 0.018 7.10 54.8

4 0.044 7.21 55.J

4.5 0.061 7.23 53.4

5 318 1.67 0.094 7.20 55.3 1230 1.310 0 S.53 41.4

• average 54.8 wt%
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Figure 7.3 Relation of 12 Concentration and Run Time

•

In concentration contrasts with tbat for the Cbapter 6 experiments wbere~ with the same

cathode, same eell voltage and same Sb nm time~ the HI concentration dropped by an

average of about }OOIO ID for runs 'II - 'ISECLR. Table 6.5.

The total volume of the aqueous solution in the cathode compartment at end of

reaction was 318 ml, 98 ml more tban the initial volume because of the production of

water of reaction and transfer of water from the anode compartmenL The volume of

solution in the anode compartment was 1230 ml al the end of the nm. wbich was a 70

ml volume decrease relative to the initial volume because of electrolysis of water to Ir

and O2, plus water traDsfer 10 the cathode compartment. These aspects are treated

quantitatively in Sections 7.9 and 7.10.

The O2 production rate in the anodic cell~ mc:asured by the wet test gas meter~

varied in the range ofO.OSO - 0.064 glmin. The average ofO2 production rate over the

Sb run was 0.OS7 g/min.
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7.3 Produet fraction treatment and yield

After the run the reactor contents were emptied into a tlask for filtration to

separate the part of the OP product fraction diSPersed in the aqueous HI phase. The

total amount of the OP product fraction was obtained by combining the weight of the

OP separated from the aqueous phase with the OP product that remained adhering to

the reactor surface. determined gravimetrically. The organic phase product fraction. OP.

oven dried 2h at SO°C. was determined to he 23.80 g in the HI-free. H:!O-free state.

After elemental analysis by the methods appearing in Appendix H.2. the carbon base

yield of OP product was found ta he 84.2%.

For removal of I:! associated on the crude OP product fraction. demonstrated in

Section 6.3.4 to be about 85 - 90% of the total iodine content of the crude product

from the reactor. a sample of about 2 g of the HI- and H:!O-free OP product was treated

with about 200 ml of 0.03 M N~S!Oj solution for 1 day in a tlask with agitation by

a magnetic bar. The OP product was separated from the aqueous solution by filtration.

then washed with distilled water about 20 times until free of Na:!S:!03' To obtain H:!O­

free OP product it was oven dried for 2h at sooe. The iodine content of the OP product

after treatment by Na!S20j solution was determined by the method recorded in

Appendix H.1.

Another sample of the OP product fraction was treated with acetone to determine

the yield of the acetone-insoluble residue fraction. ON. In this way the ON product

fraction was shown to he eliminated by the conditions of electrochemical liquefaction

at a steady HI concentration of 54 - 56 wtOlO and a reactor temperature in the range

123.5 - 125°C. For the nonelectrochemical batch wood liquefaction operated at the

bubble point temperature of the aqueous ID solution. the results of Coopter 5 showed

that the YÎeld of the undesirable acetone-insoluble residue fraction. ON. was totally

eliminated at combinations of ID to wood stoichiometric ratio and initial III

concentration which gave a fmal III concentration of 48 - 49 ~IO III or higher. As

the ~1ECLR run was carried out at a steady III concentration of 54 - 56 wtOlO and at
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its bubble point temperature of 123.5 - 12soC9 the finding of no acetone-insoluble

residue produc~ ON~ is as would he predicted based on the noneiectrochemicai batch

reactor results of Chapter 5.

The determination of the yield of the aqueous phase product fraction AP was

complicated and difficult. The aqueous HI solution~ removed hot from the reactor~ is

saturated with product at the reaction temperature of about 125°C. When cooled to room

temperature some ofthe aqueous phase product AP dissolved at 125°C precipitates from

solution. This fraction~ denoted AP,. was determined after oven drying for 2h at 80°C

to he 0.652 g on an HI and H20-free base. To recover the AP product that remained

dissolved in the room temperature aqueous HI solution. a sample of 25 ml of this

solution was treated with 0.03 M N~S203 solution to reduce the 12 in solution. This

solution was extracted severa! limes with CH2Cl2 until ail the product had been

extracted.. indicated by the CH2Cl2 phase remaining colourless. This CH2Cl2 extract was

very slowly separated from the aqueous phase by a separatory funnel.. which required

one repetition of the separation step. The CH2Cl2 solvent was removed in a distillation

column. After distillation. this sample of AP. denoted AP2' was dried under room

conditions to constant weight. The amount of AP2' expressed relative to the total 318

ml of reactor aqueous lU solution. was 1.890 g. The total amount of AP (AP, + AP~

product fraction was then 2.542 g. After the elemental analysis of this AP fraction was

determined by the methods appearing in Appendix H.2., its carbon-base yield could he

determined as 10.8%.

The gaseous product, GP., was collected in the cold trap gas collector. The gas

collector~ removed from the ECLR system after the fUn., was placed in a freezer at

- 23°C. By weighting the gas coUector before and after reactio~ the gaseous product

was determined to he 7.56 g. The GC-Mass spectra analyses showed that the gaseous

produC1 was pure CH3I (b.p. 42.4°C., m.p. -64.4°C). Therefore the GP produet yield is

4.9% on the carbon base. Tbus it is confirmed tbat methoxy groups in the wood.,

detennined in Appendix H.2 10 he 4.7% on the carbon base, were completely convened

to methyl iodide.
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• The complete set of mass balances for components of the wood liquefaction

reaction system and the elemental balances for C. H. 0 and 1are tabulated in Appendix

M. The mass balances are in general surprisingly good considering the complexity of

the system and of the number of basic measurements required in order to establish these

mass balances. Summarized below are the principal results of material balances in the

Iiquefaction reactor:

total mass
carbon
hydrogen
oxygen
total iodine
iodine as 12

98.0 %
99.8 %
103.9 %
100.0 %
96.5 %
99.5 0/0

•

•

As detailed in Table 7.3. the carbon base yields are 84.2% OP product fraction.

10.8% AP product fraction and 4.90/'0 GP prodUCl fraction" which is methyl iodide. For

unsteady batchwise-continuous liquefaction at an average HI concentration of 54.8 wt%.

the same concentration as for the -21 ECLR~ Figure 6.7 indicates a yield distribution

of about 72% OP - 23% AP product fraction. The -21 ECLR split of 84% OP - Il%

AP product fraction is then signiticandy bener. The probable reason for the difference

is that an average HI concentration of 55 w(O/O in the unsteady batchwise-continuous

oPeration would correspond to the HI concentration dropping by about 10% from start

to fmal of a Sb~ whereas for run -21 ECLE the ID concentration was steady at 55

± 1 wt% over the entire Sb of the NO. For liquefaction reactor operation with

signjficant change in HI concentratio~ the results of Cbapters 5 and 6 provide examples

of reaction characteristics depending on both initial and final HI concentration. 50 that

the use of average HI concentration. such as Figure 6.7. is only an approximation.
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Table 7.3 Product Elemenlal Analysis for Conlinuous ECLR Wood Liquefaction

Elemental Content C-Base
yield

Weight Elemental Analysis. (WI%) Elemenlal ratio Hydrogen Oxygen Y('/j

retention removal
(g)

C H 0 1 Tolal HIC OIC IIC
(%) (%) (%)

Wood 27.0 48.2 6.4 45.3 0 99.9 1.59 0.70 0

OP 23.198 46.03 5.26 6.81 43.28 101.38 1.37 0.111 0.089 86.2 84.1 84.2
AP 2.542 54.96 6.60 1.77 31.04 100.37 1.44 0.106 0.053 90.6 84.9 10.8
GP 7.56 8.46 2.12 0 89.42 100 3 0 1 188.7 100 4.9

Total 99.9
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7.4 Product composition

The product compositions are displayed in Table 7.3. The gaseous phase product,

GP.. is pure CH]!. The HIC ratio of the AP produc~ 1.44. is slightly higher tban that of

the OP product. 1.37.. giving a correspondingly slightly higher hydrogen retention for

the AP product. 91 % compared to 86%. white the UC ratio in the AP product is

substantially lower than in the OP product. Relative to the values typically found from

nonelectrochemical batch liquefaction experiments. the compositions of the OP and AP

fractions from the "21 ECLR run are notewortby by baving an exceptionally high HIC

ratio and exceptionally low ole ratio. The dependence on ln concentration of the

percent hydrogen retention and oxygen removal of the OP product fraction is examined

by Figures 7.4 and 7.5.. which reproduce Figures 6.5 and 6.6 with the addition of the

results for the -21 ECLR run. The latter result is located at the value of [HI] which is

the average of HI concentration of ·21 ECLR in order to he consistent with the treatment

of the Chapter 6 results for batchwise-continuous ECLR operation. ft is significant that

the hydrogen retention and oxygen removal values for the OP product from run

-21 ECLR are both signiticantly higher than would have been expected by the earlier

results. The higher hydrogen retention and oxygen removal of the OP product from this

electrochemical wood liquefaetion run al steady HI concentration of 54 - 56 wt% may

he caused by the action of H· which is continuously produced from the electrochemical

reaction. This possibility is examined further in Section 7.7.

The path of the highly complex reactions of wood liquefaction May also he

affected by the change from batehwise-continuous wood feeding in Chapter 6.. to the

steady-state operation of "21ECLR with continuous wood feeding and constant HI

concentration. The batchwise-eontinuous wood feeding involved feeding a small batch

of wood each 5 min. However the results ofSectïon 5.3 show tbal the wood-HI reaction

could he nearly complete in about 205. Thus the steady conditions of run 1/:21ECLR

compared to the succession of shon bursts of rapid reaction rate in the batehwise­

continuous operation could lead to important changes in the reaction chemistry. with
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corresponding significant changes in product composition of the type shown by Figures

7.4 and 7.5.

As discussed in Section 6.3.4. it bas been established that about 85 - 90% of

the iodine content of the product is associated with the product physically as 12• rather

than bound chemically as organic iodide. By concurrent work in this laboratory. not part

of the present thesis. the OP product after treatment by N~S203 to reduce this

physically associated 12 was determined to contain 6.98 wtOlO oforganic iodide.. Douglas..

1993. Therefore the composition of the OP product on an 12-free basis may he

calculated from:

HIC = 1.37
O/C = 0.111
1 = 6.98 wt%.

Thus the weight fraction carbon content is

(1 - 0.0698) / [1 + 1.37/12.01 + 0.111 (16/12.01)] = 0.7371

The composition of the OP product on an Il-Cree basis is then:

C : 73.71 \\tGlO
H: 8.41 wtOAt
o : 10.90 wtOAt
1 : 6.98 wt%

Thus in the OP produet the alomic ratio of iodine as organic iodide.. to carbon.. was

IRl/C =0.0090. As recorded in Table 7.3 .. the ratio of total iodine to carbon for OP was

IIC = 0.089. 8ecause the total iodine content is the sum of that present as organic

iodide.. (RI.. and that present as 12.. described as lb'

IIC = (m/C + (rie (7.1 )

•
il follows tbat in the OP produet the atomic ratio to carbon of the iodine that is

physically associated as 12.. is
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I.JC = I1C - I.JC = 0.080.

Thus 90% of the iodine present is as physically as50Ciated 12" with only the remaining

10010 of the iodine content of the product in the form of organic iodide. With I.u/C =
0.0090. then the OP product formula cao he wrinen a1temately as

The study of Powell and Campbell" 1947" of the solubility of 12 in aqueous HI solution

indicates that there may be !Wo 12 molecules associated with each iodine atom" Section

2.3.1. The above analysis with I.JC = 0.080 would correspond to 4.5 Molecules of 12

associated with each iodine atom as organic iodide in the OP product. Section 6.3.4

discusses the various sites for 12 Molecules to become physically associated with a

product molecule in addition to the iodine atoOlS of the organic iodide content.

After N~S203 treatment the iodine content of the AP product. determined as for

the OP product. is 6.6 wfllc." as appears in Table 6.7. Therefore the composition of AP

produet without associated 12 is

wc = 1.44
ole = 0.106
1 = 6.6 wfllc..

The corresponding weight fraction carbon content is

(l - 0.066) 1 [(1 + 1.44/12.01 + 0.106 (16/12.01)] = 0.7406

The composition of the AP product fraction on an 12-free basis is then

C : 74.06 wtOlc.
H: 8.88 wflA.
o : 10.46 wtOlO
[ : 6.6 wt%

Thus for the AP produet the ratio of iodine as organic iodide ta carbon is IRiC =

0.0085. As the ratio of total iodine ta carbo~ Table 7.3" is Ile = 0.053" therefore the
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ratio of iodine as physically associated 1., .. to carbon is

IJC = I1C - IRI/C = 0.045.

Then the formula of the AP product cao he written altemately as

indicating 2.5 Molecules of physically associated 11 for each atom of iodine as organic

iodide. As noted in connection with the OP product fractio~ there are sites for physical

association of11 Molecules in addition to the iodine atoms of the organic iodide content.

7.5 Reaction stoicbiOllletric: equation and coemdems

The reaction stoichiometric Equation 5.10.. which can he written as

cao he determined from the produet fraction yields and compaSlttons. The

stoichiometric coefficients can he obtained by balancing the equatio~ written below

with the carbon-base yields and the elemental composition of the product fractions

given in Table 7.3:

CH1S900.70 + a ID = 0.842 CHu7 0 0.1li 10.019 (OP) + 0.108 CHu", 0 0. 106 10.053 (AP)

+ 0.049 CH]I + b H20 + c" 12 (7.3)

As it has been established tbat most of the iodine content with the product is physically

associated 12 rather than chemically bound iodine as organic iodide~ and elemental

formulae for the OP and AP produet fractions were given in Section 7.4 shoWÎDg the
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• associated Iz.. Equation 7.3 can he expressed altemately as:

CHuq 0 070 + a HI = 0.842 CHu7 0 0. 111 100090 • 4.5 (0.0090) I z (OP)

+ 0.1 08 CHI~ 0 0106 100015 • 2.5 (0.0085) 1., (l~P)

+ 0.049 CH31 ~ b HzO + c' I:! (7.4)

From a reaction stoichiometry perspective there is no distinction hetween the Iz which

is dissolved in the aqueous I-ll solution and that which is associated physically with the

product. The stoichiometric equation wrinen without distinction as to the physicai

distribution of the I:! then becomes:

Solving for the stoichiometric coefficients yields a = 1.07. b = 0.60. c = 0.51. Wrinen

as Equation 7.4. a and b have the same values but c' would have the value of 0.47.

which is meaningful in giving the distribution of I:! between the product and the

aqueous HI solution but is not meaningful from a strictly stoichiometric view.

The reaction stoichiometric coefficients.. a and c. for run :21 ECLR wood

liquetàction should be considered relative to the coefficients for noneiectrochemicai

wood liquefaction as presented on Figure 5.17 and reproduced on Figure 7.6. For the

same value of aqueous phase HI concentration.. 54.8 \\'10/0. Figure 7.6 indicates that the

values for nonelectrochemical wood liquefaction would he a = 0.84. c = 0.41. As noted

in earlier comparisons.. it is believed that in batch reaction the extent of the I-fi-wood

reaction wouid depend mostly on the fmal III concentration.. hence the use of that basis

of comparison in Table 7.4. Thus at the same values of aqueous phase In concentration..

Table 7.4 shows that the values ofboth stoichiometric coefficients are about 270/0 higher

for electrochemical liquefaction. These values of the stoichiometric coefficients for this

electrochemical wood liquefaction run seem too much higher to he just the resu1t of

aqueous phase III concentration effects.. but May he attributed to key ditTerences

•

•

CH, <;Q 0 070 • a HI = 0.842 CHu7 0 0 III IQ()()q() (OP)

+ 0.108 CHI ~ 0 0 106 100015 (AP)

+ 0.049 CH31 + b H:!O + c I:! (7.5)
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• Table 7.4 Reaction Stoichiometric Coefficients for
Electrochemical and Nonelectrochemical Wood Liquefaction

Reactor ECLR Nonelectrochemical Reactor

Basis '21ECLR Figure S.17

Initial [H[1, wtO/o S6.5 S7
Final [H[1, wtO/o SS.3 S4.8
Average [HI], wt% 54.8

Reaction Stoichiomebic Coefficients
a.. gmol HI reaetedJgmol C in wood 1.07 0.84
b. gmol H:O producedJgmol C in wood 0.60
c. gmol f: producedlgmol C in wood 0.52 0.41

• Continuous ECLA. -21 ECLA ..:
(Average HI concentration during run)

a
c

NonelectrochemicaJ Uquefaetion
(Final HI concentration)

-- a Initial [Hij : ..:.. 57 wt%
------ c - 61 wt%

~ 68wt%

0.6 "C"C

0.5
CD 0c.:a 0

0.4
-6~
o C--0.3 c..o
~o

0.2 cE
Ec:n

0.1 c:n-
- CD

0 c.:ac..
565444

.~.-_ ..-----~ .
- .. ---..=.:--.. __ -_~ _---...à.t:J.--
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between electrochemical and nonelectrochemical wood liquefaction. As the above

comparison of coefficient was for matched values of ID concentration. two remaining

ditTerences are:

(1) In the ECLR system. H~ passes through the liquefaction reactor from the

membrane to the cathode.

(2) ln ECLR operation. (l2.l is in the range 0.01 M - 0.09 M. whereas in the non­

electrochemical batch reactor. (lz] reaches about 0.7 M - 1.4 M.

Of these differences it is believed that (2) plays no significant role due to the

relative chemical inertness of lz in the presence of its acid. HI. ln the presence of HI.

[:: would not react funher with the liquefaction product under the reaction conditions

used. as discussed in Section 2.2.6. Thus it is helieved that the characteristics of the

product do not change whether 1:: concentration in the aqueous HI is high. as much as

1.4 M in nonelectrochemical liquefaction. or low. as linle as 0.01 M in the ECLR

system.

Thus the higher stoichiometric coefficients from electrochemical wood

liquefaction compared to nonelectrochemical wood liquefaction al the sante value of HI

concentration may he attributed to item (1) above. the H- generated during

electrochemical reaction. The passage ofW through the wood liquefaction reactor. from

the membrane to the cathode. couId affect the chemistry of wood liquefaction.

increasing the HI-wood reaetivity and hence increasing the hydrogen retention and the

deoxygenation of the crude wood oil product. as apparent on Figures 7.4 and 7.5. and

increasing the values of the stoichiometric coefficients. as seen on Figure 7.6.

7.6 1% reductioo effidency

The I! reduetion efficiency is defined as the ratio of the rate al which Iz is

reduced electrochemically to lfl. to the rate al which 12 is produced by wood
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• liquefaction. This ratio may he expressed as:

where

E ;,. "1""" - (W'2 .... + ~2~ 1 t;-.;..------------
'Iz pro.

(7.6)

At a wood flow rate of Fwood = 0.090 g/min and reaction stoicbiometric coefficient c =

0.52 gmol I/gmol C in wood, the 12 production rate. is•

t

W1: SOIUbOfl

: 12 reduction efficiency~ %

: 12 production rate. g/min

: 12 reduction rate. g/min

: length of~ 300 min.. Table 7.1

: amount 12 associated on produc~ g

: amount I! in the solution. g

Ml
r - c _---..;;1~ F .1 = 0.48 a/min

/2 pro. - -- ()/.
MCB1.J'o.1O

(7.7)

•

where

Mœl,..()o~ : formula weight ofw~ 24.92 g/gmol C in wood

MI: : molecular weight of I!. 253.8

Thus the total amount of h produced by the wood liquefaetion reaction is

Wu produccd = (rh pro) t = (0.48) 300 = 144 g 12

The amount of I! which went in the aqueous ID solution is
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where

[I:J : 12 concentration in the aqueous ID solutio~ M.

0.0037 M at stan of run. 0.094 M at end of~ Table 7.2

V : volume of aqueous ID solutio~ 1

0.220 1 at start of ND. 0.318 1 al end of ND. Table 7.2

The amount of 12 which became physically associated with the OP and AP products is

where

IAP : 1 content of AP product fractio~ 31.04 wt%. Table 7.3

[op : 1 content of OP product fractio~ 43.28 wtOlO, Table 7.3

(lRl)AP : organic iodide content of AP product fraction. 6.6 wt%. Section 7.4

(lRI>op : organic iodide content of OP product fraction. 6.98 wt«JJO. Section 7.4

WAP : amount of AP product fraction. 2.542 g, Table 7.3

Wop : amount of OP product fraction. 23.798 g, Table 7.3

The 11 reduction rate is

•
rI: n:d. = rI: pro. - (Wb solution + Wb~ / t

= 0.48 - (7.38 + 9.95)/300 = 0.42 g/min

and the total amount of 12 electroehemically reduced back to 1- is
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•
Therefore the iodine reduction efficiency, by Equation 7.6, is

E =,.
riz pro.

= 126 = 88%
144

•

Thus 88% of the 12 that was produced by the wood liquefaction reaction bas been

reduced back to 1- in the aqueous HI solution. Of the 12% of 12 produced that was not

reduced back to HI. there was (7.38/144 =) 5% of the 12 produced which remained in

the aqueous HI solution and (9.95/144 =) 7% of the 12 produced which was physically

associated on the product and therefore unavailable for reduction.

As only 12 in solution can he reduced electroehemically, as discussed in Section

6.3.3. it is of interest to examine the ratio of amount of 12 reduced to the amount of 12

available for reduction, Wl: rajuaJWh avaiJable for n:duaion0 The amount of 12 available for

reduction is the difference of the 12 total amount of produced by the wood liquefaction

reaction and the amount of 12 physically associated on the product, i.e.

W1: ;l\Iala.b'e for n:dudIon = Wb produœd - Wb product

The iodine reduction efficiency for 12 dissolved in the solution is

E' r = Wb~ h avaiWJlc for ratuction

where

(7.11)

(7.12)

•
= 144 g

= 9.95 g

= 126 g
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• therefore

and

Wb availablc for rcdud:ion = 144 - 9.95 = 134.05 g

E'r = 126/134.05 = 94%

•

•

Thus the iodine reduction efficiency for 12 dissolved in the solution, E" r' is 94%.

As the other 6% is the 12 dissolved in the aqueous HI solution in the liquefaction

reactor. this 12 in solution, as a percent of the 12 produce~ would decrease steadily with

run length, Le. from 60/0 for the 5h test run reported here, to 3% for a 1Oh~ to 0.6%

for SOh operation, etc. In the context of long-term steady continuous operation of the

ECLR system, 100% of the 12 produced is reduced to ID, except for the 12 associated

with the product and thereby not available for reduction. In ·21ECL~ 7% of the [2

produced is associated with the product and thereby not available for reduction. On this

basis the iodine reduction efficiency for long-term steady continuous operation of this

system would he 93%. In this sense the present study bas solved 93% of the problem

of closing the HI -. 12 ~ fi loop of this wood liquefaction process, while the

remaining 7% concerns removal of the 12 associated physically with the product. a

subject beyond the scope of the present study.

7.7 CUITent emciency and B+ aeneratioD

(a) CurreDt emcieDey

For the anode reaction

(7.13)

the anode cunent efficiency for producing fr and O2 cm he calculated by the relation
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• Charge Used for Producing HOP - 02

Total Charge
4F= ----- ra

60 lave M~ 2

(7.14)

•

With the conditions recorded in Table 7.1 of average current. lave = 11.9 A. and an

oxygen production rate of ra: = 0.057 g/min. the current efficiency for producing H· and

o:! at the anode is

~H· -0 = 96%c. 2

This high anode current efficiency, as expected. confirms the effectiveness of the anode

cell design and operation. As the anode current efficiency is calculated based on the

average cell current and the average oxygen production rate. as recorded in Table 7.1 .

the deviation of the anode cunent efficiency trom 100% is easily within the accuracy

of the measurements of cell cunent and O:! production rate. During the ECLR run the

colourless H:!S04 solution became orange colored and sorne precipitates formed in the

anode cell. Such side reactions in the anode cell could also account for the 40/0 less

reduction in anode current efficiency.

For the cathode reaction

[., + 2 e = 2 [- (7.15)

the cathode current efficiency tor reducing I! al an average current. Ia".e = 11.9 A. and

12 reduction rate. rI: n:d. = 0.42 g/min. can he calculated by the relation

•
Charge Used For ~ducing 12=

Total Charge
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• Le.

~ = 4S"

where

•

F

: anode current efficiency for producing W and O2, %

: cathode current efficiency for reducing 12 to 1-, %

: Faraday constan~ 96487 Clmol

: average curren~ II.9 ~ Table 7.1

: formula weight of wood, 24.92

: molecular weight of 12, 253.8

: molecular weight of O2 , 32

: O2 generation rate, 0.057 g/Illin.. Table 7.1

: 12 reduction rate, 0.42 g/min, Section 7.6

(b) Ir geDeratioD

ln the anode compartment Ir is generated according to the reaction

(7.13)

At the oxygen generation rate of 0.057 g/min the fr generation rate at the anode is

,;."""__ =4': '0, =O.ocnt geqrdv H·/min
~

(7.17)

•
and the ratio of lï generation to C in wood, at the wood feed rate of 0.090 g/min, is
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• = 1.97 geqlliv H+/gmol C of wood (7.18)

[n the cathode compartment. [- is generated according to the reaction

12 + 2e = 2 [- (7.15)

The [2 reduetion rate al the cathode. converted from the mass basis of Section 7.6. is

•
The corresponding 1- generation rate al the cathode is

Therefore the ratio of 12 reduction at the cathode lo C in wood is

(7.19)

(7.20)

ctlIIttJtMr,_ rtdMcJùNI
R

ctllltod6 = "'1 _

11.~"
Fwood / MCHu,oD.70

=0.4S gmol IJgmol C of wood (7.21 )

and the ratio of [- generation at the cathode to C in wood is

•
Rct1lltDtll =
r~

ctlIIttJtM

rr~ = 0.90 gequiv I-/gmol C of wood (7.22)
Fwood / MCBuA.70
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• This leads to the relation

~ = c Er = 0.4S gmol l-/gmol C of wood

and

R~NfiDIt = 2 c E, = 0.90 geqlliv [-'gmol C of wood

(7.23)

(7.24)

The proportion of W generation al the anode used to reduce 12 at the cathode is

•
= 0.90 = 4S%

1.97

which may a1temately he expressed as:

~_,= =~ =4S~

(7.25)

(7.26)

•

because the current efficiency for 12 reduction at the cathode is identical to the

proportion of W generation at the anode used to reduce [2 at the cathode.

Where

c : reaction stoichiometric coefficien~

0.52 gmol [2 producedlgmol C inw~ Equation 7.5

Er : [2 reduction efficiency. 88%, Section 7.6

Fwood : wood tlow rate, 0.090 g1min. recorded in Table 7.1

Mœ.,.()a,. : formula weight of wood, 24.92 -

MI: : molecular weight of 12, 253.8

Mo: : molecular weight of exyg~ 32
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• : [2 reduction rate9 0.42 g/~ Section 7.6

: O2 generation rate9 0.057 g/ntin. recorded in Table 7.1

•

Thus according to Equation 7.26 only 45% of the Ir generated al the anode

combines with 1- for generation of HI al the cathode9 far below the level of over 98%

efficiency obtained with the same reactor onder comparable conditions bUl withOUl

wood liquefaction. Chapter 4. This fmding establishes that with liquefaction. about half

the current is used for reactions other tban [2 reduction. As noted in Section 7.5. il

appears that al the cathode surface the fraction of the ft which does not participate in

12 reduction to fi in faet particiPélles in wood liquefaction reactions9 resulting in the

higher level of hydrogen retention and deoxygenation of wood in the ECLR reactor. i.e.

improved product composition. Section 7.4. and the higher values of the liquefaction

reaction stoichiometric coefficients. Section 7.S. Thus in the ECLR process. although

not all the Ir produced paniciPates in the reduction of 11 to III al the cathode. aIl the

H- produced al the anode is usefully consumed.

7.8 Energy required

( 1 ) Minimum theoretical eneœv reguired for 12 reduction

For the electrode reactions

•

[! + 2 e = 2 [-

H!O = 112 O2 + 2 Ir + 2 e

and overall reaction
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•

•

the Nernst voltage. Vmm~ is -0.83 V. Section 3.2.3, corresponding to the free energy

of [., reduction as

~G = -2 F Vmm = 160.2 kJ/mol [:!

Le. 38.3 kcallmol [:! (1 kcal = 4.1868 kJ).

With the reaction stoichiometric coefficient c = 0.52 gmol [:!I gmol C in wood.

the energy required for [:! reduction is

38.3 (kcall mol /,) x 0.52 (mol /1 1 mol C of wood)

24.92xlO-3 (kg 1 mol C of wood)

799 kcallkg moisture-free wood. i.e. 0.929 kWhlkg moistlU'e-free wood (1 kcal =

0.001163 k\\lh).

[n tàct the sum of the Nernst potentials for the cathode and anode reactioos is

not the minimum energy requirement. Before any current stans to flow. the

overpotentials at the cathode and anode must also he satisfied. As there is 00 energy

inefficiency until current starts. the condition which establishes the effective minimum

energy is at the maximum voltage at which there is zero current:

V/~ = Vmm - 1llc l-o 1 - 1llal --+OI = -1.72 V

where the Nernst potential is Vmm = -0.83 V. From Section 3.2.3 al very low cell

current. [ = 0.1 A. the cathode overpotential llc l--+O = -0.002 V and the anode

overpotential llal-o = 0.89 V. Thus the corresponding minimum energy requirement al

the maximum voltage for zero currenl for I! reduction is

GT = -2 F VTl-.o = 331.9 kI/mol 11 = 79.3 kcallmol I!

= 1654 kcalJkg moisture-free wood
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• i.e. 1.92 kWhlkg moisture-free wood.

( 2 ) Actual eoergy reguired for 1., reduction

ln an ECLR reactor. oot ooly 12 reduction but also sorne wood liquefaction

electrochemical reactions occur at the cathode. as weU as H'" and O2 geoeration and a

very small amount of side reactions at the anode. For the system of run "21 ECLR. the

actual energy used for these several purposes was

= 6 (11.9) = 13.2 kWh/kg moisture -free wood
60 (0.09)

•

•

The energy consumption for just the 1.. reduction occurring in the cathode ceU IS

considered as

= 6 (11.9) 0.45 = 5.95 kWh/kg moisture -free wood
60 (0.09)

where

1:1\1: : current. Il.9 A. Section 7.2

V : voltage.. 6 V.. Section 7.2

Fwood : wood flow rate. 0.09 g/~ Section 7.2

Ec. u.;:llhodc : cathode current efficiency for reducing 12• 45%. Section 7.7

Thus the energy efficiency required just for reducing Il with the electrochemical ceU

and operating conditions of "21 ECLR is the ratio of the minimum eoergy required. 1.92

kWhlkg moisture-free wood. to the actual energy required for [1 reduction.. 5.95 kWblkg

moisture-free wood. i.e. (1.92/5.95 =) 320/0.

ft should he noted that the objective of the present study was to determine
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• whether wood liquefaction and electrochemical reduction of 12 to ID could he carried

out in the same reactor without the undesired competitive electroehemical generation

of H~. Subsequent to achieVÏDg this objective many questions., including consideration

of electrochemical efficiency., remain major tapies requiring future intensive study.

7.9 Water traDsler

The results recorded in Section 7.2 show that there is a 98 ml volume increase

in the cathode companment and a 100 ml volume decrease in the anode compartmen~

for the combination of reasons noted there.

For the cathodic celI.

•
initial amount of water: 161 . 73 9
fmal amount of water: 237 • 38 9
amount of water of reaction:

11.70 9

{= 220 ml (1.69 g/ml) (1 - 0.565)}
{= 318 ml (1.67 g/ml) (1 - 0.553)}
{= b MHO'MCH".o., 27.0 g}
{= 0.60 (18124.92) 27.0 g}

initial amount of water:
fmal amount of water:
amount of water hydrolyzed:

•

Therefore the net amount of water transferred into the cathode cell is:

63.95 9 {= 237.38 g - 161.73 g - 11.70 g}

For the anodic cell.

1031.13 9 {= 1300 ml (1.292g1ml) - 5.09 M (1.3 I)MfbSOo}
944.71 9 {= 1230 ml (l.310glml) - 5.53 M (1.23 I)MlbSo.)

19.24 9 {= 18/16 (0.057 g/min) 300 min}

Therefore the net amount of water transferred out of anode cell is:

67.18 9 {= 1031.13 g - 944.71 g - 19.24 g}

Thus a very good water balance was obtained. The transfer of about 64 - 67

g H20 over the Sb run into the cathode companment from the anode companment

Îndieates a water transfer rate of about 13 mIIh. This transfer rate is comparable to the

test without wood liquefaetion but with electroehemical current. which gave a 12.3 gIh
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water transfer rate. If ail of the Ir generation rate of 0.0071 mol H··Jmin (Section 7.7)

in fact transferred as H30". which is the expected nature of the Ir transport this would

account for (0.0071 . 18 . 300 =) 38 g H:!O transferred into the cathode compartment.

This amount indicates that about 60% of the water transfer was with the H"" transfer as

H30·. leaving about 40% of the transfer H20 alone.

7.10 S'nnmary

Successful operation for steady continuous electrochemical wood liquefaction

was obtained in a fully sealed reactor with continuous wood feeding. continuous 12

generation. continuous 12 reduction electrochemically. continuous make-up HI to

maintain HI concentration at a steady-state value.. continuous gas product collection and

continuous O2 production. The principal results and findings were:

(1) During a 5h run the continuous wood feed rate was maintained constant al 0.09

g1min. The aqueous phase ln concentration was maintained al a steady-state value of

54 - 56 wtO/O by the addition of 0.40 glmin of make-up HI. The liquefaction reactor

was oPerated at the bubble point temperature of the aqueous HI solution. which thereby

was used as sensitive indicator of ID concentration according to the T-x diagram for

vapor-liquid equilibrium in the HI-H20 system. Nearly 1000/0 mass balances were

obtained for carbon. hydrogen. oxygen. iodine.. HI and H10.

(2) The 12 concentration of the aqueous solution oever exceeded 0.09 M over the Sh

of the run.. very much less than the lypical levels of 0.7 - 1.4 M for

noneleetrochemical bateh liquefaction. These results further confirm that 11 reduction

can he obtained simultaneously with wood feeding and wood liquefaction and in the

presence of the viscous crude wood oil produet.

(3) No H2 generation occurred at the cathode.. thus establisbing that for continuous

ECLR operation at the conditions of this Sb fUll. reduetion of 12 is obtained without the
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occurrence at the cathode of this competing electroehemical reaction.

(4) At a cell voltage of 6 V and 1200 rpm cathode rotation speed during a Sb run

the current was steady~ averaging Il.9 ~ which corresponds to a cathode eurrent

density of 0.81 A/cm:!. Because of partial blockage of cathode surface by the viscous

wood oil product the eeU current and cathode current density are decreased by 20%

relative to I:! reduction in pure aqueous ID solution at comparable conditions.

(5) 100% of the carbon of wood is recovere~ with the carbon base yields being

84.2% of organic phase product. 10.8% of aqueous phase organic product.. 4.90/0 of

CH31 gaseous product.. while at the conditions of this run the yield of the undesired..

acetone-insoluble residue was totally suppressed. As the aqueous phase organic product

is simply an inventory item. for long term operation the carbon base yields for the

ECLR process would he 95.1% organic phase produet. 4.9010 CH3I.

(6) \\'hen the product was treated with N~S103 solution to remove the physically

associated 12 on the produet. it was determined that the organic iodide content of the

organic produCl corresponds to ooly about 6 - 7 wt% iodine content.. Le. to an atomie

ratio Ile = 0.0090. Thus the composition of the OP produet can he expressed as:

with 4.5 12 Molecules physically associated per carbon atome On the same basis the

composition of the AP produet fraction that remained dissolved in the aqueous ID phase

was

indicating 2.5 12 Molecules physically associated per carbon atom. Such charge-transfer

complex type physical association of I! Molecules occurs with iodine atoms.. carbonyl

group oxygen atoms and benzene rings of the organic product.

(7) The reaction stoichiometric equation combining the results of the above items
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(5) and (6) is

CHI.Sq 0 070 + 1.07 ID = 0.842 CHu7 0 0. 111 10.0090 (OP)

+ 0.108 CHl44 0 0.106 10.0085 (AP)

+ 0.049 CH]I + 0.60 H:!O + 0.52 12

(8) The higher reactivity between wood and HI and the higher levels of hydrogen

retention and oxygen removal of the crude wood oil product relative to that obtained

in the earlier nonelectrochemical bateh wood liquefaction appear attributable in part to

changes in reaction chemistry that accompany fully continuous wood liquefaction.. in

part to the higher level of HI concentration maintained in the continuous reaction

operation than that at the end of batch reaction and in part to some of the H- produced

electrochemically participating in wood liquefaction reactions al the cathode.

(9) Of the total 12 produce~ 88% is reduced to In. As only the 12 in solution cao he

reduced electrochemically_ the 12 reduction efficiency of dissolved 12 is even higher.

940/0. The 60/0 of I:! in solution tbat was not reduced during this run is simply an

inventory of dissolved I:! in the reactor aqueous phase. As the only 12 unavailable for

reduction is the 7% which is associated physically with the organic produet. 93% of the

12 produced would he reduced to HI in steady" continuous operation of an ECLR

system.

(10) The current efficiency for W generation is 96%. Of the H- generat~ 450/0 is

used for I:! reduction and the remainder for electrochemical organic reactions with the

wood oil produet. For this organic produet the high hydrogen retention and high oxygen

removal. both above 85%.. are in bath cases significantly better than for the product

from noneleetrochemical wood liquefaetion.
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CHAPTER 8
CONCLUSION

8.1 S.pnmary

1. E1ectroebemica1 Uquefaction reactor concept

A novel design of an electrochemical liquefaction reactor (ECLR) contained two

electrolytic ceUs separated by a semipermeable membrane. The cathode cell is the

reactor for direct liquefaction of biomass in concentrated aqueous HI solution and at the

same time is the electrochemical reactor where 12" which is produced by the oxidation

of 1- that accompanies the reduetion of wood, is reduced at a platinum cathode back

to the HI reaetant. With a lead electrode the anode ceU produces Ir ions and O2 from

hydrolysis of water in concentrated H:,!S04 solution.. the 11 being transponed through

the semipermeable membrane to the cathode where HI is thereby regenerated.

2. Electrochemical cbaracteristics of the ECLR reador

For a purely inorganic m-I2-H20 system.. various electroehemical performance

characteristics - current. current density.. 12 reduction rate. current efficiency - were

determined as a function of cell voltage't I:,! concentration. cathode rotational speed and

inter-electrode spacing. With the use of platinum as the cathode metal't the overvoltages

for 12 reduetion and the competitive reaction of H2 generation are such that for a

significant range of conditions il is possible.. fortunately't 10 obtain the former 10 the
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total exclusion of the latter.

Over a broad range of operating conditions the cathode currenl efficiency is

hi~ in the range 90 - 100 %.. and stable with respect to cell voltage. cathode rotational

speed and 1:: concentration. The 1:: concentration at which cathode current efficiency

stans to drop because of mass ttansfer control at the cathode was determined as a

function of cell voltage.. cathode rotational speed and inter-electrode spacing. This

threshold 1:: concentration is in the range 0.04 - 0.08 M.. concentrations which are very

low relative to typical levels of about 0.7 - 1.4 M reached in nonelectrochemical batch

wood liquefaction in aqueous ID solution.

3. Cbaracteristics of noneIectrocbemical Iiquefactioa

For nonelectrochemical batch wood liquefaction al I-Wwood stoicbiometric ratio

of 1.0 - 4.4 gmol Hl/gmol C in wO<Kl in 57 - 61 wtOID aqueous HI solution. the crude

wood oil product bas about 70 - SO% hydrogen retention and 70 - SO% oxygen

removal relative to the wood. The 1:: concentration in the aqueous solution after reaction

is in the range of 0.7 - 1.4 M.

(a) Stoichiometric equations for liquefaction

At the conditions of 57 wtOA» initial m concentration.. ln to substrate

stoichiomettic ratio R = 4.4 gmol HIlgmol C in wood.. the stoichiometric equation for

liquefaction of hybrid poplar is

CHl.5q0070 + 0.79 ID = 0.833 CHu60o.16Io.l1 (OP) + 0.118 CHl.S700.2JO.04 (AP)

+ 0.049 CH31 + 0.54 H!O + 0.32 12

and for liquefaction of cellulose is

CH1.6700.13 + LIS ID = 0.727 CHl.490o.J4Io.19 (OP) + 0.273 CH1.6300.24Io.oJ (AP)

+ 0.66 H20 + 0.52 12
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where the carbon base yields of the organic phase (wood oil) products are 83.3% and

72.7%~ resPeCtively, as indicated by the above stoichiometric coefficients for the

product fraction designated as OP. The yields of the product remaining dissolved in the

aqueous ln phase, designated as AP, is of secondary importance as earlier work showed

that when recycled to the reactor it is converted to the OP~ wood oil type product. Of

basic importance is that with these conditions~ and in conttast to other biomass

liquefaction processes~ no char-type residue is produced. For any lignin containing

biomass these conditions conven the methoxy groups to methyl iodide.. this yield from

hybrid poplar being 4.90!cI as indicated by the above stoichiomeuic coefficient. The

greater reactivity of m with cellulose than with wood is indicated by the higher

stoichiometric coefficients.. 1.18 compared to 0.79. As ID reduces the substrate with the

production of H:!O while 1- is oxidized to 12, pan of this higher m reactivity

corresponds to the O/C ratio of cellulose heing 19% higher than for bybrid poplar.

(b) Evolution of wood liquefaction over shon batcb reaction times

The concentration and temperature of aqueous HI solutions which are effective

for biomass liquefaetion correspond coincidentally to those of the bubble point

compositions for vapor-liquid equilibrium in the ID-H20 system in the vicinity of the

sharply defined maximum boiling azeotrope at 56.5 wtOA. In and 12'rC. As ID is

consumed and H20 produced by the liquefaction reactio~ the ID concentration drops

during batch reactioD. By operating the liquefaetion reactor at the bubble point of the

aqueous m solutioD the extent of the ID-wood reaction can he fol1owed accurately by

monitoring the reactor temperature. In this way it was determined that when the initial

concentration in the aqueous phase is 57 wtOl'o ID or sligbtly higber, the liquefaction

reactions between suhstrate and ID are nearly complete in as little as 20s.

(c) Effeet of ID concentration and HI/wood stoichiometric ratio

The reaction aetivity of aqueous HI with wood was found 10 increase very

strongly with m concentration. For initial aqueous phase concentration of 45 wtOlO.. the

aetivity of ID acting as a reducing agent is very~ but the effect of the Ir as a

catalyst for bydrolysis of wood polymers provides a 4()OA. yield of aqueous HI phase

202



•

•

•

soluble product. This evidence demonstrates that the hydrolysis step of wood

liquefaction occurs even al conditions too weak for removal ofoxygen. The dehydration

step of wood liquefaction requires stronger reaction conditions. i.e. initial concentrations

of the aqueous phase in the range 5S - 6S wtOAt ID for batch reaclor liquefaction of

wood.

The yield of the residue fraction. ON. a char-type product. can he totally

eliminated at strong reaction conditions such as any combination of III to wood

stoicmomettic ratio R. gmol HIlgmol C. and wt% initial HI concentration which gives

a final HI concentration of SO wtOAt HI or above.

The values of the coefficients of the stoichiomettic equations as indicated in (a)

above increase seDSÏtively and linearly with final III concentration over the wide range

of 42 - 55 wtOl'o III regardless of the combinations of values of the two parameters.

initial III concentration and HI/wood stoichiometric ratio.. giving these values of fmal

HI concentration.

(d) Liquefaction of individual components of wood

The trend of reaction activity to liquefaction in aqueous HI solution is in the

order

Cellulose > Xylan > Hybrid Poplar > Lignin.

Relative to other lignoceUulosic substrates. lignin liquefaction gives a significantly

higher yield of the undesirable char-type residue fraction. ON.

(e) Characteristics of the OP produet

The hydrogen retention of the OP produet fraction cao he maintained al 700At or

hetter relative to hybrid poplar for a variety of reaction conditions. but can he improved

to about 85% by increasing the initial HI concentration to 68 wtOAt Ifi. The extent of

deoxygenation of the OP produet fraction is about 7S% relative to the poplar wood and

is relatively insensitive to m concenttation and ta stoichiometric ratio R except that

deoxygenation drops off sharply al sorne value of initial m concentration not much
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lower than 57 wtOlO HI or for conditions giving final aqueous phase concentration below

45 - SO wtOlO fU. The extent of deoxygenation and bydrogen retention for the

liquefaction of cellulose and xylan is about S - 15% greater than for hybrid poplar

because of the lignin content of wood.

The iodine content of the OP product fractio~ expressed as the atomic ratio Ile.

is a unique function of the 12 concentration at the end of bateh liquefaction and appears

unrelated to reaction conditions or to the type of substrate used.

4. Pre1jmjnary electrochemical Uquefaction reactor testiDg

Batch and batchwise·continuous mode operation of the ECLR established that

12 produced by the reaction of wood with HI can he reduced simultaneously with wood

Iiquefaetion in spite of the presence of the viscous crude wood oil product. At

comparable operating conditions the cell cunent and cathode cunent density with

electrochemical wood liquefaction is reduced by about 25% relative to the system of

pure I!-ID aqueous solution because of partial blockage of the cathode surface by the

viscous product. With any wood feed rate to the reactor. reduction of 12 was obtained

without the unwanted competitive reaction of H2 generation at the sheet Metal cathode

during electrochemical wood liquefaetion. Stable batchwise-continuous operation of the

ECLR was obtained while maintaining the 12 concentration not in excess of 0.1 M. This

fmding established that electrochemical liquefaction was obtained with an approximate

balance between the rate of 12 produced from the wood-HI reaction and the rate of 12

reduced by electrochemical reaction.

s. Cbaracteristics of CODtÎIIUOIIS e1ectroehemical Hquefaction reactor operation

(a) A successful Sh run with steady operation of a fully sealed liquefaction

reactor was obtained with continuous wood feeding. continuous 12 generatio~

continuous 12 reduction electrochemically, continuous make-up ID to maintain ID
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concentration at a steady-state value. continuous liquefaction gas product coUection and

continuous O2 production. The aqueous phase III concentration was maintained al 54

- 56 wt% by the addition of make-up HI. The liquefaction reactor was operated al the

bubble point temperature of the aqueous ID solution. about 125°C. At a cell voltage of

6 V and 1200 rpm cathode rotation speed the current was steady. averaging Il.9 A or

a cathode current density of 0.81 A/cm"!. Electrocbemical reduction of 12 was obtained

without the occurrence al the cathode of the competing re&etion of H2 generation. The

12 concentration of the aqueous solution never exceeded 0.09 M over the 5h of the l'UD.

very much less than the typical levels of 0.7 - 1.4 M reached in nonelectrocbemical

batch liquefaction.

(b) Near 100% mass balances were obtained for carbo~ hydroge~ oxygen.

iodine. HI and "20. 100% of the carbon of wood is recovered. with the carbon base

yields being 84.2% of crude wood oil produet and 4.90/'0 of CH]! gaseous product wbile

at the conditions of tbis run the field of the undesired char type residue was totally

suppressed. The field of aqueous phase soluble organic product. 10.8%. is of lesser

imponance because this is simply a reactor inventory whicb in long term continuous

ECLR operation would go to zero.

(c) The higher reactivity between wood and ID relative to that obtained in the

earlier nonelectrochemical wood Iiquefaction appears attributable to the higher level of

HI concentration maintained in the continuous re&etion operation than that at the end

of batcb reaction.

(d) Of the total 12 produc~ 88% is reduced to HI. As only the 12 in solution can

he reduced electrochemically. the 12 reduction efficiency of dissolved 12 is even higher.

94%. The 6% of 12 in solution that was not reduced during tbis run is simply the 12

dissolved in the reactor aqueous phase and as such is another reactor inventory term

wbich would go to zero in long term continuous ECLR operation.

(e) The corrent efficiency for Ir generation is 96%. Of the Ir generate<L 45%

is used for 12 reduetion and the remainder is for electroehemical organic reactions for

the wood oil product.
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6. Iodine bebaviour with the product

With the 12 concentration in the aqueous ID solution was maintained al 0.03 ­

0.05 M by electrochemical wood liquefactio~ the iodine content of the OP product

fraction expressed as atomic ratio was round to he Ile = 0.06. By bath cs! solvent

extraction and sodium thiosulphate treatment of the crude organic product it was found

that about 85 - 90% of this total iodine content is as 12 physically associated with the

crude wood oil.. while only 10 - 15% of the iodine content is chemically bonded as

organic iodide. A charge-transfer comple" type of pbysical association of 12 Molecules

occurs with iodine atoms, carbonyl group oxygen atoms and henzene rings of the

organic product. Because the physical association between 12 and the organic product

is relatively strong, the iodine content of the crude product becomes asymtotic to a

value of about [/C = 0.045 even when 12 concentration in the aqueous HI solution phase

is decreased to aImost nil (0.002 M) during electrochemical wood liquefaction.

Although the iodine content of the OP product fraction under practical ECLR operating

conditions is limited to about IIC = 0.06. this level of iodine content is none the (ess

substantially (ess than without simultaneous electrochemical reduction of [2 to HI.

7. Cbaraeteristics wood oU product of coatiDuous electroebemical6quefactioo

By the methods noted in item 6. the iodine content present as organic iodide in

the product was demonstrated to correspond to an I1C atomic ratio of only about 0.009.

the remainder of the iodine content being the physically a5S0Ciated 12• Thus the

stoichiometric equation for the continuous wood liquefaction at steady 54 - 56 wtO.IcJ

HI concentration is

CHI.S900.70 + 1.07 ID = 0.842 CHu7 0 0. 111 10.0090 (OP)

+ 0.108 CH.." 00.1061o.ools (AP)

+ 0.049 CH]I + 0.60 8 20 + 0.52 12
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where the 12 produced (0.52 gmol HIlgmol C in wood) is distributed hetween the

aqueous HI solution and that associated physically with the product. Liquefaction

simultaneous with electrochemical reduction bas improved the quality of the wood oil

product through electrochemical organic reduction reactions simultaneous to 12

reduction. This effect is evidenced by the higher reactivity of the wood-HI reaction. Le.

higher reaction stoichiometric coefficients't as weil as by the higher levels of hydrogen

retention and oxygen removal relative to wood. bath above 85%. for this wood oil

product as compared to the product from nonelectrochemical wood liquefaction. The

higher reactivity between wood and HI and higher quality of the organic product is

related to sorne of the H~ produced electrochemically having participated in wood

liquefaction reactions at the cathode.

8.2 Contributions to knowledge

1. Basi«: «:baracteristia of biomass Uquefadion by HI in aqueous solution

Batch reactor studies revealed severa! new aspects conceming the direct

liquefaction of wood with concentrated aqueous HI solution to a wood oil product under

low severity conditions. atmospheric pressure and low temperature. around 125°C. It

was found that the wood-HI reaction is f~ nearly complete as little as 20s when the

initial aqueous phase concentration is 57 wt% HI or greater. The yield of the char-type

residue can he completely eliminated by any conditions giving a fmal aqueous phase

concentration of 50 wtOlO En or greater.
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2. E1ectrocbemical wood UquefactioD reador desiIn

A novel concept electrochemical liquefaction reactor (ECLR) was designed in

which wood liquefaction occurs in the cathode cell simultaneously with electrochemical

reduction back to HI of the [2 produced by the wood liquefaction reaction.. thereby

closing the Hl4I 24HI loop. Electrolysis of water from H2S04 solution in the anode

ceU generates O2 and the W required for HI regeneration at the cathode.

3. Basic cbaracteristics of electrochemical UquefadioD of wood in aqueous m

Batch.. batchwise-continuous and steady continuous operation of this ECLR

established that wood liquefaction and electrochemical reduction of [2 back to HI can

be obtained simultaneously in spite of the presence of the viscous wood oil product.. and

without generation of H! by the competitive electrochemical reaction al the cathode. As

operating conditions were demonstrated for which there is no production of the char­

type product common to other Iiquefaction processes" long term steady ECLR operation

would generate only three products.. 95.1% yjeld of crude wood oil product.. 4.9% yield

of methyl iodide from the methoxy groups of the lignin and O2 from the anode cell. Of

the H· generated at the anode.. about half is used for regeneration of the HI and half for

electrochemical liquefaction reactions which are retlected in the exceptionally high

levels of hydrogen retention and oxygen removal of the wood oil product relative to the

wood.. in bath cases above 85%.

4. lodine content of the crude wood oïl product

Two independent methods established that about 85 - 90% of the iodine content

of the crude wood oil product is as physically associated [2 while only 10 - 15% of

this iodine content is as organic iodide. This tinding gready simplifies the challenge for

future work of producing an iodine-free wood oil product because the removal of [2
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physically associated with the product is intrinsically much easier than the removal of

iodine present as organic iodide. The latter is shown to he very small't corresponding

to an iodine to carbon atomic ratio of about 0.009. or one iodine atom for about every

110 carbons.

8.3 RecommendatioDS for future studies

Further studies to elucidate and develop the process should include the tollowing

approaches to a number of questions that remain to he answered.

1. Investigation of practical methods for removal of the 11 associated physically

with the product.. corresponding to an iodine to carbon atomic ratio of about 0.08. or

one I! Molecule for about every 25 carbon atoms.

2. Investigation of practical methods of removal of the iodine present in the product

as organic iodide to the extent of an iodine to carbon atomic ratio of about 0.009. or

one iodine atom for about every 110 carbon atoms.

3. A full characterisation of the nature and properties of the wood oil product

should he made.

4. An ECLR system should he developed with recycle to the reactor of the aqueous

phase reactor effiuent which contains the dissolved aqueous phase product fraction.

5. It would he interesting to investigate the nature of the electrochemical organic
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reactions that occur during the electrochemical wood liquefaction process.

6. Work should he done on design of an electrochemical wood liquefaction reactor

of high electrochemical efficiency, including decreasing the IR drop.. increasing the

energy efficiency.. and research for semipermeable membranes of greater effectiveness

ïncluding reduction of water transfer from the anode to cathode cell.
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APPENDIX A

PHYSICAL PROPERTIES OF ID SOLUTION

A.t Vapor-liquid eQUilibrium data for HI-H20 system al atmomberic pressure

Liquid phase Bubble point Refermee Vapor phase Dew point Reference
composition temperature composition temperature

wtO/o oC wtOA. oC

0 100 0.03 100 (l)
15.1 102 (l) 0.1 100.1 (1)
27.3 105 (l) 0.2 100.25 (1)
33.6 107 (l) 0.3 101 (1)
39 109 (l) 0.5 101.5 (1)
42.7 111 (1) 1.5 105 (1)

• 48 116 Cl) 5 120 (1)
50 118 (1) 15 122 {1}
52.5 123.2 (1) 23 123.2 {1}
52.75 124 (1) 51.7 125.5 (1)
54 125.2 (l) 55 126 (1. )

54.9 125.8 (1) 56.7 126.5 (1 )
55.5 126 (1) 69.8 122 (1)
56.7 126.5 (1) 70 121 (1)
56.8 127 (2) 90 95 (1)
58 123 (1) 93 84 (1)
59.4 118 (1) 96 75 (1)
60 112 (l) 98.5 62 (1)
61.1 108 (1) 98.8 60 (1)
64 100 (1)
64.9 86 (1)
69.1 20 (3)
72.0 10 (3)
73.4 a (3)
74.7 -la (3)
75.8 -20 (3)

100 -35.3 (2)

References :
(I) Carrière et Du~ 1926
{2} Kirk-otbmer. 1963
(3) Ahmed et al_ 1970
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• A.2 Density of ID solution

Density at 20°C Density at 25°C Reference

HI Concentration Density HI Concentration Density
wtt molll g/ml wtt mol/l g/ml

0.001009 0.9971 (1)
0 0.99707 (2)
0.002152 0.9972 (1)
0.005144 0.9975 (1)
0.01036 0.9980 (1 )
0.02507 0.9996 (1)
0.05435 1.0025 (1)

1 0.0786 1.0054 1 0.0785 1.0042 (1)
0.1124 1.0082 (1)

2 0.1583 1.0127 2 0.1581 1.0114 (1)
0.2217 1.0181 (1)

4 0.3214 1.0277 4 0.3209 1.0262 (1)
6 0.4893 1.0431 6 0.4885 1.0415 (1)
8 0.6623 1.0589 8 0.6613 1.0573 (1)

10 0.8405 1.0751 10 0.8392 1.0573 (1 )
11.64 1 1.0986 (1 )
12 1.0243 1.0918 12 1.0228 1.0902 (1 )
14 1.2139 1.1091 14 1.2120 1.1074 (1)
16 1.4097 1.1270 16 1.4075 1.1252 (1)

• 1.3099 1.14084 (2)
18 1.6120 1.1456 18 1.6094 1.1437 (1)
20 1.8214 1.1649 20 1.8183 1.1629 (1)
20.77 1.9061 1.1739 20.77 1.9029 1.1719 (3)
21.65 2 1.1815 (1)
22 2.0381 1.1850 22 2.0345 1.1829 (1)
24 2.2626 1.2059 24 2.2585 1.2037 (1)
26 2.4955 1.2277 26 2.4908 1.2254 (1)

2.2695 1.23659 (2 )
28 2.7369 1.2503 28 2.7317 1.2479 (1)
30 2.9873 1.2737 30 2.9814 1.2712 (1)
30.10 3 1.2749 (1)
31.77 3.2129 1.2936 31.77 3.2194 1.2962 (3)
35 3.6548 1.3357 35 3.6471 1.3329 (1)

3.6688 1.36451 (2)
37.42 4 1.3674 (1)
40 4.3871 1.4029 40 4.3774 1.3998 (1)
42.70 4.8247 1.4453 42.70 4.8151 1.4424 (3)
43.85 5 1.4584 (1)
45 5.1909 1.4755 45 5.1785 1.4720 (1)

6.0458 1.55478 (2)
7.6154 1.66449 (2)

56.78 7.5258 1.6954 56.78 7.5072 1.6912 (3)
61.97 8.8024 1.8169 61.97 8.7791 1.8121 (3)

Notes :
(1) Gmelins.. 1937
(2) Mellor. 1930
(3) Vogel.. 1989

•
A-2



•
2

1.9 2OC'C
1.8

1.7

~ 1.6
C)

1.5
~ 1.4ri)
c
~ 1.3C

1.2

1.1

d (g/ml) =0.9981 + 9.154 ([HI]/1 0) + 0.159 ([HI]/1 0)2

Figure A.1 Density of HI Solution at 2(p C

•
2 3 4 5 6 7

HI Concentration, molli

8 9 10

2

1.9 2SOC
1.8 -.

1.7
E

1.6-C)

~ 1.5
ri)

1.4c
CD
C 1.3

1.2

1.1

d (g/ml) =0.9971 + 9.135 ([HI)/1 0) + 0.162 ([HI]/1 0)2

10982 3 4 5 6 7

HI Concentration, molli

Figure A.2 Oensity of HI Solution at 2!f C

0.9~ """"_......10.._......10.._"""'_-..l._"""_-"""_---'
o

•
A-3



•

•

A.3 Stability of 57 wt% lU solution al bubble point

As En convens slowly to 127 the stability of 57 wt% HI solution was tested by

boiling the solution for 5.75h in a tlask wim a condenser to return En-H20 vapour to the

tlask. The En and 12 concentrations were determined periodically by the metbods

appearing in Appendix H.l.

Heating Time Temperature HI Concentration I 2 Concentration
h oC molll molll

23 7.65 0.0062
0 ~27 7.58 0.0~25

0.25 ~27 7.46 0.0~25

0.50 ~27 7.43 0.0~25

0.75 ~27 7.37 0.0287
~.25 ~27 7.41 0.028~

~.7S ~27 7.35 0.028~

2.25 ~27 7.37 0.028~

2.75 ~27 7.33 0.0297
3.75 ~27 7.29 0.03~2

4.7S ~27 7.29 0.0437
5.75 127 7.35 O.OSOO
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A.4 Vapour pressure of bydrogen iodide

Hydrogen iodide is colourless gas at room temperature. 115 critical point

temperature and pressure are 424.l oK (1 SO.9°C) and 82 atm.

At 222.300J(~ (-SO.8S0C) liquid hydrogen iodide freezes to a colourless solid.

The vapour pressure of solid hydrogen iodide is given by the equation

log (P mmHg) = 10.493 - 0.003167 T - 0.377 log T - 1406rr

At 237.75 ± O.05°K.. (- 3S.40°C)~ hydrogen iodide condenses ta a colourless

liquid. The vapour pressure of liquid hydrogen iodide is gjven by the equation:

log(P mmHg) = 7.20883 - 1025.71rr

or more accurately" by

log (P mmHg) = 26.119 + 0.002293 T - 7.111 loge T ) - 1636rr

Reference:

Mellor. 1930
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APPENDIX B

SOLUBILITIES OF IODINE

B.1 Solubilitv of 12 in water

Temp. Solubility Temp. Solubility Temp. Solubility
oC 9/1 oC 9/1 oc 9/1

0 0.14 40 0.52 90 3.15
10 0.20 50 0.71 100 4.45
20 0.285 60 1.00 106 5.60
25 0.335 70 1.50 112.3 7.29
30 0.385 80 2.25

Reference:
Srephen and Srepben. 1963

•
B.2 Solubility of 1" in lU solution

(Temperature = 25°C)

HI Concentration 12 Solubility 1 2 /HI Reference
9/1 mol/l wtt 9/1 mol/l mol/mol

7.73 0.0604 0.735 7.49 0.0295 0.488 (1)
11.79 0.0922 1.09 11.65 0.0459 0.498
15.46 0.121. 1.40 15.48 0.0610 0.504
26.99 0.211. 2.27 28.35 0.11.2 0.531
39.90 0.312 3.11 41.45 0.163 0.522
54.10 0.423 3.91 59.86 0.236 0.558
63.95 0.500 4.40 76.15 0.300 0.600
81..22 0.635 5.15 100.3 0.395 0.622

kg/l
682.1 5.33 45.9 2.28 8.98 1.69 (2)
781.6 6.11 50.2 2.84 11.2 1.83
894.3 6.99 54.4 3.47 13.7 1.96

1201 9.39 64.0 4.72 18.6 l'98
1298 10.1 66.7 5.22 20.6 2.03

• References:
(1) Silcock. 1963
(2) Powell and Campbell. 1947
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• 8.3 Solubilitv of 1., in ownjc solutions

Solvent Temp. Solubility Solvent Temp. Solubility
OC wt% gI1 OC wtll gl1

C~ 0 7.89 CHCh 10 1.773
Carbon 10 10.51 ch1oroform 15 2.129 32.6
disulfide 15 12.35 20 2.562

20 14.62 2S 3.101 45.2
25 16.92 30 3.693
30 19.26
35 21.62 CH!Cl! 15 42.2
40 25.22 dich1oro- 2S 58.6
16.6 178.5 metbane

CCl.. 0 0.728 CAO 0 2.5
carbon 15 20.5 aœtone
tetraeh10ride 21 25.1

25 29.1 CJI. 20 119.343
35 2.6 beDzene 2S 14.09
50 4.349 30 16.1

35 17.9

• C:H..0 2 20 1.727 40 20.05
acetic acid 30 2.706 sa 25.51

arder of 1: solubility:

CS: > CJf6 > > CH1Cl2 - C~O > CHel) > C:H.~ > CCl.. > H20

Reference:
Stephen and Stephen. 1963

•
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•
APPENDIX C

OVERPOTENTIAL RELATIONS FOR
Il ELECTROCHEMICAL REDUCTION

(personal communication from E.M. Berksoy, McGill University)

C. 1 Current density - ovemotential relations

The relation between the current density, i. and the overpotential. '1, is given by

the Butler-Volmer equation (Pletcher and Walsh. 1990),

(C.l)

where n is the number of electrons transferred. F is the Faraday constant. 96487

Cmol- I and R is the gas constant 8.314 J-mol-'·k. This equation shows that the

current density at an electrode is a function of overpotential 11, exchange current density

io' and the transfer coefficients al: of cathode and aa of anode.

For large cathodic polarization the first term in Equation C.1 becomes negligible.

Equation C.2 can be wrinen as

CEe nF"
log( -; ) = log( iD ) - 2.303RT

(C.2)

(C.3)

•
which is known as the cathodic Tafel equation.

Similarly for large positive overpotentials., the second term in Equation C.I

becomes negligible and this leads to the anodic Tafel equation
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• CE nF"loge i) = loge i
o

) + _G__

2.303RT
(CA)

For Tt > 52 mV. Equations C.3 and CA are good approximations to Equation C.l. The

term 2.303RT/anf is known as the Tafel slope.

However for the case of small polarizatio~ Tt == 0.. the Equation C.I relation

between current density and overpotential.. with a l1 = a c = 0.5 mV.. becomes

. . nF
, = '0 RT "

(C.S)

•

which shows that for Tt == O. current density i depends linearly on overpotential Tt •

C.2 Cathodic over.potential: [.,/1 - overpotential on platinum

For the [/1- redox couple.. with the transfer coefficient taken as 0.5. the standard

exchange current density was found to he OAA/cm1 (Dane.. et al.. 1968). The standard

exchange current density is the exchange current density of 1/1- al which the

concentrations of 1- and [2 are lM. The exchange current density was 0.049 A/cm1 for

[1-] = O.033M and [12] = 0.0369M at 2SoC.

For typical conditions of the present process the cathodic overpotential can he

estimated from the Tafel Equation C.3 as:

log( i ) = log( io ) - {l/(Tafel slope)} Ttc (C.6)

•
where the Tafel slope is 0.12 V for T = 2SoC and can he expected to he 0.16 V for T

= 120°C. Because the exchange cunent density io is a function of [I-l~ [IJ and

temperature.. il will increase with temperature and with concentration of 1- for
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concentrations of I~ in the range of 0.01 M - 1 M. For the conditions of T = 120°C

and [1-] = 7.5M. io is expected to he higher than 0.049 A1cm~. However this value May

he used to fmd the upper limit of the III - overpotential. Therefore for the cathodic

cuneot density of -0.68 AJcm~ (14.7 cm1 effective area of the sheet cathode and 10A

celI current) the overpotential calculated by the relation

log( - (-0.68) ) = log( 0.049 ) - (110.16) TIc:

is T'lc: = -0.18 V. which is the upper limit for 1TIc 1 the typical conditions here.

For calculation of the overpotential for very large exchange current density (0.4

A/cm; for I~ and 1- concentrations each of 1 M) tor which the overpotential is very

small. the linear relation of the Tafel Equation C.5 can he used at i = -0.68 Alcm2

(14.7 cm2 etTective area of the sheet cathode and ID A celI current) as:

-0.68 = 0.4 (nffRn l'le

where n = 1. The calculated overpotential is l'le = -0.03V. which may be takeo as its

lower limit. Then the cathodic overpotential range is:

-0.03 V > l'le > -0.18 V

In general the concentration overpotential should he considered but hf'ïe it will he quite

small <about -0.01 V) due to the high rotational speed of the cathode. Thus cathodic

overpotential range becomes:

-0.04 V > 11c: > -0.19 V (at 1= 10 A)

•
\\Theo the circuit current is ooly 0.1 A. the cathodic current density is -0.0068

A/cm: for the cathode effective area of 14.7 cm:!. Using Equation C.S. with the
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exchange current density of 0.049 A/cm:!" the overpotential can he calculated by the

relation

-0.0068 = 0.049 (nFIRnllc'-.o

to be Tlcl-.o = -0.002 V.

C.3 Anodic over.potential : 0., over.potential on lead

The anode companment contains 38 wt% H:!SO,& as anolyte and a Iead anode to

electrolyse water to produce the W ions required in the cathode companment. plus

oxygen as an associated product. [n sulphuric acid solution the anode surface is covered

tirst ",ith PbSO.&" which is oxidized further to a brown laver of PbO., when the electrode. -
is polarized al higher potentials. When conversion of PbSO.& to PbO:! is near completion.

0: evolution stans on the PbO:! surface.

For I3-PbO:: the Tafel slope is 0.12 V al 25°C and can he expected to he o. 13 V

at 60°C. and exchange current density is 6.2·10 - 10 A/cm:! (Hoare. 1968). Taking these

values of Tafel slope and exchange current density. the oxygen overpotential of the

anode of 25 cm: surface area and al a typical current of 10 A.. Le. 0.4 A/cm: current

density. is calculated using the Tafel Equation C.4 as

log( 0.4 ) = Iog( 6.2.10-10
) + (1/0.13) l'la

to he 1.15V.

At a very 10"" celI current.. 0.1 A.. i.e. 0.004 A/cm: anodic current density (25

cm- anode area).. using Equation C.4.. the anodic overpotential is calculated by the

relation
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log (0.004) = log( 6.1-10-10
) + (1/0.13) llal

-<l

to be 0.89 V.

C.4 Calculation of the ohmic drop

For the ECLR cells separated by the semipermeable membrane.. the ohmic drop.

V°hm. has the following components:

Y°hm = YCohm + y mohm + Y",ohm + yohm(bubble-effect) + Vohm(hardware) (c.n

Each of these components is now treated.

V eob. of the cathode compartrnent. the ohmic drop between the cathode surface

and the membrane. can he estimated from the equation given for cylindrical electrodes

(Pickett.l (71)

~·here the Mean radius.. rc;m is

and

S
In(l + ~)

Tc

(C.8)

(C.9)

•
ic the cathodic current density.. taken as -0.68 AJcm1 (where the average current

is taken as 10 A and the effective surface area of the continuous smooth cylindrical

cathode is taken as 14.7 cm? Section 4.2)

Sc the cIosest distance between the cathode and the membrane (2.0 cm)
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• "'c: the conductivity of 57 wt% aqueous HI.. (0.74 mho cm-I) ( Weast. 1977)

rt the radius of the cathode (1.25 cm)

Therefore the Vcohm is calculated to he 1. 10 V.

YID011.. the ohmic drop by the membrane.. is

(C.IO)

•

•

where Pm. the specifie resistance of NAFION 324 membrane. is given as 4.5 ohm· cm~

by DuPont (NAFION perfluorinated membranes.. Product Bulletin) and imis the current

density 0.42 Ncm~ at the membrane of 5.5 cm diameter and 10 A cell current. Vm
Ohm

is calculated to be 1.89 V.

y.oll. of the anode comparonenL the ohmic drop hetween the surface of the

anode plate and membrane is

(C.ll)

where

ia is the anodic current density (0.4 Ncm=. when [ = 10 A and surface area of

anode that views the cathode is 25 cm~)

Sa is the distance hetween the anode surface and the membrane (2.0 cm)

~ the conducti\-ity of 38 \\'10/0 HzSO.l solution is about 0.5 mho· cm -1 (Weast.

1977 and Pletcher and Walsh.. 1990).

yoll-(babble-effect).. the ohmic drop by Oz evolution at the lead anode is very

small.. about 0.01 V ohmic drop (Hine.. 1985).

yoIlID(bardware). the ohmic drop of the electric circuit. including the sliding

contact for the rotating cathode is measured to he about 0.1 V between cathode and

anode.

[nsening these values into Equation C.8.. total ohmic voltage drop of the system

is

V°bm = 1.10 V + 1.89 V + 1.60 V + 0.01 V + 0.1 V = 4.70 V.
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The major contribution to the total voltage drop is the membrane resistance.. constituting

40% of the total.

C.S Competitive "+1"., over.potential on platinum

The exchange current density io of H·IH~ on smooth platinum cathode is 10-3

A/cm1 (Prentice. 1991). The overpotential can he estimated from the Tafel Equation

C.6. The Tatèl slope is 0.12 at 25°C. and 0.16 at 120°C. For the typical conditions of

T = 110°C. [H·] = 7.5 M and -0.68 A/cm1 current density (10 A cell current. 14.7 cm1

cathode effective area). the overpotential 'lH+ li; determined from Equation C.6

log( - (-0.68) ) = log( 10-3
) - (1I0.16)TlH_ li;

is -0.46 V.

C.6 Voltaie at verv Iow cell current with the mesh cathode

The voltage at very low cell current with the sheet cathode is discussed in

Section 3.1.3.

\Vhen the circuit current is only 0.1 A. the cathodic current density is -0.0096

A/cm: for the mesh cathode effective area of 10.4 cm1
• Using Equation C.5. with the

exchange current density of 0.049 Alcm1
• the overpotential can he calculated by the

relation

-0.0096 = 0.049 (nFlRnllc:m
[-0
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to be l'lem 1--.0 = -0.003 V.

At the very low cell current the anodic overpotential.. l'la[--+O is 0.89 V. Appendix

C.3. Therefore the total voltage at the low cell cunent with the mesh cathode

V T
m

[--+0 = -0.83 V - 1-0.0031 V - 10.891 V

is -1.1'1 V.. where -0.83 V is the thermodynamic minmum required potential.

C.7 Voltage ranie for 1., reduction without H., generation

The voltage range of -0.80 V for I:! reduction without H~ generation at the

continuous sheet cathode of 14.7 cm~ eftèctive surface area is described in Section 3.2.

For the mesh cathode of 10.4 cm~ effective surface area.. this voltage range is calculated

here.

At the same typical conditions as described in Section C.2 and -0.96 A/cm~

cathode current density (10 A cell current and 10.4 effective cathode surface area) the

cathodic overpotentiaL l'lem for I~ reduction from Equation C.6 as

log( - (-0.96) = log( 0.049) - (1/0.16) l'lem

is -0.21 V. The anodic overpotential l'la is 1.15 V. For the obmic drop.. only the item

of cathode cell ohmic drop is changed for cathode cunent density of -0.96 A/cm~.. the

radius of the mesh cathode of 0.65 cm and the closest spacing between the mesh

cathode and membrane of 2.5 cm. By calculation from Equations C.8 and C.9 with the

above values.. the cathode cell ohmic drop with the mesh cathode.. Vc:m rD.ohm. is 1.33 V.

Therefore the total ohmic drop.. from Equation C.7.. ym-obm.. is 4.93 V. The total required

voltage for I~ reduction with the mesh cathode.. by Equation 3.7. is
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vmT = -0.83 V - 1-0.211 V - 11.151 V - 4.93 V

is -7.12 V. where -0.83 V is the thermodynamic minimum required potential for 12

reduction. Section 3.2.3.

With the mesh cathode of 10.4 cm:! effective surface area the overpotential for

H:! generation trom Equation C.6 at 0.96 A/cm:! cathode current density (10 A cell

current) by the relation

log( - (-0.96) ) = log( 10-3
) - (l/0.16)'lm H-lli

is -0.48 V. The total required voltage for H:! generation with the mesh cathode by

Equation 3.10

v·m
r = -1.36 V -1-0.481 V - 11.151 V -4.93 V

is - 7.92 V. where - 1.36 V is the thennodynamic minimum required potential tor H2

generation. Section 3.2.4.

Theretore the voltage range for [2 reduction without H:! generation at the mesh

cathode is (-7.92 - (-7.12) =) -0.80 V. which is the same at the sheet cathode.
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APPENDIX D

CALIBRATION OF WOOD FEEDER

Controller speed Wood tlow rate ConuoUer speed Wood tlow rate
rpm glmin rpm glmin

10 0.042 ISO 0.794
20 0.097 180 0.949
30 0.166 210 1.084
40 0.231 240 1.216
SO 0.299 270 1.353
60 0.334 300 1.492
70 0.398 330 1.602
80 0.444 360 1.694
90 0.496 390 1.846
100 0.546 400 1.871

• 110 0.596 420 1.953
120 0.646 4SO 2.100

480 2.218

•
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APPENDIX E
OPERATION OF HI GAS SUPPLY SYSTEM

E.l General OJ!eration procedures for HI las supply

Each time before HI gas flow.. the system must he purged with nitrogen. After

HI gas flow.. the system must he purged with nitrogen fll'~ the purged with dry air..

fmally purged with nitrogen again.

HI lias tlow

Start-up

1. Check that the following valves are closed: 21, 20.. 18, 13, 12.. II, 9.. 4.

2. Ali oudet lines must he immersed in the HI absorber. The three-way glass stop'cock

22 must he closed to the reactor, must he open to the HI absorber.

3. The purging three-way glass stop-cock 23 must he open.

4. Open valve 14 on the HI cylinder (in the freezer)

5. Open (slowly) the following valves byarder: 1, 2, 5, 7.. 8, 3 and 10

6. Flush with HI for 5 minutes

m lU 5UPPIy

1. Close valves 3 and 10

2. Close the purging tbree-way glass stop-cock 23

3. Regulate ID flow with valve 7

4. Open the three-way glass stop-cock 22 ta the reactor, close the connection to the lU
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absorber.

Shut-doWD

1. Close the three-way glass stop-cock 22 to the reactor. open the connection to the

HI absorber.

2. Close valves in the order 8. 7. 5. 4. 2. 1 and 14.

Stage 1

1. The main valve 14 (lfl gas) must he closed. Check that 21. 20 and 18 valves are

closed.

2. Ali outlet liDes must he immersed in the HI absorber. The purging valve 23 must he

open. The three-way glass stop-cock 22 to the reactor must he closed and the

connection to the HI absorber opened.

3. Open valve lion the N2 cylinder

4. With regulator 12. set the purging pressure below 100 kPa

5. Open valve 13 on the N! cylinder

6. Open the following valves by order: 9., 1. 2. 5., 7. 8. 4., 3 and 10

7. Flush with nitrogen for 5 - 30 minutes, dePending on the flowrate

Stage D

1. Close valves 4., 3 and 10.

2. Close the purging glass stop-cock 23

3. Flush with nitl'ogen for 15 - 60 minutes, depending on the flowrate

4. Reduce pressure of N2 to 50 kPa with regulator 12

5. Close valves in the order: 8., 7. 5, 2., 1 and 9

6. Check again the pressure of N!, if necessary reduce to 50 kPa

7. Close valves in the order: 13. 12 and lion the N2 cylinder
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Pw:PD& wim dry air

Stage 1

1. The main valve 14 (Ill gas) must he closed.

2. Check that the following valves ar: closed in the order: 13. 12. 1LlO. 9. 4.3 and 1.

3. AlI outlet lines must he immersed in the III absorber. The purging valve 23 must be

open. The glass valve 22 to the reactor must he close~ the connection to the HI

absorber open.

4. Open valve 18 on the air line

5. Set the air purging pressure below 20 kPa

6. Open valves 21 and 20

7. Open (slowly) the folloWÎDg valves in the order: 2. 5. 7. 8 and 3

8. Flush with air for O.5h - 2~ depending 00 the flowrate

Stage U

1. Close the purging glass valves 3 and 23

2. Flush with air for 1 - 6 minutes. depeoding on the flowrate

3. Close valves in the arder 8, 7, 5 and 2

4. Reduce the air pressure to zero

5. Close valves in the order 21, 20 and 18 on the air line

E.2 General o.peration procedures for checkina ID çylinder

Each time after checking the lU cylinder to prevent corrosion deplsits from

accumulating and plugging the main ID cylinder valve, the system must he purged with

nitrogen. Experience indicates that tbis operation should he carried out each three

months.

Stage 1 - ehecmg m pl 00" iD tbe cy_der

1. Check that the following valves are closed: 22, 21, 20, 18, 13, 12, Il, 9, 8, 7, S, 4,
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3~ 2 and 1

2. The purging three-way glass stop-cock 23 must he open to the ID absorber.

4. Open valve 14 on the ID cylinder (in the freezer)

5. Open (slowly) the valve 10

6. Flush with ID for 5 minutes

Stage D • sbut-doWll

1. Close the three-way valve 23

2. Close valves 10 and 14

Stage m - purgiDg witb Nz

1. The purging three-way glass stop-cock 23 must he open to the HI absorber.

2. Open valve lion the N! cylinder

3. With regulator 12, set the purging pressure below 100 kPa

4. Open valve 13 on the N! cylinder

5. Open the valves 9 and 10

7. Flush with nitrogen for 30 minutes

8. Close the three-way valve 23

9. Close valves 10 and 9

10. Close valves in the arder: 13, 12 and lIon the N! cylinder
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APPENDIX F

ELECTROCHEMICAL PERFORMANCE COARACTERISTICS

f.l Platinum mesb catbode/lead anode mode ECLR

(Voltage = 8 V.. Cathode rotation speed = 2000 rpm)
(Spacing: cathode-membrane-anode = 25/20 mm)

Time Current 12 Reduction CllITeDt
concentration rate efficiency

min A M glmin %

0 16.5 0.51
2 15 0.46 1.59
7 19.5 0.34 1.52 96.71

12 1.9 0.23 1.40 95.04
17 18.5 0.13 1.27 96.13
22 17 0.02 1.15 95.04

• 24.5 15 0.0075 0.32 96.13
27.5 lS 0.007 0.19 95.04
29.5 12 0.005 0.063 82.86
36.5 12 0.003 0.018 86.17

F.2 Platinum sheet catbode/lead anode mode ECLR

(Voltage = 3 V.. Cathode rotation speed = Soo rpm)
(Spacing: cathode-Membrane-anode = 20/20 mm)

Time Current 12 Reduction CllITeDt
CODCCDtration rate efficiency

min A M gJmin %

0 2.6 0.39
15 3.0 0.37 0.28
20 3.8 0.3 0.29 96.71
36 3.6 0.23 0.27 95.04
50 2.9 0.18 0.22 96.13
65 2.8 0.1.2 0.21 95.04
80 2.9 0.086 0.22 96.13
90 2.8 0.083 0.21 95.04

100 2.6 0.054 0.1.7 82.86
l1.0.5 2.5 0.024 0.1.7 86.17

• 117 2.l 0.0079 0.14 84.48
120.5 1.7 0.0014 0.10 74.54
124 1.8 0.0014 0.00 0.00
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• (Voltage = 6 V. Cathode rotation speed = 0 rpm)
(Spacing: cathode-membrane-anode = 20/20 mm)

Time Current 12 Reduction Current
concentration raie efficiency

min A M g/min %

a 8.7 0.27
4.5 11.6 0.22 0.81 88.49

10 11.7 0.15 0.80 86.65
15 10.8 0.099 0.63 73.92
19 10.2 0.065 0.52 64.60
23 10 0.041 0.36 45.62
27.1 9.9 0.025 0.23 29.44
30 9.7 0.018 0.15 19.60
33 9.9 0.012 0.12 15.36
36 9.7 0.0089 0.06 7.84
39 9.7 0.0061 0.06 7.84
46.3 9.3 0.0046 0.01 1.36

(Voltage = 6 V, Cathode rotation speed = 500 rpm)
(Spacing: cathode-membrane-anode = 20/20 mm)

Time Current 12 Reduction Current
concentration raie efficiency

• min A M glmin %

0 10.3 0.31
3.2 13.1 0.26 0.92
6 13.3 0.22 0.92 89.00
9 13.3 0.17 0.98 87.66

12 13 0.13 0.93 93.37
15 12.9 0.081 0.96 90.66
18.1 11.7 0.041 0.75 94.31
21 10.9 0.015 0.53 81.23
24.05 10.5 0.0026 0.24 61.62
27 10.5 0.0020 0.01 28.97

(Voltage = 6 V., Cathode rotation speed = 1000 rpm)
(Spacing: cathode-membrane-anode = 20/20 mm)

Tune Current 12 Reduction Current
concentration rate efficiency

min A M glmin %

a 15.5 0.30
3 15.6 0.25 1.17 95.04
6 15.8 0.19 1.24 99.45
9 16 0.13 1.24 98.21

12 16 0.073 1.18 93.46
14 15.1 0.034 1.18 99.03
16.5 13.8 0.0041 0.71 65.20• 18.5 13.8 0.0011 0.11 10.10
20.5 13.8 0.00068 0.02 1.84
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• (Voltage = 6 V, Cathode rotation speed = 1500 rpm)
(Spacing: cathode...membrane-anode = 20/20 mm)

Time Current I~ Reduction Current
concentration rate efficiency

min A M glmin %

0 8.6 0.23
3 11.8 0.20
6 15.2 0.14 1.18 98.38
8 15.4 0.10 1.17 96.28

10 15.4 0.063 1.07 88.05
12 14.7 0.028 0.99 85.34
14 14 0.010 0.51 46.16
15.5 13.8 0.0013 0.32 29.39

(Voltage = 7V" Cathode rotation speed = 500 rpm)
(Spacing: cathode-membrane-anode = 20/20 mm)

Time Current 1: Reduction Current
concentration rate efficiency

min A M glmin %

0 13.8 0.36

• 2 17.6 0.32 1.25
4 17.6 0.27 1.38 99.36
6 17.6 0.23 1.36 97.92
8 17.6 0.18 1.36 97.92

10 17.2 0.14 1.31 96.52
13 16.3 0.073 1.26 97.96
15 15.6 0.041 1.11 90.17
17 15.3 0.022 0.71 58.81
19 15 0.0065 0.42 35.48
21 14.7 0.0029 0.1 8.62
24 14.6 0.0014 0.03 2.60

(Voltage = 7V, Cathode rotation speed = 500 rpm)
(Spacing: cathode-membrane-anode = 20/30 mm)

Time Current 11 Reduction Current
Concentration Rate Efficiency

min A M glmin %

0 15.5 0.14
2 16.6 0.1 1.09 83.21
4 16.1 0.063 1.11 87.37
6.5 15.7 0.03 0.76 61.34
8.5 15.5 0.014 0.46 37.61

10 15.5 0.0061 0.3 24.53
12 15.4 0.0029 0.09 7.41•
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•
APPENDIX G

COMPOSITION OF SUBSTRATES

Standard wood certificate

The certificate of hybrid poplar was supplied by the National Research Council

in 1985.

Constituents:

•
Alpha Cellulose
Hemicellulose
Pentosan
Klason Lignin
Soluble Lignin

Elemental Analysis.. weight Dio

C
H
o
N
S

Elemental composition

Cellulose

43.30 %
32.70 0/0
19.4 %

21.52 %
2.7 0/0

48.2
6.4

45.3
0.09
0.05

•
Xvlan (Aldrich>

The composition is as analyzed by the pregl type microcombution in Department

of Chemical Engineering of McGill University.
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• Elemental Analysis., weight %

C
H
o

Elemental composition

CHt.6100.79

44.89
6.02

47.08

Alkali Lignin (Sigma)

The composition is analyzed by the pregl type microcombution in Depanment

of ChemicaJ Engineering of McGill University.

Elemental Analysis. weight 0/0

•
C
H
o

Elemental composition

63.50
6.07

27.80

Alcell Lignin (Repap)

The composition is analyzed by the pregl type microcombution in Department

of ChemicaJ Engineering of McGill University.

Elemental Analysis. weight %

•

C
H

°
Elemental composition

67.42
6.44

27.64
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•

•

APPENDIX H
ANALYSIS METROnS

H.l Solution analysis

lodine in the agueous phase

Molecular iodine in the aqueous phase was determined with a standard solution

of sodium thiosulphate.

(H.l)

A 20 ml aliquot of the 50 times diluted aqueous phase (2 mI). in a 250-ml

Erlenmeyer flas~ was tittated with 0.03 M Na2S20 3 to determine the iodine content.

Double detenninations were made. The endpoint was established by means of a starch

solution indicator.

The iodine concentration in the aqueous phase is

100
x -x

2
(H.2)

•

Tota! iodine in the agueous phase

The total iodine and iodide content of the aqueous phase was titrated in the

presence of a high concentration of bydrochloric aci~ with a standard solution of

potassium iodate.
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• (H.3)

(H.4)

A 20 ml aliquot of the 50 times diluted aqueous phase (2 ml) was added to about 50

ml concentrated hydrochloric acid in a 250-Erlenmeyer fiask. The resulting mixture was

titrated with 0.075 M 1(103. The endpoint is determined by the disappearance of the

purple colour and the imparting of a yellowish colour by the p.ethoxychrysoidine

(4-(ethoxyphenylazo)-m-phenylenediamine monohydrochloride) indicator. Double

determinations were made. The iodide content of the aqueous phase was obtained by

difference between the determination of total iodine and iodide and determination of

iodine.

The total iodine concentration in the aqueous phase is

•
100[1] :; - x
2

[KlOJ V~ (ml)

20 (ml) (M)
(H.5)

W in the agueous phase

A 20 mI aliquot of the 50 rimes diluted aqueous phase (2 ml) was alkalimettic

analyzed with 0.15 N standard NaOH to determine fr concentration. The endpoint was

determined with phenolphtbalein indicalor.

The Ir concentration in the aqueous phase is

100
:; - x

2

[NaOH) yMzOR (ml)

20 (ml) (M)
(H.6)

•
ID concentration

The ln concentration was determined for Ir in the ID solution by Equation H.6.

The weight concentration of ID solution is



•
where d

[ID] (M)

[Hl] = [Hl] (M) MR1 x 100 wt~
1000 d(glml)

: density of ID solution., g/ml

: molar concentration of HI solutio~ molll

: molecular weight of HI.. 127.9 g/mol

H.2 Substrates and l'loduct analyses

(H.7)

•
Carbon, hvdrogen and oxvgen elemental analvsis

Substtates and produet fractions OP (or OA and ON) and AP were analyzed for

carbon. hydrogen and oxygen by pregl type microcombustion., using the elemental

anaIysis facility of the MeGill Department of Chemical Engineering.

The standard chemical to determine C.. H.. 0 contents of organic compounds is

acetanelide. of elemental composition 71.09 wtOJO C.. 6.71 wtOA. H.. and 11.84 wr'JO O.

The measurement error is

±O.9

H.. wtOJO

±O.07

0 .. wr'/o

±O.35

•

Iadine elemental analvsis

The total iodine in the produets was determined after oxygen t1ask combustion

on the micro scale (Mazor. 1975). Hydrogen iodide and iodine vapour were dissolved

as iodide ions and hypoiodite ions in alkaline (KOH) absorption solution.

(H.S)
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• (H.9)

Hypoiodite ions were oxidized to iodate ions by bromine.

(H.IO)

The iodine was liberated on addition of iodide (KI)

(H.ll)

The six-fold amount of iodine was titrated with standard sodium thiosulphate solution.

(H.12)

•

•

An accurately weighed 5 -10 mg of the sample was placed on an L-shaped piece

of ashless tiller paper. Add ID mI of water and 2 ml of 2 N potassium hydroxide

solution to the 500 ml combustion flask as the absorption solution. Blow oxygen ioto

fiask for two minutes. then immediately ignite the top of filter paper and insen into

combustion fiask tighùy. After buming, lubricate the ground-glass joint with union

water. Complete absorption of hydrogen iodide and iodine by diffusion alone required

1 br with shaking the flask.

When the gases had been completely absorbed. wash the collar of the tlask, the

joint. and the basket with 15 - 20 ml deionized water. Add 10 ml of buffer solution (10

g of potassium acetate in 100 ml of glacial acid) and 5 ml of saturated bromine water

and a110"' to stand for 1 - 2 minutes with shaking. Dilute to about 50 ml and add 10

drops of formic 8Cid for reduce excess bromine, Leave until the disappearance of the

yellow colour of bromine.

Acidify the solution with 5 ml of 4 N sulphuric acid. Add 0.2 g of potassium

iodide and immediately titrate the iodine liberated with standard 0.03 M sodium

thiosulphate solution ta a pale yellow colour. Add about 2 ml of starch solution and

continue the titration to the disappearance of the blue colour.

The iodine content of produet is
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• l, wt~
1= - x
6

253.8 x 10-
3
[N~S20J (Ml VN~O) (ml) x 100% (H.13)

W.rampk (g)

•

The standard chemical to determine organic iodine content is iodohenzic acid

with 51.1 7 wt% 1 content. The measure error is ±1.0 wt%.

Methoxv groups

The content of methoxy groups present in wood was determined by the Zeisel

method (Browning. 1961). in which the methoxy groups are convened to methyl iodide

upon boiling with strong hydriodic acid

(H.14)

The volatile methyl iodide Was swept from the reaction mixture and absorbed in an

acetic acid solution containing potassium acetate and bromine. The iodine was oxidized

to iodate according to the reaction

(H.15)

(H.16)

The excess bromine was destroyed by addition of fonnic acid. and the iodate equivalent

of the original methoxy content Was determined by titration with standard sodium

thiosulphate of the six fold amount of iodine Iiberated in the reaction.

(H.l7)

•
The methoxy group (CH30-) in hybrid poplar was determined to he 4.7% on the

carbon basis in this laboratory.
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• APPENDIX 1
EXPERIMENTAL DATA OF

NONELECTROCIŒMICAL LIQUEFACTION

1.1 Amount of char"s

Run Substrate Charge HI solution HI solution HI
# g g ml g

36 xylan 5.522 259.2 152.0 147.3
37 xylan 2.882 189.3 110.8 107.5
38 cellulose 4.309 201.9 117.8 115.3
39 cellulose 3.493 234.0 137.4 132.7
56 hybrid poplar 7.216 300.1 204.0 132.8
57 hybrid poplar 7.559 391.4 266.3 169.4
59 hybrid poplar 3.841 287.8 226.8 86.4
60 hybrid poplar 1.577 248.8 224.1 36.5
62 Alcell li90in 7.513 332.6 192.1 189.5
63 Alce11 lignin 8.460 304.8 176.1 174.2
64 Alcell li90in 13.297 330.8 193.7 188.9
65 xylan 8.596 247.7 145.0 141.2
66 xylan 10.356 243.9 142.8 138.8
67 xylan 16.500 266.2 156.0 151.7
68 xylan 6.636 234.2 137.5 133.3

• 72 hybrid poplar 14.453 423.6 233.1 262.4
73 hybrid poplar 24.678 205.3 134.0 125.8
74 hybrid poplar 31.499 237.1 119.4 162.0
75 hybrid poplar 17.865 268.8 134.8 184.3
76 hybrid poplar 15.716 177.4 88.9 121.6
77 hybrid poplar 8.508 142.8 79.3 87.1
78 hybrid poplar 6.075 239.2 139.7 137.4
79 hybrid poplar 7.357 231.3 134.6 133.3
80 hybrid poplar 9.773 254.0 147.7 145.9
81 hybrid poplar 14.961 266.5 155.1 154.5
82 hybrid poplar 4.356 217.9 126.7 126.4
83 cellulose 11.835 211.1 122.7 122.3
84 c~ll\llnse 8.404 201.2 117.3 115.7
85 cellulose 7.004 203.2 118.2 116.8
86 cellulose 4.762 171.9 100.5 98.9
87 hybrid poplar 2.336 271.1 158.4 156.2
89 Alkali li90in 10.856 255.9 149.4 145.7
90 Alkali li90in 6.689 226.0 132.3 129.1
91 Alkali lignin 6.272 261.7 152.8 148.1
92 Alkali li90in 4.674 242.2 142.3 136.4
93 Alkali 1i9Oin 2.649 250.4 146.3 142.4
94 Alka1i 1i9Oin 2.727 181.8 132.3 103.4
95 Alcell li90in 4.242 235.7 138.0 133.6
96 Alcell 1i9Oin 2.066 146.4 85.7 83.0
97 Alce1l 1i9Oin 1.672 167.2 94.5 95.7
98 hybrid pop1ar 3.965 287.3 168.1 162.7
99 hybrid poplar 7.039 280.7 164.9 159.2

101 hybrid poplar 12.677 506.9 296.4 286.9
lOS cellulose 9.991 368.5 215.6 208.1

cellulose - aven dried for 2 h al IOOC. 0.12 wtO/o moistuR
xylan - aven dricd for 2 h al IOOC. l.55 wt% moisture

• h.p. - aven dried for 2 h al IOOC. 0.26 wt% moisture
Alkali - aven dricd for 2 h al IOOC. 0.11 wt% moisture
Alcell - aven dricd for 2 h al IOOC. 0.11 wt% of moistlft
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• 1.2 Experimental conditions

Run [HI] [Substtatel LiquorlSubstrate R.... R Temperature- Time
wter. wt% ml/g g/g moUmol "e min

36 56.9 2.1 27.5 27.2 5.7 126 15
37 56.8 1.5 38.5 38.0 8.0 125 15
38 57.1 2.1 27.3 26.9 5.7 124 15
39 56.7 1.5 39.3 38.2 8.0 126 15
56 44.3 2.4 28.3 18.5 3.6 114 15
57 43.3 1.9 35.2 22.5 4.4 114 15
59 30.0 1.3 59.0 22.7 4.4 106 15
60 14.3 0.6 142.2 22.7 4.4 102 15
62 57.0 2.3 25.6 25.5 3.6 119 15
63 57.2 2.& 20.8 20.8 2.9 117 15
64 57.1 4.0 14.6 14.3 2.0 117 15
65 57.0 3.5 16.9 16.7 3.5 122 15
66 56.9 4.3 13.8 13.6 2.9 120 15
67 57.0 6.2 9.5 9.4 2.0 116 15
68 57.0 2.8 20.7 20.4 4.3 122 15
72 61.9 3.4 16.1 18.2 3.5 123 15
73 61.3 12.0 4.6 5.1 1.0 104 15
74 68.3 13.3 3.& 5.2 1.0 102 15(.5)
75 68.6 6.6 7.5 10.3 2.0 116 15(.5)
76 68.5 8.9 5.7 7.8 1.5 109 lS{.5)
77 61.0 6.0 9.3 10.2 2.0 115 15
78 57.4 2.5 23.0 22.7 4.4 122 15
79 57.6 3.2 18.3 18.2 3.5 120 15

• 80 57.4 3.9 15.1 15.0 2.9 118 15
81 58.0 5.6 10.4 10.4 2.0 113 15
82 58.0 2.0 29.1 29.2 5.7 123 15
83 58.0 5.6 10.4 10.4 2.0 117 15
84 57.5 4.2 14.0 13.9 2.9 118 15
85 57.5 3.5 16.9 16.7 3.5 120 15
86 57.5 2.8 21.1 20.8 4.4 122 15
87 57.6 0.9 67.8 67.2 13.0 126 15
89 57.0 4.2 13.8 13.6 2.0 120 15
90 57.1 3. a 19.8 19.5 2.9 122 15
91 56.6 2.4 24.4 23.9 3.6 123 15
92 56.3 1.9 30.4 29.5 4.4 125 15
93 56.9 1.1 55.3 54.4 B.l 126 15
94 56.9 1.5 39.1 38.4 5.7 125 15
95 56.7 1.8 32.5 31.9 4.5 125 15
96 56.7 1.4 40.9 40.2 5.6 125 15
97 57.2 1.0 58.6 58.0 8.1 126 15
98 56.6 1.4 42.4 41.3 8.0 126 15
99 56.7 2.5 23.4 22.7 4.4 123 15

101 56.6 2.5 23.4 22.7 4.4 124 2
105 56.5 2.7 21.6 20.9 4.0 123 15

• reaction temperature al end of reaction tilDe

•



• 1.3 HI and 1., concentration in the aqueous phase and stoichiometric coefficients

Run Before Reaction ACter Reaction Sroichiomeuic Values

------------------------ ------------------------------ ----------------
Il HI Sol. [HI) [HI] [I~ HI Sol. [HI) [HI) [IJ .1[HI) a c ""1ml wt~ M M ml Wl~ M M wt~ "
36 152.0 56.9 7.55 0.06 154.8 50.0 6.11 0.63 6.9 1.00 0.44 17.5
37 llO .8 56.8 7.53 0.06 112.8 51.8 6.47 0.51 5.0 0.99 0.48 1.2.5
38 ll7.8 57.1. 7.60 0.04 119.2 49.8 6.07 0.71 7.3 1.08 0.50 l!Ll
39 137.4 56.7 7.51 0.05 137.9 51.7 6.45 0.55 5.0 1.1.1 0.54 13.8
56 204.0 014.3 5.09 0.02
57 266.2 013.3 4.98 a .0lS 269.3 42.1 4.72 0.12 1.1 O.lS 0.09 4.1
59 226.8 30.0 2.98 0.01 227.5 29.9 2.97 0.01 0.1 0.00 0.0 0.0
60 224.1 14.3 1.24 0.00 224.1 14 .3 1.24 0.00 0.0 0.00 0.0 0.0
62 192.0 57.6 7.71 0.05 195.6 SS.8 7.30 0.16 1.8 0.13 0.05 3.5
63 176.1 57.7 7.74 0.05 17S.8 55.3 7.21 0.16 2.4 0.16 0.04 5.4
64 193.7 57.2 7.63 0.03 194.7 54.1 6.95 0.12 3.1 0.17 0.02 8.4
65 145.0 57.0 7.58 0.03 148.8 47.3 5.61 0.83 9.4 0.84 0.38 24.0
66 142.8 56.9 7.56 0.03 146.8 45.4 5.27 0.97 11.5 O.SO 0.36 28.2
67 156.0 57.0 7.58 0.03 162.0 42.3 4.75 1.12 14.7 0.68 0.29 34 .8
68 137.5 56.9 7.56 0.03 140.4 48.6 5.85 0.73 8.5 0.83 0.38 19.5
72 233.1 61.9 8.79 0.015 245.7 52.5 6.60 0.88 9.5 0.74 0.37 21.0
73 113.9 61.3 8.62 0.015 117.4 41.8 4.67 1.35 19.5 0.44 0.16 44.4
74 119.4 68.3 10.63 0.015 122.7 44 .0 5.03 1.98 24.3 0.52 0.19 51.8
75 134.7 6S.6 1.0.70 0.015 137.7 49.S 6.02 1.78 19.1 0.86 0.34 42.7
76 88.9 68.5 10.69 0.015 90.4 45.S 5.28 1.97 23.0 0.75 0.28 50.0
77 79.3 61.0 8.54 0.026 SO.6 46.4 5.U 1.19 14 .6 0.70 0.27 35.3
~g 139.7 57.4 7.68 0.03 142.1 51.1 6.32 0.60 6.3 0.72 0.33 16.4
79 134.6 57.6 7.72 0.015 137.7 49.6 6.04 0.68 S.O 0.70 0.31 20.0
80 147.7 57.-1 7.68 0.016 150.3 48.6 5.S5 0.77 8.8 0.65 0.29 22.5• 81 1.55.1 58.0 7.81 0.017 159.3 45.1 5.21 0.91 12.9 0.64 0.24 31.7
82 1.26.7 58.0 7.81 0.015 129.1 51.1 6.53 0.48 6.9 0.84 0.35 14.9
83 122.7 57.9 7.80 0.015 128.5 42.6 4.S0 1.19 15.3 0.78 0.35 35.7
84 117.3 57.S 7.70 0.017 121.5 44.8 5.17 1.09 12.7 0.90 0.43 30.5
85 ll8.2 S7.S 7.69 0.018 121.7 46.1 5.40 0.98 11.3 0.98 0.45 27.7
86 lOO.5 57.5 7.70 0.02 101.7 U.6 5.85 0.86 8.9 1.02 0.49 23.2
87 158.4 57.6 7.72 0.02 159.9 5S.1 7.16 0.26 2.5 0.83 0.41 6.4
89 149.4 57.0 7.57 0.05 148.6 53.6 6.84 0.19 3.3 0.20 0.04 10.0
90 132.2 57.1 7.61 0.03 130.4 55.6 7.27 0.12 1.5 0.17 0.03 5.8
91 lS2.8 56.6 7.49 0.05 152.9 5S.1 7.16 0.14 1.5 0.15 0.04 4.3
92 142.3 56.3 7.43 O.OS 142.1 55.4 7.23 0.15 0.9 0.12 0.06 2.8
93 146.3 56.9 i.5S 0.06 147.9 55.3 7.20 0.13 1.6 0.29 0.08 3.6
94 106.8 57.1 7.58 0.06 10S.7 5S.1 7.15 0.17 2.0 0.22 0.09 3.9
95 138.0 56.7 7.51 0.05 138.0 54.4 7.00 0.16 2.3 0.30 0.06 6.7
96 85.7 56.7 7.51 0.05 86.0 54.7 7.06 0.17 2.0 0.31 0.09 5.6
97 98.0 57.2 7.63 0.03 97.9 56.0 7.35 0.13 1.2 0.30 O.ll 3.8
98 168 .1 56.6 7.50 0.05 169.0 53.2 6.75 0.39 3.5 0.76 0.36 9.S
99 164.9 56.7 7.52 0.052 166.7 51.0 6.31 0.60 5.7 0.67 0.33 15.2

101 296.4 56.6 7.49 0.051 303.3 50.7 6.25 0.54 5.9 0.64 0.29 14.5
laS 215.6 56.S 7.46 0.071 225.7 46.1 5.39 0.83 1.0.5 0.98 0.43 10.4

•
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• 1.4 Amount of substrale and groduelS

RUN SUBSTRATE PRODUCT
----------------------- -----------------------------------

# species amount·(g) fraction weight(g) YieldY c/J

36 xylan 5.425 OA 3.817 77.3
ON 0 0

37 xylan 2.830 OA 1.864 72.7
ON 0.007 0.2

38 cellulose 4.292 OA 2.640 64.3
ON 0.028 0.7

39 cellulose 3.472 OA 1.760 54.4
ON 0.023 0.7

56 h.p. 7.180 OA 1.156 16.6
ON 3.454 51.8

57 h.p. 7.521 OA 1.345 19.3
ON 3.001 41.7

59 h.p. 3.814 OA 0.465 11.4
ON 1.893 49.8

60 h.p. 1.572 OA 0.042 2.6
ON 0.883 55.6

62 Alcell 7.437 OP 6.783 74.1
63 Alcell 8.377 OP 8.424 82.2
64 Alcell 13.173 OP 16.793 97.0
65 Xylan 8.451 OA 6.528 77.4

ON 0.352 5.9
66 Xylan 10.183 OA 8.429 70.5

ON 0.996 13.8

• 67 Xylan 16.232 OA 12.104 57.4
ON 3.292 28.1

68 Xylan 6.522 OA 5.047 79.1
ON 0.101 2.3

72 h.p. 14.399 OA 12.758 91.1
ON 0.021 0.1

73 h.p. 24.576 OA 20.535 71.3
ON 6.747 33.2

74 h.p. 31.417 OA 25.914 81.8
ON 6.284 22.8

75 h.p. 17.819 OA 18.832 99.7
ON 0.060 0.3

76 h.p. 15.675 OA 16.403 95.7
ON 1.491 12.5

77 h.p. 8.547 OA 7.629 86.5
ON 0.659 7.7

78 h.p. 6.044 OA 4.861 82.6
ON 0.031 0.7

79 h.p. 7.322 OA 6.791 89.4
ON 0.088 1.6

80 h.p. 9.731 OA 10.215 87.2
ON 0.596 B.l

81 h.p. 14.900 OA 13.372 77.7
ON 2.448 21.4

82 h.p. 4.332 OA ].067 74.4
ON 0.038 0.9

83 Cellulose 11.803 OA 10.810 88.1
ON 1.032 10.1

Bol Cellulose 8.290 OA 7.856 86.5
ON 0.194 3.2

85 Cellulose 6.981 OA 6.253 84.5
ON 0.118 2.4

86 Cellulose 4.744 CA 3.333 72.2
ON 0.026 0.5

• 87 h.p. 2.322 CA 1.301 61.1
ON 0

B9 Alkali 10.754 OP 16.155 97.6
ON 2.656 24.4
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• 90 Alkali 6.623 OP 10.719 94.6
ON 1.493 21.8

91 Alkali 6.208 OP 9.724 89.7
ON 1.619 25.7

92 Alkali 4.62] OP 6.339 87.7
ON 1.314 27.6

93 Alkali 2.618 OP 2.481 73.0
ON 0.242 8.9

94 Alkali 2.695 OP 2.733 79.0
ON 0.053 19.0

95 Alcell 4.194 OP 4.409 73.2
96 Alcell 2.066 OP 1. 929 66.7
97 Alcell 1.649 OP 1.325 62.2
98 h.p. 3.938 OA 2.715 70.1

ON 0 0
99 h.p. 7.002 AP 1.007 15.9

105 Cellulose 9.962 AP 2.285 29.2

Notes :
h.p. : Hybrid poplar
• : Moisture-free basis

•

•



• 1.5 Elemental composition of product fractions (Zi')

Run Product Elemen1al Elemenw Hydrogen Oxygen
fraction conœnt. Wl" composition reœntion removal
------ ------------------------------ ----------------, (j) C H 0 Total HIC O/C (JC " "

36 CA 49.35 5.57 6.25 44.89 106.06 1.36 0.095 0.086 84.2 88.0
OP 33.56 3. 93 4.83 54.82 97.14 1.41 0.108 0.155 87.4 86.4

37 OA 49.56 5.62 5.34 43.42 103.94 1.36 0.081 0.083 84.6 89.8
OP 34.10 4.20 4.40 55.92 98.62 1.48 0.097 0.155 91.9 87.7

38 CA 46.48 5.26 5.51 42.83 100.08 1.36 0.089 0.087 81.4 89.3
39 CA 47.74 5.54 5.20 42.31 100.79 1.39 0.082 0.084 83.5 9/).1
56 CA 49.84 4.82 16.54 27.52 98.72 1.16 0.249 0.052 73.0 64.4

ON 51.92 6.08 36.65 2.46 97.11 1.41 0.530 0.0045 88.5 24.3
OP 50.69 5.54 30.77 12.18 99.18 1.31 0.456 0.023 82.6 34.9

57 CA 52.00 4.97 16.42 26.48 99.87 1.15 0.237 0.048 72.2 66.1
ON 50.42 6.01 36.37 2.31 95.11 1.43 0.541 0.0043 90.0 22.6
OP 48.49 4.94 31.53 10.70 95.66 1.22 0.488 0.021 77.0 30.3

59 OA 45.04 4.68 15.06 40.59 105.37 1.25 0.251 0.085 78.5 64.1
ON 48.32 6.32 41.10 2.41 98.15 1.46 0.638 0.0047 91.9 8.8
OP 43.35 5.43 35.58 14.19 98.55 1.50 0.616 0.031 94.6 12.0

60 OA 46.93 5.77 18.31 34.76 105.77 1.48 0.293 0.071 92.9 58.2
ON 47.70 6.12 41.62 1.61 97.05 1.54 0.655 0.0032 96.9 6.4
OP 47.69 6.18 41.00 3.61 98.48 1.56 0.645 0.0072 97.9 7.8

62 OP 54.74 4.74 19.22 21.30 100.00 1.04 0.264 0.037 90.4 15.0
63 OP 55.13 4.77 17.00 23.10 100.00 1.04 0.231 0.040 90.4 25.3
64 OP 51.30 4.61 20.22 24.14 100.27 1.08 0.296 0.045 93.8 4.6
65 OA 44.98 5.06 8.91 45.16 104.11 1.35 0.149 0.095 83.9 91.2

• ON 63.41 5.99 10.51 20.66 100.57 1.13 0.124 0.031 70.5 84.3
66 CA 38.23 4.29 6.11 48.72 97.35 1.35 0.120 0.121 83.7 84.8

ON 63.-11 5.99 11.56 lB .51 99.47 1.13 0.137 0.028 70.5 82.7
OP 33.40 3.63 6.13 55.15 98.31 1.31 0.138 0.156 81.1 82.6

67 OA 34.55 4.13 5.87 50.51 95.06 1.44 0.128 0.138 89.2 83.9
ON 62.13 5.53 12.89 17.64 98.19 1.07 0.156 0.027 66.4 80.3
OP 31.49 3.27 7.59 52.80 95.15 1.25 0.181 0.159 77.5 77.1

68 CA 45.87 5.01 5.51 44.43 100.82 1.31 0.090 0.092 81.5 88.6
ON 65.33 6.07 9.32 18.88 99.60 1.12 0.107 0.027 69.3 86.4
OP 32.89 3. 70 5.99 54.72 97.30 1.35 0.137 0.158 83.9 82.7

72 CA 49.56 5.65 6.61 39.26 101.08 1.37 0.100 0.075 86.1 85.7
OP 38.18 3. 98 9.22 56.39 107.77 1.25 0.181 0.140 78.7 74.1

73 OA 41.13 4.66 8.77 45.61 100.17 L36 0.160 0.105 85.6 77.1
ON 5B.31 5.68 16.66 18 .91 99.56 1.17 0.214 0.031 73.6 69.4
OP 38.67 3.80 11.84 52.91 107.22 1.18 0.230 0.130 74.2 67.2

74 OA 47.BO 5.53 7.35 45.39 106.07 1.39 0.115 0.109 87.4 83.5
ON 54.93 5.55 17.84 22.82 101.14 1.21 0.244 0.039 76.3 65.2
OP 30.95 2.90 7.35 64.13 105.33 1.B 0.178 0.196 70.8 7-1.5

75 OA 45.47 5.11 7.40 48.50 106.48 1.35 0.122 0.101 84.9 82.5
OP 29.65 3.41 6.53 66.26 105.85 1.38 0.165 0.211 86.9 76.4

76 CA 44.0B 4.81 7.18 48.95 105.02 1.31 0.122 0.105 82.4 82.5
ON 63.43 5.24 12.10 23.44 104.21 0.99 0.143 0.035 62.4 79.5
OP 28.75 2.89 6.70 64.96 103.30 1.21 0.175 0.214 75.9 75.0

77 CA 46.71 4.98 9.51 46.65 107.85 1.28 0.153 0.094 80.5 78.2
OP 32.60 3.03 7.71 5a.S5 101.89 1.12 0.178 0.170 70.2 74.6

78 CA 49.50 5.38 9.63 3B.94 103.45 1.31 0.146 0.075 82.1 79.1
OP 37.83 3.64 8.U. 49.54 99.12 1.16 0.161 0.124 73.0 77.0

79 CA 46.46 5.06 10.18 41.25 102.95 1.31 0.164 0.084 82.3 76.5
ON 63.45 5.65 16.60 13.41 99.U. 1.07 0.196 0.020 67.3 71.9
OP 36.31 3.35 8.34 51.69 99.69 1.11. 0.172 0.135 69.7 75.4

80 CA 40.04 4.61 8.74 46.aD 100.19 1.38 0.164 0.111 87.0 76.6
ON 64.05 5.78 16.40 13.06 99.29 1.08 0.192 0.019 68.2 72.5
OP 36.10 3.28 8.51 54.&8 102.57 1.09 0.177 0.143 68.6 74.7

81 CA 41.73 5.03 7.17 45.22 99.15 L45 0.129 0.103 91.0 81.6
ON 62.91 5.29 16.54 21.23 105.97 1.01 0.197 0.032 53.5 71.8
OP 30.95 2.59 7.52 55.32 95'4S 1.04 0.182 0.169 55.7 73.9

82 CA 50.65 5.56 9.42 38.16 103.79 1.32 0.140 0.071 76.0 74.6
OP 41.25 4.24 9.08 45.61 100.18 1.23 0.165 0.105 73.9 80.1

83 CA 42.76 5.32 7.55 44.51 100 .14 1.49 0.133 0.099 89.5 84.0

• ON 51.51 5.37 14.12 24.63 95.63 1.25 0.206 0.045 75.0 75.2
OP 27.22 3.26 5.55 64.11 101.14 1.44 0.181 0.223 86.1 78.2
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• 84 CA 40.56 4.89 7.17 48.75 101.37 1.45 0.133 0.114 86.7 84.0
ON 61.29 5.81 7.75 27.83 102.68 1.14 0.095 0.043 68.2 88.6
OP 28.20 3.35 6.15 63.10 100.80 1.43 0.164 0.212 85.4 80.3

85 CA 41.93 5.03 6.37 48.50 101.83 1.44 0.114 0.110 86.3 86.3
ON 62.27 5.88 7.81 25.25 101.21 1.13 0.094 0.038 67.9 88.7

86 CA 45.72 5.31 6.08 44.43 101.54 1.39 0.100 0.092 83.5 88.0
OP 30.62 3.81 5.Sl 61.68 101.92 1.49 0.142 0.191 89.5 82.8

87 CA 52.55 5.65 8.80 38.85 10S.85 1.29 0.126 0.070 81.2 82.0
89 OP 41.25 3.89 14 .25 38.28 97.67 1.13 0.259 0.088 98.5 21.4

ON 62.67 5.92 19.70 9.49 97.06 1.00 0.236 0.014 86.7 28.5
90 OP 37.12 3.70 13.21 44.45 98.48 1.20 0.267 0.113 100 19.1

ON 61..45 5.77 21.11 9.80 98.13 1.13 0.258 0.015 98.1 21.4
91 OP 36.35 3.60 13.01 44.27 97.23 1.19 0.269 0.115 100 lB.6

ON 62.60 5.!H 21.97 7.22 97.70 1.13 0.263 o .OU. 98.6 20.2
92 OP 40.63 3.70 14.51 38.17 97.01 1.09 0.268 0.089 95.1 18.8

ON 61.66 5.81 21.30 11.72 100.49 1.13 0.259 0.018 98.4 21..4
93 OP 48.92 4.49 16.08 29.94 99.43 1.1.0 0.247 0.058 95.9 25.2

ON 60.92 5.45 21.19 11.19 98.75 1.07 0.261 0.017 93.4 20.~

94 OP 49.47 4.53 16.14 28.25 98.35 1.11 0.245 0.054 95.6 25.8
95 OP 46.96 4.58 15.25 32.6& 99.47 1.17 0.244 0.066 100 21.4
96 OP 48.16 4.55 15.69 31.00 99.40 1.13 0.245 0.061 98.7 21.1
97 OP 52.19 4.93 16.54 26.68 100.34 1.13 0.238 0.048 98.7 23.3
98 CA 49.00 5.37 9.35 36.84 97.56 1.32 0.143 0.071 82.8 79.5

OP 37.87 3.81 8.96 49.64 100.28 1.21 0.178 0.124 76.0 74.6
99 OA 52.72 5.66 9.72 33 .16 101.26 1.30 0.138 0.060 81.1 80.2

OP 38.05 3.65 8.61 50.03 100.34 1.15 0.170 0.124 72.5 75.7
AP 53.34 6.97 14.51 23.45 98.27 1.57 0.:204 0.042 98.7 70.8

105 AP 56.68 7.67 lB.27 15.86 98.48 1.63 0.242 0.027 97.3 70.8
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• 1.6 Iodine balance in aqyeous HI solution

Run Before Reaction After Reaction lodine Balancc

-------------------------- ------------------------- ----------
No. lodine amount lodine amount in

as HI as 12 Total as RI as 12 Total aqueous HI
g g g g g g %

36 145.6 2.3 147.9 120.0 24.8 144.8 97.9
37 105.9 1.7 107.6 92.6 14.6 107.2 99.6
38 113.6 1.2 114.8 91.8 21.5 113.3 98.7
39 130.9 i.7 132.7 112.9 19.2 132.1 99.6
41 152.4 0.4 152.8 117.8 31.0 148.8 97.4
42 175.5 0.5 176.0 145.9 26.2 172.1 97.8
43 178.0 0.5 178.5 151.8 22.8 174.7 97.9
44 176.0 0.5 176.5 149.1 25.2 174.4 98.8
45 180.3 1.0 181. 3 142.6 30.7 17.3.3 95.6
46 178.3 0.5 178.8 142.3 30.2 172.5 96.5
47 181.6 2.0 183.7 148.1 30.2 178.3 97.1
48 179.5 1.0 180.5 147.8 28.5 176.2 97.7
52 199.5 0.6 200.1 188.1 Il.8 199.9 99.9
56 131.8 1.0 132.8
57 168.3 1.2 169.5 161. 3 8.2 169.5 100.0
59 85.8 0.5 86.3 85.7 0.6 86.3 100.0
60 35.3 0.0 35.3 35.3 0.0 35.3 100.0
62 187.9 2.4 190.3 181.2 7.9 189.1 99.4
63 172.9 2.2 175.2 163.6 7.3 170.8 97.5

• 64 187.5 1.5 189.0 171.7 5.9 177.6 94.0
65 139.5 1.1 140.6 105.9 31.3 137.3 97.6
66 137.0 1.1 138.1 98.2 36.1 134.3 97.3
67 150.1 1.2 151.3 97.6 46.0 143.7 95.0
68 131.9 1.0 133.0 104.2 26.0 130.2 97.9
73 124.7 0.4 125.1 69.6 40.2 109.8 87.7
74 161.1 0.5 161.5 78.3 61.7 140.0 86.7
75 182.9 0.5 183.5 105.2 62.2 167.4 91.2
76 120.6 0.3 121.0 60.6 45.2 105.8 87.4
77 86.0 0.5 86.5 55.6 24.3 80.0 92.5
78 136.2 1.1 137.2 114.0 21.6 135.6 98.8
79 131.8 0.5 132.3 105.5 23.8 129.3 97.7
80 143.9 0.6 144.5 111.6 29.4 140.9 97.5
81 153.7 0.7 154.4 105.3 36.8 142.1 92.1
82 125.6 0.5 126.0 107.0 15.7 122.7 97.4
83 121.4 0.5 121.9 78.3 38.8 117.1 96.1
84 114.6 0.5 115.1 79.7 33.6 113.3 98.4
85 115.4 0.5 115.9 83.4 30.3 113.6 98.0
86 98.2 0.5 98.7 75.5 22.5 97.7 99.0
87 155.1 0.8 155.9 145.3 10.6 155.8 99.9
89 143.5 1.9 145.4 129.0 7.2 136.1 93.6
90 127.7 0.9 128.6 120.3 4.0 124.3 96.7
91 145.3 1.9 147.2 138.9 5.4 144.4 98.1
32 134.1 1.8 136.0 130.4 5.4 135.8 99.9
93 140.2 2.1 142.3 135.1 4.9 140.0 98.4
94 102.7 1.5 104.2 98.6 4.7 103.3 99.2
9S 131.5 1.9 133.4 122.6 5.6 128.2 96.1
96 81.7 1.2 82.8 77.0 3.7 80.8 97.5
97 94.9 0.7 95.6 91.3 3.2 94.5 98.9
98 160.0 2.1 162.1 144.B 16.7 161.5 99.6
99 157.4 2.2 159.6 133.5 25.4 158.9 99.6

101 281.7 3.8 285.6 240.6 41.6 282.2 98.8
105 204.1 3.9 208.0 154.3 47.5 201.9 97.0

•
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APPENDIX J
TYPICAL INVESTIGATION OF

NONELECTROCHEMICAL LIQUEFACTION

1.1 Effect on wood liguefaction of initial HI concentration: 14 - 68 wt%

Reaction Conditions

Reaction Time. min IS 15 15 15 15

HI/Wood Ratio. R 1.0 1.5 2.0 3.5 .....
Expcriment No. 73 14 76 81 17 15 56 19 12 60 59 57 18

Initial [H1l. wt% 61.3 68.3 68.5 58.0 61.0 68.6 44.3 S7.6 61.9 14.3 30.0 43.3 S1A

Initial [Wood]. wt% 12.0 13.3 8.9 5.6 6.0 6.6 2.4 3.2 3.4 0.6 1.3 1.9 2.5

Liquor/Wood. mVg ".6 3.8 5.1 10.4 9.3 1.5 28.3 18.3 16.1 142.1 59.0 35.2 23.0

Initial Temperature. oC 112 20 20 126 112 20 114 126 112 102 106 114 126

Final Tempcratu~. oC 104 102 109 113 115 116 114 120 123 102 106 114 122

Reaction Stoichiometry

HlJWood Ratio. R 1.0 1.5 2.0 3.5 ".4

Expcrimenl No. 73 14 76 81 17 75 56 79 72 60 59 57 78

a mol HI reae:tedlmol C 0.44 0.52 0.75 0.64 0.70 0.86 0.70 0.74 0.00 0.00 0.18 0.72
c: mol [: produccdlmol C 0.16 0.19 0.28 0.24 0.27 0.34 0.31 0.37 0.00 0.00 0.09 0.33
1 Balance in solution. % 87.7 86.7 87.4 92.1 92.5 91.2 97.7 100 100 100 98.8

XH1• 01'0 <HI Conversion) 44." 51.8 50.0 31.1 35.3 42.7 20.0 21.0 0.01 0.02 ".1 16.4

Initial [H1l. wt% 61.3 68.3 68.5 S8.0 61.0 68.6 44.3 57.6 61.9 14.3 30.0 43.3 57.4
Final [HI). Wl% 41.8 44.0 45.5 45.1 46.4 49.5 49.6 52.5 14.3 29.9 42.1 51.1
Drop [HI). wtO/o 19.5 24.3 23.0 12.9 14.6 19.1 8.0 9.4 0 0.1 1.1 6.3

[nitial [1:]. M 0.015 0.015 0.015 0.017 0.026 0.015 0.02 0.015 0.015 0.00 0.01 0.018 0.03
Final [12)' M 1.35 1.98 1.97 0.91 1.19 1.78 0.68 0.88 0.00 0.01 0.12 0.60

Yields

HliWood Ratio. R 1.0 1.5 2.0 3.5 ".4

Experimenl No. 13 74 76 81 77 75 S6 79 72 60 59 57 78

[nitial [HI]. wtO/o 61.3 68.3 68.5 S8.0 61.0 68.6 44.3 57.6 61.9 14.3 30.0 43.3 S7.4

YCON' % 33.2 22.8 12.5 21.4 7.7 0.3 SI.8 1.6 0.1 55.6 49.8 41.7 0.1

Yc.u,," 0/0 71.3 81.8 95.7 77.7 86.5 99.7 16.6 89.4 91.1 2.6 11.4 19.3 82.6

Yc.u... % 100 100 100 99.1 94.2 100 68.4 91.0 91.2 58.2 61.2 61.0 83.3

YCAPO 0/0 0 0 0 0.9 5.8 0 31.6 9.0 8.8 41.8 38.8 39.0 16.7
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Elemental Analyses

HI/Wood Ratio. R 1.0 1.5 2.0 3.5 4.4

E:<perimc:nt No. 73 74 76 81 77 7S S6 79 72 60 S9 57 78

Initial [HI]. wt% 61.3 68.3 68.5 58.0 61.0 68.6 44.3 57.6 61.9 14.3 30.0 43.3 57.4

OA Elcmental Comp.
C. % 41.13 47.80 44.08 41.73 46.71 45.47 49.84 46.46 49.56 46.93 4S.04 52.00 49.50
H. % 4.66 5.53 4.81 S.03 4.98 5.11 4.82 5.06 S.6S S.77 4.68 4.91 S.38
0.% 8.71 7.35 1.18 7.17 9.51 7.40 16.54 10.18 6.61 18.31 15.06 16.42 9.63
l.% 45.61 45.39 48.9S 45.22 46.65 48.50 21.52 41.25 39.26 34.76 40.59 26.48 38.94

HIC 1.36 1.39 1.31 1.4S 1.28 1.3S 1.16 1.31 1.37 1.48 l.2S l.IS l.31
O/C 0.160 0.115 0.122 0.129 0.153 0.122 0.249 0.164 0.100 0.293 0.2SI 0.237 0.146
UC O.IOS 0.090 0.105 0.103 O.09S 0.101 0.052 0.084 0.07S 0.071 0.085 0.048 0.07S

Hydrogc:n Retention.0/. 85.6 81.4 82.4 91.0 80.5 84.9 13.0 82.3 86.1 92.9 78.5 72.2 82.1
Oxygc:n RcmovaJ.% 77.1 83.5 82.5 81.6 78.2 82.5 64.4 76.5 85.7 58.2 64.1 66.1 79.1

ON Elemcntal Camp.
C.% 58.31 54.93 63.43 62.91 51.92 63.45 47.70 48.32 50.42
H.% 5.68 S.SS 5.24 5.29 6.08 5.65 6.12 5.88 6.01
0.% 16.66 17.84 12.10 16.54 36.6S 16.60 41.62 41.10 36.37
l. % 18.91 22.82 23.44 21.23 2.46 13.41 1.61 2.41 2.31

HIC l.17 1.21 0.99 1.01 1.41 1.07 1.54 1.46 1.43
O/C 0.214 0.244 0.143 0.197 0.530 0.196 0.6SS 0.638 0.541
UC 0.031 0.039 0.035 0.032 0.005 0.020 0.003 0.005 0.004

Hydrogen Retention.% 73.6 76.3 62.4 63.5 88.5 67.3 96.9 91.9 90.0
Oxygcn Removal. % 69.4 65.2 79.5 71.8 24.3 71.9 6.4 8.8 22.6

OP Elcmental Camp.
C.% 38.61 30.95 28.75 30.95 32.60 29.6S SO.69 36.31 38.18 47.69 43.35 48.49 31.83
H. % 3.80 2.90 2.89 2.69 3.03 3.41 5.54 3.35 3.98 6.18 S.43 4.94 3.46
0.% 11.84 7.35 6.70 7.52 7.11 6.53 30.77 8.34 9.22 41.00 35.58 31.53 8.11
1. % 52.91 64.13 64.96 55.32 S80SS 66.26 12.18 SI.69 S6.39 3.61 14.19 10.70 49.54

WC 1.18 1.13 1.21 1.04 1.12 1.38 1.31 1.11 1.2S 1.56 1.50 1.22 1.16
O/C 0.230 0.178 0.17S 0.182 0.178 0.165 0.456 0.172 0.181 0.645 0.616 0.488 0.161
UC 0.130 0.196 0.214 0.169 0.170 0.211 0.023 0.135 0.140 0.007 0.031 0.021 0.124

Hydrogen Retention.% 74.2 70.8 75.9 65.7 70.2 86.9 82.6 69.7 78.7 97.9 94.6 77.0 73.0
Oxygen RcmovaL % 67.2 74.5 75.0 73.9 74.6 76.4 34.9 7S.4 74.1 7.8 12.0 30.3 77.0
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J.2 Effect on wood liQUefaction of initial ID concentration: 57 - 68 wt%

Reaction Conditions

Reaction Time. min IS IS IS

Initia! [HI]. wto/o S7 61 68

E.xpcrirnent No. 81 80 79 78 82 98 87 73 77 72 74 76 7S

Hl/Wood Ratio. R 2.0 2.9 J.S 4.4 S.7 8.0 13.0 1.0 2.0 J.S 1.0 1.5 2.0

Initia! [Wcod]. wt% 5.6 J.9 J.2 2.5 2.0 1.4 0.9 12.0 6.0 3.4 13.3 8.9 6.6

tiquor/Wood. mllg 10.4 IS.l 18.3 23.0 29.1 42.4 67.8 4.62 9.28 16.1 J.79 S.66 7.S4

Initial Temperarure. oC 126 126 126 126 126 126 126 112 112 112 20 20 20

Final Temperature. oc 113 118 120 122 123 126 126 104 Ils 123 102 109 116

Reaction Stoichiomeuy

Initial [HI]. wto/o 57 61 68

HIIWood Ratio. R 2.0 2.9 3.5 4.4 S.7 8.0 13.0 1.0 2.0 3.5 1.0 1.5 2.0

Expcriment No. 81 80 79 78 82 98 87 73 77 72 74 76 75

a mol HI reactedlmol C 0.64 0.65 0.71 0.72 0.84 0.76 0.83 0.44 0.70 0.14 0.S2 0.75 0.86
c mol 1: producedlmol C 0.24 0.29 031 033 035 0.36 0.41 0.16 0.27 0.31 0.19 0.28 034
1 Balancc in solution. % 92.1 97.S 97.7 98.8 97.4 99.6 99.9 87.7 92.5 86.7 81.4 91.2

XHJ' % (Hl Conversion) 31.7 22.S 20.0 16.4 14.9 9.5 6.4 44.4 3S.3 21.0 51.8 50.0 42.7

Initia! [HI]. wto/o S8.0 S7.4 S7.6 S7.4 58.0 56.6 57.6 61.3 61.0 61.9 68.3 68.5 68.6
Final [HI]. ~o 45.1 48.6 49.6 51.1 51.1 53.2 55.1 41.8 46.4 S2.5 44.0 45.5 49.5
Drop [HIJ. wt% 12.9 8.8 8.0 63 6.9 3.5 2.5 19.5 14.6 9.4 24.3 23.0 19.1

Initial [IJ. M 0.017 0.016 0.015 0.03 0.015 0.05 0.02 0.015 0.026 0.015 O.OIS O.OIS 0.01
Final [1:1. M 0.91 0.77 0.68 0.60 0.48 039 0.26 1.35 1.19 0.88 1.98 1.97 1.78

Yields

Initial [HI]. wt% 51 61 68

HIIWood Ratio. R 2.0 2.9 3.5 4.4 S.7 8.0 13.0 1.0 2.0 3.5 1.0 I.S 2.0

Expcriment No. 81 80 79 78 82 98 87 73 77 72 74 76 75

YC.ON' ~/O 21.4 8.1 1.6 0.7 0.9 0 0 33.2 1.7 0.1 22.8 12.5 0.3

YCQA.% 77.7 81.2 88.4 82.6 74.4 70.1 61.1 713 86.5 91.1 81.8 9S.7 99.7

Yco.... % 99.1 953 91.0 83.3 75.3 70.1 61.1 100 942 91.2 100 100 100

YOAP- % 0.9 4.7 9.0 16.7 24.7 29.9 38.9 0 S.8 8.8 0 0 0
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Elemental Analyses

InitiaI [HI]. wt% 57 61 68

HIIWood Ratio. R 2.0 2.9 3.5 4.4 5.7 8.0 13.0 1.0 2.0 3.5 1.0 1.5 2.0

Expcrimcnt No. 81 80 79 78 82 98 87 73 77 72 74 76 75

OA EJememaJ Composition
C.% 41.73 40.04 46.46 49.50 SO.63 49.00 52.55 41.13 46.71 49.56 47.80 44.08 45.47
H.% 5.03 4.61 5.06 5.38 5.56 5.37 5.M 4.66 4.98 5.65 5.53 4.81 5.11
0.% 7.17 8.74 10.18 9.63 9.42 9.35 8.80 8.77 9.51 6.61 7.35 7.18 7.40
1.% 45.22 46.80 41.25 38.94 38.16 36.84 38.85 45.61 46.65 39.26 45.39 48.95 48.50

HIC 1.45 1.38 1.31 1.31 1.32 1.32 1.29 1.36 1.28 1.37 1.39 1.31 1.35
OIC 0.129 0.164 0.164 0.146 0.140 0.143 0.126 0.160 0.153 0.100 0.115 0.122 0.122
IIC 0.103 0.111 0.084 0.075 0.071 0.071 0.070 0.105 0.095 0.075 0.090 0.105 0.10i

Hydrogen Recention. % 91.0 87.0 82.3 82.1 82.9 82.8 81.2 85.6 80.5 86.1 87.4 82.4 84.9
Oxygen Removal. % 81.6 76.6 76.5 79.1 80.1 79.5 82.0 77.1 78.2 85.7 83.5 82.5 82.5

ON EJemenra1 Composition
C.% 62.91 64.05 63.45 58.31 54.93 63.43
H.% 5.29 5.78 5.65 5.68 5.55 5.24
0.% 16.54 16.40 16.60 16.66 17.84 12.10
1. % 21.23 13.06 13.41 18.91 22.82 23.44

HIC 1.01 1.08 1.07 1.17 1.21 0.99
OIC 0.197 0.192 0.196 0.214 0.244 0.143
liC 0.032 0.019 0.020 0.031 0.039 0.035

Hydrogcn Retention. % 63.5 68.2 67.3 73.6 76.3 62.4
Oxygen Removal. % 71.8 72.5 71.9 69.4 65.2 79.5

OP EJcmentaJ Camp.
C.% 30.95 36.10 36.31 37.83 41.25 37.87 38.67 32.60 38.18 30.95 28.75 29.65
H.% 2.69 3.28 3.35 3.64 4.24 3.81 3.80 3.03 3.98 2.90 2.87 3.41
0.% 7.52 8.51 8.34 8.11 9.08 8.96 Il.84 7.71 9.22 7.35 6.70 6.53
l.~ 55.32 54.68 51.69 49.54 45.61 49.64 52.91 58.55 56.39 64.13 64.96 66.26

HIC 1.04 1.09 1.11 1.16 1.23 1.21 1.18 1.12 1.25 1.13 1.21 1.38
OIC 0.182 0.177 0.172 0.161 0.165 0.178 0.230 0.178 0.181 0.178 0.175 0.165
IIC 0.169 0.143 0.135 0.124 0.105 0.124 0.130 0.170 0.140 0.196 0.214 0.212

Hydrogcn Rccention. % 65.7 68.6 69.7 73.0 77.6 76.0 74.2 70.2 78.7 70.8 75.9 86.9
Oxygen Removal. % 73.9 74.7 75.5 77.0 76.4 74.6 67.2 74.6 74.1 74.5 75.0 76.4
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J.3 Liemefaction of componems of wood
([HI]irutJal = 57 wtOA», TiDitial = 126°C. t = 15 min)

Reaction Conditions

Hybrid Poplar

Experiment No. SI 80 79 78 82 98

[nitial [HIl. wtO/o 58.0 57.4 57.6 57.4 5S.0 56.6

HL'Substrate Ratio. R (C basis) 2.0 2.9 3.5 4.4 5.7 S.O

HIlSubstrate Ratio. R (O basis) 1.9 4.1 5.0 6.3 S.1 11.4

Initial [Substrate]. wt8A. 5.6 3.9 3.2 2.5 2.0 1.4

LiquorlSubstrate Ratio. mllg [0.4 15.1 18.3 23.0 29.1 42.4

Final TemperatUre. oC 1I3 118 120 122 [23 126

Cellulose

Experiment No. 83 84 85 86 38 39

Initial [HI]. wt% 57.9 57.5 57.5 57.5 57.l 56.7

HIISubstrate Ratio. R (C basis) 2.0 2.9 3.5 4.4 5.7 8.0

HIJSubstrale Ratio. R (0 basis) 2.6 3.5 4.2 5.3 6.S 9.7

Initial [Subsmuel. wt8,fo 5.6 4.2 3.5 2.8 2.1 1.5

LiquorlSubstrate Ratio. mJJg 10.4 14.0 16.9 21.1 27.3 39.3

Final Temperature. oC 117 I18 120 122 124 126

Xylan

Experiment No. 67 66 65 68 36 37

Initial [HI]. wtG/o 57.0 56.9 57.0 57.0 56.9 56.8

HIlSubstrate Ratio. R (C basis) 2.0 2.9 3.5 4.3 5.7 8.0

HL'Substrate Ratio. R (O basis) 2.5 3.6 4.4 5.4 7.2 10.1

Initial [Substrate], wt8,fo 6.2 4.3 3.5 2.8 2.1 1.5

Liquor/Substrate Ratio.. mVg 9.5 13.8 16.9 20.7 27.5 38.5

Final Tempeature, oC 116 120 122 122 126 125

A-48



•

•

•

AlkaJi Lignin

Experiment No. 89 90 91 92 94 93

Initial [HI]. wtoA. 57.0 57.1 56.6 56.3 57.1 56.9

HIISubsmue Ratio, R (C basis) 2.0 2.9 3.6 4.4 5.7 8.1

HIISubstrate Ratio. R (0 basis) 6.1 8.8 10.7 13.3 17.3 24.5

Initial (Substtate), wto/ct 4.2 3.0 2.4 1.9 1.5 1.1

Liquor/Substrate Ratio. mllg 13.8 19.8 24.4 30.4 39.1 55.3

Final Temperature. oC 120 122 123 125 125 126

ALCELL Lignin

Experiment No. 64 63 62 95 96 97

Initial [HI], wtoA. 57.1 57.2 57.0 56.7 56.7 57.2

HIISubsttate Ratio, R (C basis) 2.0 2.9 3.6 4.5 5.6 8.1

HIISubsmue Ratio, R (0 basis) 6.5 9.5 11.7 14.4 18.2 26.3

Initial [Substtate), wtO/ct 4.02 2.78 2.26 l.80 1.43 1.00

Liquor/Substrate Ratio, mllg 14.6 20.8 25.6 32.5 40.9 56.5

Final Temperature. oC 117 117 119 125 125 126
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Reaction Stoichiometry

HlJWood Ratio. R 2.0 2.9 3.5 4.4 5.7 8.0

a mol HI reaaedlmol C
Hybrid Poplar 0.64 0.65 0.70 0.72 0.84 0.76
Cellulose 0.78 0.90 0.98 1.02 1.08 1. Il
Xylan 0.68 0.80 0.84 0.83 1.00 0.99
Alkali Lignin 0.20 0.17 0.15 0.12 0.22 0.29
Alcell Lignin 0.17 0.16 0.13 0.30 0.31 0.30

a' mol HI reaaedlmol 0
Hybrid Poplar 0.90 0.93 1.00 1.02 1.19 1.08
Cellulose 0.93 1.08 1.17 1.22 1.30 1 ~~-'.)
Xylan 0.87 1.02 1.06 1.14 1.26 1.26
Alkali Lignin 0.61 0.51 0.46 0.37 0.68 0.88
Alcell Lignin 0.55 0.51 0.41 0.97 1.02 0.99

c mol 1.. producedlmol C
Hybrid Poplar 0.24 0.29 0.31 0.33 0.35 0.36
Cellulose 0.35 0.43 0.45 0.49 0.50 0.54
Xylan 0.29 0.36 0.38 0.38 0.44 0.48
Alkali Lignin 0.04 0.03 0.04 0.06 0.09 0.08
Alcell Lignin 0.02 0.04 0.05 0.06 0.09 0.11

c' mol 1.. produced/mol 0
Hybrid Poplar 0.34 0.41 0.44 0.47 0.49 0.52
Cellulose 0.41 0.51 0.54 0.58 0.60 0.64
Xylan 0.37 0.46 0.46 0.51 0.55 0.61
Alkali Lignin 0.11 0.11 0.13 0.18 0.26 0.24
Alcell Lignin 0.08 0.14 0.17 0.20 0.28 0.35

&O. % (HI Conversion)
Hybrid Poplar 31.7 22.4 20.0 16.4 14.9 9.5
Cellulose 35.7 30.5 27.7 23.2 19.1 13.8
Xylan 34.8 28.2 24.0 19.5 17.5 12.5
Alkali Lignin 10.0 5.8 4.3 2.8 3.9 3.6
Alcell Lignin 8.4 5.4 3.5 6.7 5.6 3.8

Final rHll. wtO/o
Hybrid Poplar 45.1 48.6 49.6 51.1 51.1 5~ .,

.)-

Cellulose 42.6 44.8 46.1 48.6 49.8 51.7
Xylan 4" ~ 45.4 47.3 48.6 50.0 51.8--'
AIkali Lignin 53.6 55.6 55.1 55.4 55.1 55.3
Alcell Lignin 54.1 55.3 55.8 54.4 54.7 56.0

Drop [HI]. wtO/éa
Hybrid Poplar 12.9 8.8 8.0 6.3 6.9 3.5
Cellulose 15.3 12.7 Il.3 8.9 7.3 5.0
Xylan 14.7 11.5 9.7 8.5 6.9 5.0
AlkaJi Lignin ~ ~ 1.5 1.5 0.9 2.0 1.6.)..)

Alcell Lignin 3.1 2.4 1.8 2.3 2.0 1.2

Final fI..1. M
Hybrid Poplar 0.91 0.77 0.68 0.60 0.48 0.39
Cellulose 1.19 1.09 0.98 0.86 0.71 0.55
Xylan 1.12 0.97 0.13 0.73 0.63 0.51
Alkali Lignin 0.19 0.12 0.14 0.15 0.17 0.13
Alcell Lignin 0.12 0.16 0.16 0.16 0.17 0.13
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Yields

HL-'Wood Ratio. R 2.0 2.9 3.5 4.4 5.7 8.0

Yc/ON' %
Hybrid Poplar 21.4 8.1 1.6 0.8 0.9 0
Cellulose 10.1 3.2 2.4 0.5 0.7 0.7
Xylan 28.1 13.8 5.9 .,~ 0 0.2_J

AlkaJi Lignin 24.4 21.8 25.7 27.6 19.0 8.9
Alcell Lignin

Y CIO'" %
Hybrid Poplar 77.7 87.2 88.4 82.6 74.4 70.1
Cellulose 88.1 86.5 84.5 72.2 64.3 54.4
Xylan 57.4 70.5 77.4 79.1 77.3 72.7
Alkali Lignin 14.1 72.8 64.0 60.1 60.0 64.1
Alcell Lignin

Y CIOP' %
Hybrid Poplar 99.1 95.3 91.0 83.3 75.3 70.1
Cellulose 98.2 89.7 86.9 72.7 65.0 55.1
Xylan 85.5 84.3 83.3 81.3 77.3 72.7
AlkaJi Lignin 97.6 94.6 89.7 87.7 79.0 73.0
Alcell Lignin 97.0 82.2 74.1 73.2 66.7 62.2

YCAP'%
Hybrid Poplar 0.9 4.7 9.0 16.7 24.7 29.9
Cellulose 1.8 10.3 13.1 27.3 35.0 44.9
Xylan 14.5 [5.7 16.7 18.7 12.7 27.3
Alkali Lignin 2.4 5.4 10.3 12.3 21.0 27.0
Alcell Lignin 3.0 17.8 25.9 26.8 33.3 37.8
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Yield Contributions

(43.30/0 cellulose. 32.7% xylan. 24% lignin)

HI/Wood Ratio. R 2.0 2.9 3.5 4.4 S.7 8.0

y CI()N' 0/0

Hybrid Poplar 21.4 8.1 1.6 0.7 0.9 0

Cellulose 4.4 1.4 1.0 0.2 0.3 0.3
Xylan 9.2 4.5 1.9 0.7 0 0
AlkaIi Lignin S.8 S.2 6.2 6.6 4.6 2.1

Total 19.4 11.2 9.1 7.6 4.9 2.4

Yeu". %
Hybrid Poplar 77.7 87.2 89.4 82.6 74.4 70.1

Cellulose 38.1 37.4 36.6 31.3 27.8 23.6
Xylan 18.8 23.1 25.3 25.9 25.3 23.8
AlkaIi Lignin 17.6 17.5 15.3 14.4 14.4 15.4

Total 74.5 78.0 77.2 11.6 61.5 62.7

Yelo... %
Hybrid Poplar 99.1 95.3 91.0 83.3 15.3 10.1

Cellulose 42.5 38.8 37.6 31.5 28.1 23.9
Xylan 27.9 27.6 27.2 26.6 25.3 23.8
Alkali Lignin 23.4 22.7 21.5 21.1 19.0 17.5

Total 93.9 89.1 86.4 79.2 72.4 65.3

YC'üh %
Hybrid Poplar 0.9 4.7 9.0 16.7 24.7 29.9

Cellulose 0.8 4.5 5.7 11.8 15.2 19.4
Xylan 4.8 5.1 5.5 6.1 7.4 8.9
Alkali Lignin 0.6 1.3 2.5 2.9 5.0 6.5

Total 6.1 10.9 13.6 20.8 27.6 34.8
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Elemental Analyses

Cellulose

Experiment No. 83 84 85 86 38 39

HIiWood Ratio. R 2.0 2.9 3.5 4.4 5.7 8.0

OA Elemental Composition
C.% 42.76 40.56 41.93 45.72 46.48 47.74
H.% 5.32 4.89 5.03 5.31 5.26 5.54
0,% 7.55 7.17 6.37 6.08 5.51 5.20

1. % 44.51 48.75 48.50 44.43 42.83 42.31

HIC 1.49 1.45 1.44 1.39 1.36 1.39
OIC 0.133 0.133 0.114 0.100 0.089 0.082
IIC 0.099 0.114 0.110 0.092 0.087 0.084

Hydrogen Retention. % 89.5 86.7 86.3 83.5 81.4 83.5
Oxygen Removal. % 84.0 84.0 86.3 88.0 89.3 90.1

ON Elemental Composition
C.% 51.51 61.29 62.27
H. % 5.37 5.81 5.88
0.% 14.12 7.75 7.81

1. % 24.63 27.83 25.25

HIC 1.2S 1.14 1.13
OIC 0.206 0.095 0.094
IIC 0.045 0.043 0.038

Hydrogen Retention. % 75.0 68.2 67.9
Oxygen Removal. % 75.2 88.6 88.7

OP Elemental Composition
C.% 27.22 28.20 30.62
H. % 3.26 3.35 3.81
0.% 6.55 6.15 5.81
1.% 64.11 63.10 61.68

HIC 1.44 1.43 1.49
OIC 0.181 0.164 0.142
IIC o"13 0.212 0.191

Hydrogen Retention. 0/0 86.1 85.4 89.5
Oxygen RemovaJ, % 78.2 80.4 82.8
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Xylan

Experiment No. 67 66 65 68 36 37

HlJWood Ratio. R 2.0 2.9 3.5 4.3 5.7 8.0

OA Elemental Composition
C. % 34.55 38.23 44.98 45.87 49.35 49.56
H.. 0,/0 4.13 429 5.06 5.01 5.57 5.62
0.% 5.87 6.11 8.91 5.51 625 5.34
1. % 50.51 48.72 45.16 44.43 44.89 43.42

HIC 1.44 1.35 1.35 1.31 1.36 1.36
OIC 0.128 0.120 0.149 0.090 0.095 0.081
IIC 0.138 0.121 0.095 0.092 0.086 0.083

Hydrogen Retention. % 892 83.7 83.9 81.5 842 84.6
Oxygen Removal. % 83.9 84.8 81.2 88.6 88.0 89.8

ON Elemental Composition
C. % 62.13 63.41 63.41 65.33
H. % 5.53 5.99 5.99 6.07
O. % 12.89 11.56 10.51 9.32
1.% 17.64 18.51 20.66 18.88

HIC 1.07 l.13 1.13 1.12
O/C 0.156 0.137 0.124 0.107
IIC 0.027 0.028 0.031 0.027

Hydrogen Retention. % 66.4 70.5 70.5 69.3
Oxygen Removal. % 80.3 82.7 84.3 86.4

OP ElementaJ Composition
C. % 31.49 33.40 32.89 33.56 34.10
H. % 3.27 3.63 3.70 3.93 4.20
O. 0/0 7.59 6.13 5.99 4.83 4.40
[. % 52.80 55.15 54.72 54.82 55.92

HIC 1.25 1.31 1.J5 1.41 1.48
O/C 0.181 0.138 0.137 0.108 0.097
IIC 0.159 0.156 0.157 0.156 0.155

Hydrogen Retention.. % 77.5 81.1 83.9 87.4 91.9
Oxygen Removal. % 17.1 82.6 82.7 86.3 87.7
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AlkaIi Lignin

Experiment No. 89 90 91 92 94 93

HIIWood Ratio. R 2.0 2.9 3.6 4.4 5.7 8.1

OP Elemental Composition
C.% 41.25 37.12 36.35 40.63 49.47 48.92
H.% 3.89 3.70 3.60 3.70 4.53 4.49
0.% 14.25 13.21 13.01 14.51 16.14 16.65
l.% 38.28 44.45 44.27 38.17 28.25 29.94

HIC 1.13 1.20 1.19 1.09 1.11 LlO
OIC 0.259 0.267 0.269 0.268 0.245 0.247
IIC 0.088 0.113 0.115 0.089 0.054 0.058

Hydrogen Retention.. % 98.S 100 100 95.1 95.6 95.9
Oxygen Removat 0/0 21.4 19.1 18.6 18.8 25.8 25.2

ON E1emental Composition
C.% 62.67 61.45 62.60 61.66 60.92
H. % 5.92 5.77 5.91 5.81 5.45
0.% 19.70 21.11 21.97 21.30 21.19
1.% 9.49 9.80 7.22 11.72 11.19

HIC 1.10 1.13 1.13 1.13 1.07
OIC 0.236 0.258 0.263 0.259 0.261
IIC 0.014 0.015 0.011 0.018 0.017

Hydrogen Retention. 0/0 86.7 98.1 98.6 98.4 93.4
Oxygen Removal. % 28.5 21.9 20.2 21.4 20.9

AlccllLignin

Experiment No. 64 63 62 95 96 97

HlJWood Ratio. R 2.0 2.9 3.6 4.5 5.6 8.1

OP Elemental Composition
C.~ 51.30 55.13 54.74 46.96 48.16 52.19
H.~ 4.61 4.77 4.74 4.58 4.55 4.93
O.~ 20.22 17.00 19.22 15.25 15.69 16.54
I.~ 24.14 23.10 21.30 32.68 31.00 26.68

HIC 1.08 1.04 1.04 1.17 1.13 1.13
OIC 0.296 0.231 0.264 0.244 0.245 0.238
I1C 0.045 0.040 0.037 0.066 0.061 0.048

Hydrogen Retention. ~ 93.8 90.4 90.4 100 98.7 98.7
Oxygcn Removal. ~ 4.6 25.3 15.0 21.4 21.1 23.3
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APPENDIX K
COARACTERISTICS OF BATCHWISE-CONTINUOUS

ELECTROCIIEMICAL WOOD LIQUEFACTION

l'âme. h 0 1 0.5 1 1 1 1.S 1 2 1 2.5 1 3 1 3.5 1 4 1 4.5 1 5

Current. A 8.7 7.9 8.2 7.8 7.8 7.9 7.2 7.0

FWOIId.g/min 0.050 O.OSO 0.052 0.OS2 0.044 0.052 0.048 0.053

'8 [Id. M 0.006 0.004 0.035 0.024 0.026 0.026 0.036 0.039 0.047
ECU [HI). M 7.24 6.90 6.82 6.83 6.62 6.48 6.26 6.26 6.11

[HI}. wt% 55.5 53.9 53.S 53.6 52.6 51.9 50.8 50.8 50.0

Temp.• "C 125 125 125 125 124 122 120 118 115 116 116

Current. A 10.0 8.7 8.2 7.9 8.5 8.4 7.7 6.4 6.7 1.4

FWOIId.g/min 0.047 0.047 0.047 0.046 0.046 0.046 0.048 O.osa 0.049 0.045

'9 [IJ. M 0.021 0.022 0.020 0.022 0.026 0.033

ECU [HIJ.M 7.09 6.75 6.64 6.41 6.47 6.51

[HI}. wt% 54.8 53.8 52.7 51.5 51.8 52.0

Temp.• "C 124 125 125 125 123 122 122 122 122 122 122

Cunent. A 9.2 9.2 9.3 10.0 10.8 11.4 11.4 12.1 11.9

F....g/min 0.101 0.081 0.080 0.101 0.101 0.100 0.101 0.101 0.1

'11 [Id. M 0.007 0.045 0.090 0.097 0.057 0.060
ECU [HI}.M 7.40 7.17 7.05 6.93 6.32 5.91

[HI}. wt% 56.2 55.2 54.6 54.1 51.1 48.9

Temp•• "C 120 123 122 115 115 114 113 113 113 115 115

Cuneot. A 11.2 11.3 11.2 11.3 11.2 11.8 12.0 12.2 11.3 11.1

FWOIId.g/min 0.091 0.091 0.091 0.091 0.091 0.091 0.091 0.091 0.091 0.091

'12 [lJ. M 0.009 0.011 0.026 0.038 0.055 0.045
ECU [HIJ.M 7.47 6.75 6.36 5.79 5.38 5.14

[HIJ.wt% 56.4 53.2 51.3 48.3 46.0 44.6

Temp.• "C 120 120 120 115 118 118 118 115 115 115 115

Current. A 10.5 10.6 10.6 11.2 11.2 n.5 12.2 12.0 12.0 11.9

F......gJmin 0.095 0.095 0.095 0.095 0.095 0.095 0.095 0.095 0.095 0.095

'14 [Id. M 0.004 0.018 0.039 0.050 0.OS2 0.048

ECU [HI}.M 6.42 6.09 5.60 5.38 5.38 5.11

[HI).wt% 51.6 49.9 47.3 46.0 46.0 44.5

Temp•• "C 110 115 118 118 118 118 115 115 115 115 115
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Tinte. h 0 1 0.5 1 1 1 1.5 1 2 1 2.5 1 3 1 3.5 1 4 1 4.5 1 5

Current. A 10.4 10.8 11.8 11.8 11.9 12.1 12.2 12.3 11.9 12.5

'15
Fwnud.g/min 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100

ECLR [Izl. M 0.003 0.025 0.021 0.021 0.067 0.074

[HI). M 7.28 6.75 6.09 5.81 5.51 5.01

[HI). wt% 55.7 53.1 50.0 48.4 46.8 43.9

Temp.• "C 105 110 112 118 120 118 118 115 115 115 114

Current. A 13.9 15.0 15.1 15.2 152 14.5 14.7 14.0 14.5 15.3

F.....u.gJmin 0.101 0.099 0.100 0.100 0.101 0.100 0.103 0.099 0.099 0.100

'16 [IJ. M 0.005 0.017 0.011 0.021 0.060 0.063
ECLR [HI). M 7.56 6.84 6.33 5.85 5.43 5.20

[HI]. wt% 56.9 S3.6 51.1 48.6 46.3 44.0

Temp.• "C 110 119 118 liS 115 115 116 116 liS 115 Ils
Current. A 10.7 9.8 9.1 8.9 8.7 8.6 8.8 8.7 8.7 8.6

F-..I.g/min 0.050 0.050 0.050 0.050 0.051 0.050 0.050 O.OSO 0.050 0.050

'17 [I!.I. M 0.0004 0.0015 0.0063 0.011 0.018 0.026
ECLR [HI).M 7.49 6.92 6.56 6.29 5.97 5.81

[HIJ. wt% 56.6 S4.0 52.3 50.9 49.3 48.4

120 120 120 122 122 120 120 120 120 120 120 118

Current. A 9.8 9.8 9.2 9.3 9.3 9.2

F...a.g/min 0.150 0.150 O.lSO 0.150 0.150 0.150

'18 [lz). M 0.0016 0.0061 0.068 0.092

ECLR [1-). M 7.51 6.85 6.21 5.82

[HI). M 7.37 6.68 6.25 5.87

[HI). wt% 56.1 52.9 50.7 48.7

Temp.• "C 118 120 122 122 120 118 118

Current. A 10.3 10.5 10.5 10.4 10.3 10.4

Fwood.g/min 0.102 0.100 0.100 0.100 0.100 0.100

'19 ~J.M 0.001 0.041 0.074 0.098
ECLR [HI).M 8.22 7.34 6.84 6.39

[HI). wt% 59.7 55.9 53.6 51.4

Temp•• "C 118 124 125 125 123 121 121

Current. A 11.8 11.8 13.4 13.0 12.4 12.4

Fwood.g/min 0.086 0.086 0.086 0.086 0.086 0.086

'20 [lJ. M 0.0064 0.026 0.009 0.048

ECU [HIJ.M 8.58 7.52 7.19 6.61

[HIJ.wt% 61.1 56.7 55.3 52.5

Temp.• "C 110 117 115 120 119 116 115
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APPENDIX L
EXPERIMENTAL DATA FOR SOLVENT EXTRACTION

OF PHYSICALLY ASSOCIATED 1%

cs, Solvent Extraction of .2 Associated on OP Product

(Run '14ECLR)
(S.O g OP sample)

Time Wilh Charge-Transier Complex Il and Organic lodide Wilh 12 but Wilhout
Organic lodide

Time Time Elemenral AnaJysis. wt" AlOmic Ratio Hydrogen Oxygen Elemenral formula
(h) (day) Rerenlion RemovaJ Analysis. wt%

" "C H a 1 HIC OIC Ile c lb Ih/C

0 0 46.38 4.39 14.04 35.19 1.25 0.23 0.072 78.6 67.1 46.38 28.81 0.OS9

LI 0.46 49.91 4.61 19.33 26.1S 1.11 0.29 O.OSO 69.8 S8.6 19.77 0.040

18 0.7S SO.88 4.74 18.87 15.S1 1.12 0.28 0.047 70.4 60.0 19.13 0.039

25 1.04 S1.0S 4.72 18.76 15.47 1.11 0.28 0.047 69.8 60.0 19.09 0.039

32 1.33 52.08 4.73 19.71 23.48 1.09 0.28 0.043 68.6 60.0 17.10 0.03S

42 1.75 S4.09 4.80 20.85 20.26 1.07 0.29 0.03S 67.3 S8.6 13.88 0.028

S8 2.42 54.76 S.12 21.70 18.42 1.12 0.30 0.032 70.4 S7.1 12.04 0.025

n 3.00 5S.68 S.OO 23.43 IS.89 1.08 0.32 0.027 61.9 54.3 9.S1 0.019

88 3.67 56.43 4.94 23.38 IS.20 LOS 0.31 0.025 66.0 5S.7 8.82 0.018

112 4.67 57.63 5.17 23.00 14.20 1.08 0.30 0.023 67.9 51.1 7.82 0.016

136 S.67 11.47

178 7.42 60.14 S.23 20.41 11.3S 1.04 0.25 O.OIS 65.4 64.3 4.97 0.010

233 9.71 8.0S

263 10.96 S9.84 S.33 23.02 6.3S 1.07 0.29 0.010 67.3 SS.6 0 0
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APPENDIX M

MATERIAL BALANCES IN
CONTINUOUS WOOD LIQUEFACTION REACTOR

(The according values for foUowing ca1culations are recorded in Chapter 7.)

•

•

TOTAL MASS BALANCE
Refore Reaction:

Pure HI Solution:
12 in Solution:
HI Make-up Gas:
Wood:
Total mass iD:

ACter Reaction:
Pure HI Solution:
12 in Solution:
Product OP:
Product AP:
Product OP:
Inveatory al End:
Water Transferred:

Total Mass Balance:

WATER BALANCE
Refore Reaction:

H20 in Solution:
TotalllzO in:

ACter Reaction:
H20 in Solution:
IDventory al Ead:

H..O Produced:

Water Transferred:

371.80 g
0.21 g

120 g
27.0 g

519.01 g

531.06 g
7.59 g

23.798 g
2.542 g
7.56 g

572.55 g
63.95 g
98.0 t

161.73 g
161.73 g

237.38 g
249.28 g
11.70 g

63.95 g

{= 220 ml x 1.69 glml}
{= 0.0037 molli x 0.22 1 x MIJ
{= 0.40 glmin x 300 min}
{= 0.090 glmin x 300 min J

{= 318 ml x 1.67 glml}
{= 0.094 mollI x 0.318 1 x M,J

{= (572.55 g - 63.95 g)/519.01 g}

{= 220 ml x 1.69 glml x (1 - 0.56SH

{= 318 ml x 1.67 glml x (l - 0.553)}

{= b (M~.o..) W-.tJ
{= 0.60 x 11124.92 x 27.0 g}
{= 237.38 g - 161.73 g - 1l.70}
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mBALANCE
Before Reaction:

HI in Solution:
HI make-up:
Total m in:

After Reaction:
HI in Solution:
Inveotory at End:

Net Reacted HI:

Total HI Balance:

CARBON BALANCE
Before Reaction:

Carbon in Wood:
Total C in:

After Reaction:
C in OP Product:
C in AP Product:
C in GP Product:
IDveatory al End:

Carbon Balance:

210.07 9
120.0 9
330.07 9

293.68 9
293.68 9
21.45 9

95.5 t

13.014 9
13.014 9

10.954 9
1.397 9
0.638 9

12.989 9
99.8 t

{= 220 ml x 1.69 glml x 56.5%}
{= 0.40 linin x 300 min)

(= 318 ml x 1.67 glml x 55.3%)

{= (a - 2c~)(MmIMœ...o. .. WWDDd}
{= (1.07 - 2 x 0.52 x 880/0) (127.9124.92) 27.0g}
{= (293.68 + 21.45 g)/330.07 g}

{= 27.0 g x 48.2%
}

{= 23.798 g x 46.03%}
(= 2.542 g x 54.96%)
{= 27.0 g x 48.2% x 4.CJOIO}

{= 12.989 gl13.014 g}

28.672 9
1.252 9
0.168 9
0.159 9

30.251 9

•

HYDROGEN BALANCE
ReCore Reaction:

H in Solution: 19.613 9
H in Mate-up HI Gas: 0.938 9

H in Wood: 1.728 9
Total B in: 22.279 9

After Reaction:
H in Solution:
H in OP Produet:
H in AP Produet:
H in GP Produet:
lDveotory al End:

Water Transferred:
H in H20 Transferred: 7.106 g

Hydrogen Balance: 103.9 t

{= 220 1 x 1.69g1ml [AtlMto 56.5%+2Att'MH:O 43.5%)}
{= 0.40 g x 300 min x Aw'Mto}
{= 27.0 g x 6.4%}

{= 318 1 x 1.67g1ml [AtlMto 55.3% + 2A.lMH:O 44.7°/0)
(= 23.798 g x 5.26%)
{= 2.542 g x 6.60%}
{= 27.0 g x 48.2% x 4.CJOIo x 3AtIAd

{= 63.95 g x 2A.lMtt.o}
{= (30.251 g - 7.106 g)l2".279 g}
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• OXYGEN BALANCE
Before Reaction:

o in Solution:
o in Wood:
Total 0 in:

ACter Reaction:
o in Solution:
o in OP Product:
o in AP Product:
laveatory al EDd:

Water Transfened:
o in H20 Transferred:

Oxygen Balance:

143.76 9

12.23 9
155.99 9

21.1..01. 9
1. .62 9
0.20 9

212.83 9

56.84 9
100.0 ,

{= 220 ml x 1.69 g/ml AofM~ 43.5%}
{= 27.0 g x 45.3%}

{= 318 ml x 1.67 glmin AoIM~ 44.7%}
{= 23.798 g x 6.81%}
{= 2.542 g x 7.770/o}

{= 63.95 g x AofMH:O}
(= (212.83 g - 56.84 g}/155.99 g)

TOTAL IODINE BALANCE AND DlSTRIBlmON
Before Reaction:

[ in Solution as HI: 208.27 9 (63.6 %) {= 0.22 1 x 7.46 molli x Ail

[ in Solution as [2: 0.21 9 ( 0.1 %) {= 0.22 1 x 0.0037 molli x MIJ
[ in Make-up HI: 119.06 9 (36.3 %) {= 0.40 glmin x 300 min x AIMm}

Total 1 in: 327.54 9

• After Reaction:
[ in Solution as HI: 290.55 9 (92.0 %) {= 0.318 1 x 7.20 molli x AI}

[ in Solution as [2: 7.59 9 (2.4 %) {= 0.318 1 x 0.094 molli x MIJ

1 in OP Product: 1.0.30 9 ( 3.3 %) {= 23.798 g x 43.28%}

[ in AP Product: 0.79 9 ( 0.3 %) {= 2.542 g x 31.04%}
[ in OP Product: 6.74 9 ( 2.1 %) {= 27.0 g x 48.2% x 4.90.10 x Ar'Ac}

Inventory al EDd: 31.5.97 9
Total Iodine Balance: 96.5 t {= 315.97 gl327.54 g}

{= 0.42 glmin x 300 min}
{= (17.54 g + 126 g)/(0.207g + 144 g)}

{= 0.48 glmin x 300 min}

{= 0.22 1 x 0.0037 moVl x MI:}

9 (43.3 %) {= 0.318 1 x 0.094 moVl x MI:}
9 (53.00/0) {= 23.798 g x (43.28 - 6.98)/(100 - 6.98)}
9 (3.7 %) {= 2.542 g x (31.04 - 6.6)1(100 - 6.6)}

9
9

t

7.587
9.29
0.66

11.54
126

99.5

0.207 9
0.207 9

1.44 9

MOLECULAR IODINE BALANCE AND DISTRIBlmON
Before Reaction:

12 in Solution:
Total Il iD:

[., Produced:
ACter Reaction:

12 in Solution:
12 in OP Produet:
[2 in AP Produet:
laventory al Ead:

[., Reduced:
Molecular lodine Balance:

•
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