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Abstract: T he ob ject ive of the p resen t study w as to develop p rocesses fo r liquefact ion of so lid b iom ass and exp lo re the

po ten tia l of m ak ing b iopo lym ers from the liquefied b iom ass. In th is study, co rn stover w as liquefied under acidic condi2
t ions, and several po lym er m ateria ls w ere subsequen tly p repared from the liquefied b iom ass. L iquefact ion w as conducted

using differen t o rgan ic so lven ts w ith su lfu ric acid as catalyst a t differen t temperatu res. T he effect of the rat io of so lven t to

so lid b iom ass on liquefact ion rate w as also evaluated. O f the tw o o rgan ic so lven ts used in the liquefact ion p rocess, ethylene

carbonate w as found to be mo re effect ive than ethylene glyco l in term s of liquefact ion rate. T he adequate p rocessing condi2
t ions fo r the feedstock used w ere found to be o rgan ic so lven t öco rn stover rat io of 3, temperatu re 160℃, cata lyst con ten t

3% , and heating tim e 2. 5 hou rs. T he po lyo ls from the liquefact ion w ere separated and purified th rough a series of p rocess2
es, such as dilu t ion, pH value adju stm en t, filt ra t ion, evapo rat ion, and ozono lysis. P rocesses fo r m ak ing b iopo lym ers,

such as po lyester film s, po lyu rethane foam s and part icleboards from the liquefied co rn stover con tain ing a h igh quan tity of

b io2po lyo ls w ere evaluated. T he film fo rm ation w as based on the esterificat ion react ion betw een the hydroxyl group s of the

b io2po lyo ls and the carboxyl group s. T he foam w as p repared th rough a react ion of the hydroxyl group s w ith diisocyanate.

Po lyesters m ade from the react ion betw een b io2po lyo ls and anhydrides are show n to be a good adhesive fo r m ak ing part icle2
board.
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0　 In troduction

　M any po lym eric m ateria ls a re derived from non2
renew ab le petrochem ica l resou rces. T he U. S. m ateri2
a l indu stry has set a goal of deriving 10 percen t of a ll

basic chem ica l bu ild ing b lock s (po lym ers, enzym es,

etc. ) from p lan t2derived renew ab le sou rces in the nex t

tw o decades. T h is w ou ld be a five2fo ld increase in
m arket share from today. A n econom y based on

renew ab le energy and m ateria ls p rovides sign if ican t

po ten t ia l fo r ru ra l econom ic developm en t, enhances

energy secu rity and self2sufficiency, reduces environ2
m en ta l im pacts, and increases su sta inab ility. T he p re2
sen t study is an a t tem p t to m ake b iopo lym ers from

co rn stover, the num ber one b iom ass ava ilab le in the
U n ited Sta tes.

　T here are a num ber of techn iques tha t can direct ly

u se b iom ass as feedstock to p roduce energy and
chem ica ls on rela t ively la rge sca le. T hese include

ferm en ta t ion of b iom ass to ethano l and gasif ica t ion

and pyro lysis of b iom ass to syngas and heavy o il[ 1, 2, 7 ].

Governm en ta l agencies and p riva te com pan ies have
invested heavily in research and developm en t of these

techn iques. How ever, these techn iques have lim ited

comm ercia l u se becau se of h igh co sts associa ted w ith
the p rocesses andöo r lim ited know ledge of the p rocess2
es and their p roducts. T he goal of the p resen t study is

to develop a system at ic app roach to the u t iliza t ion of

b iom ass to p roduce b ioenergy and b iop roducts. T he
first task in the app roach is to convert bu lky and low

den sity b iom ass to pum pab le and easy2to2t ran spo rt

in term edia tes o r b io2crude in m inu tes o r ten s of m in2
u tes. T h is cou ld overcom e a m ajo r techn ica l barrier,

i. e. , the need fo r p rep rocessing and tran spo rta t ion of

bu lky and low energy den sity b iom ass. T he nex t task

is to crack and refine the b io2crude to u sab le energy

and chem ica ls. T he first step invo lves basica lly ther2
m ochem ica l liquefact ion p rocesses[ 8, 10 ]. T he ob ject ive
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of the p resen t study w as to exp lo re the po ten t ia l of
m ak ing u sab le p roducts from liquefied b iom ass.

　Co rn stover is a dom est ic feedstock w ith a grea t

po ten t ia l fo r comm ercia l p roduct ion. A variety of
therm om echan ica l and therm ochem ica l p rocesses have

been developed to p roduce fuel, chem ica ls, and m ate2
ria ls. T he goal of th is w o rk w as to dem on stra te th ree

step s fo r b iopo lym er p roduct ion: f irst, crude b io2po ly2
o ls w ere p roduced from co rn stover th rough a novel

liquefact ion p rocess; second, the crude b io2po lyo ls

w ere pu rif ied; and th ird, the pu rif ied b io2po lyo ls w ere

reacted w ith d iisocyanate to yield po lyu rethane foam
o r w ith d icarboxylic acids and cyclic anhydrides to

yield po lyester.

1　M a ter ia ls and m ethods

1. 1　M a ter ia ls
　 D ried co rn stover, p rovided by the M inneso ta

A gricu ltu ra l U tiliza t ion R esearch In st itu te, w as m illed
to 0. 5 mm m eals befo re liquefact ion. E thylene carbon2
a te and ethylene g lyco l (Sigm a) w ere u sed as liquefy2
ing reagen ts. Succin ic anhydride, cit ric acid, hexane2
dio l, and glycerine (Sigm a) w ere u sed fo r the p repara2
t ion of po lyester f ilm s. Isocycanats w ere M D I (Pap i
27 o r Isona te 181) and p rovided by Dow Com pany.

A ll chem ica ls w ere of reagen t grade.

1. 2　M ethods
1. 2. 1　L iquefact ion p rocedu res
　 T he labo ra to ry appara tu s u sed fo r liquefact ion

con sisted of a hea ter, a tem pera tu re con tro ller, a
f lask, and a m o to r2driven st irrer. L iquefying reagen ts

and a ca ta lyst ( su lfu ric acid) w ere first p laced in the

flask and p rehea ted. W eighed crop residue w as then

added to the flask and m ixed w ith the liquefying chem 2
ica ls. L iquefact ion w as com p leted by con t inuou sly

st irring a t a tm o spheric p ressu re. A fter a p reset reac2
t ion t im e, the hea ter w as tu rned off, and the st irrer

kep t runn ing un t il the m ix tu re coo led dow n. T he
liquefied m ix tu re (b io2po lyo l) w as co llected fo r la ter

u se and analysis.

1. 2. 2　Separa t ion and pu rif ica t ion of b io2po lyo ls
　A series of chem ica l un it opera t ion s w ere perfo rm ed

to ob ta in the pu re b io2po lyo ls. T he pu rif ied b io2
po lyo ls can be u sed fo r m ak ing po lym ers, o r they can

be b roken dow n in to m ethane and hydrogen by m ean s
of gasif ica t ion. F igu re 1 show s a p rocedu re u sed fo r

separa t ing and pu rifying b io2po lyo ls from liquefied

co rn stover. R aw m ateria ls, ca ta lyst, and liquefying

reagen ts w ere first added to the liquefact ion appara2
tu s, and then held fo r 2～ 3 hou rs a t 160℃. A fter

tha t, the liquefied m ateria ls w ere d ilu ted ten2fo ld w ith

50% dioxane2w ater so lu t ion since liquefied po lyo ls can
be disso lved in th is so lu t ion, then separa ted from

un liquefied residues. In o rder to ob ta in neu tra l po ly2
o ls, the pH value of the so lven t w as ad ju sted in to 6. 5

～ 7. 0 w ith 1 N sodium hydrox ide, fo llow ed by filt ra2
t ion to separa te the un liquefied residues from the so lu2
t ion. A bou t 11% w as un liquefied m ix tu re. T hese

residues can be recycled to the liquefact ion appara tu s
w ith less harm to the environm en t. T h is un liquefied

m ix tu re included som e ash and also som e un liquefied

sub stra te. Sub sequen t ly, the filt ra te w as evapo ra ted

under reduced p ressu re to 1% w ater con ten t. T he
evapo ra t ion p rocess w as u sed to get rid of d ioxane and

w ater to yield pu re po lyo ls. T he dioxane2w ater

so lu t ion can a lso be recycled to the d ilu t ion p rocess.

T he last step is the ozono lysis p rocess. T he ozono lysis

p rocess is designed to increase the hydroxyl group s in

the po lyo ls. T he pu rif ied po lyo ls can be recycled to

the liquefact ion p rocess and u sed as a so lven t sub st i2
tu te fo r ethylene g lyco l and ethylene carbonate, w h ich

w ill decrease the p roduct ion co sts.

F ig. 1　P rocedu re used fo r separat ing and

purifying b io2po lyo ls

1. 2. 3　D eterm ina t ion of liquefact ion ra te
　W hen liquefact ion reached a p redeterm ined t im e,

the resu lt ing liquefied m ix tu re w as w ashed in to a

beaker w ith a m ix tu re of d ioxane and w ater ( 4ö1,

vöv). T he dilu te so lu t ion w as filtered th rough glass

filter under vacuum. T he residue w as dried to a con2
stan t w eigh t in an oven at 105℃, and the percen tage

of liquefied b iom ass w as ca lcu la ted u sing the fo llow ing

equat ion:

L iquefact ion ra te (% ) = (1- w eigh t of residueöw eigh t
of sta rt ing b iom ass)×100%

1. 2. 4　P repara t ion of po lyester f ilm s from b io2
po lyo ls
　Po lyester f ilm s w ere p repared by cro ss2link ing the

b io2po lyo ls w ith carboxylic acids o r anhydrides to fo rm

a netw o rk of po lyester. F irst, the w eighed b io2po lyo l,

cro ss2link ing chem ica ls, and o ther addit ives w ere
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m ixed and hea ted to app rox im ately 150℃ together
w h ile st irring, and then the ob ta ined hom ogeneou s

m ix tu re w as cast on to a t inned boat to fo rm a th in

un ifo rm layer of the m ix tu re (0. 15～ 0. 75 mm ). T he
po lyester f ilm s w ere ob ta ined after cu ring a t 120～
160℃ fo r 15～ 120 m inu tes, depending on the fo rm u la2
t ion and th ickness of the film s.

1. 2. 5　P repara t ion of po lyu rethane foam s from b io2
po lyo ls
　T he designa ted am oun ts of b io2po lyo ls, ca ta lyst,

su rfactan t, b low ing reagen t, and o ther addit ives w ere

p rem ixed in a paper cup , and then the p rescribed
am oun t of d iisocyanate w as added in to the cup and

m ixed w ith a h igh2speed st irrer fo r abou t 15 seconds.

T he m ix tu re w as a llow ed to rise a t room tem pera tu re.

T he foam w as fu rther cu red a t room tem pera tu re fo r
24 hou rs befo re any analysis w as conducted.

1. 2. 6　P reparing part icleboard from b io2po lyo ls
　Co rn stover m eal w as com p letely m ixed in a g iven
p ropo rt ion w ith b io2po lyo ls con ta in ing cro ss2link ing

chem ica ls. T he m ix tu re w as pu t in a m o ld and ho t2
p ressed under a selected p ressu re fo r a g iven period.

2　Results and d iscuss ion

2. 1　L iquefaction of corn stover
　T he effects of liquefact ion so lven t and p rocessing

t im e on the liquefact ion of co rn stover are show n in
F ig. 2. It w as found tha t the liquefact ion w ith ethylene

carbonate w as very rap id, and a lm o st com p leted w ith2
in 1 hou r. O n the o ther hand, the liquefact ion w ith
ethylene g lyco l w as m uch slow er, and abou t 20%

residue st ill rem ained after 2. 5 hou rs of liquefact ion.

F ig. 2　Effect of so lven t and p rocessing tim e on the

liquefact ion of co rn stover
(L iquefact ion reagen töco rn stover rat io: 3; catalyst

con ten t: 3% ; liquefact ion temperatu re 150℃)

　E thylene carbonate is an effect ive so lven t becau se of

its h igh perm it t ivity. T he liquefact ion is regarded as a

non2aqueou s react ion, w h ich can be a ided by su lfu ric

acid as a ca ta lyst. T he acid po ten t ia l depends on the
perm it t ivity of the so lven t. Genera lly, the h igher the

perm it t ivity of the so lven t, the h igher the acid po ten2
t ia l. T herefo re, su lfu ric acid cou ld p rom o te rigo rou s

react ion s w hen ethylene carbonate w as u sed as liquefy2
ing reagen t, resu lt ing in a com p lete liquefact ion in a

sho rt period of t im e.

　 F igu re 3 show s the po ssib le react ion m echan ism s

invo lved in liquefact ion of lignocellu lo sic m ateria ls.

U nder the ca ta lysis of su lfu ric acid, co rn stover expe2
riences a part ia l chem ica l degrada t ion and then reacts

w ith ethylene carbonate o r ethylene g lyco l to fo rm a
series of g luco sides. Carbon diox ide w as released as a

side react ion of decom po sit ion of ethylene carbonate,

as show n in F ig. 4, w h ich w as respon sib le fo r the

bubb les ob served du ring the liquefact ion.

F ig. 3　R eactions betw een co rn stover and ethylene carbonate to p roduce gluco sides

F ig. 4　D ecompo sit ion of ethylene carbonate

　 T hese resu lts ind ica te tha t the liquefied po lyo l

con sists of degraded co rn stover fragm en ts (o ligo sac2
charides ) , g luco sides, and residua l and decom po sed

liquefying reagen ts, a ll of w h ich con ta in severa l
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hydroxyl group s. T herefo re, it is feasib le to cro ss2
link the po lyo l in to a netw o rk of po lyester th rough the

esterif ica t ion react ion betw een the hydroxyl group s of

the po lyo l and carboxyl group s in cro ss2link ing chem i2
ca ls having tw o o r m o re funct iona l group s, such as

d icarboxylic acids o r cyclic acid anhydrides. M ean2
w h ile, residua l ethylene carbonate undergoes ester

in terchange react ion w ith d iacids (o r anhydrides) to
becom e po lym er [ 6 ]. T he hydroxyl group s can a lso

react w ith isocyanate to fo rm po lyu rethane.

2. 2　Prepara tion of polyester f ilm s
　T he pu rif ied po lyo ls react w ith carboxyl group s to
fo rm po lyester. Succin ic anhydride and cit ric acid w ere

u sed to p rovide carboxyl group s. T ab le 1 show s exam 2
p le fo rm u las fo r p repara t ion of po lyester f ilm s from
the co rn stover2based b io2po lyo ls. In genera l, the fo r2
m u las con sist of tw o parts. O ne includes the hydroxyl

con tribu to r, and the o ther includes the carboxyl con2
t ribu to r. T he carboxylöhydroxyl ra t io w as genera lly
(1. 1～ 1. 2)∶1. F lex ib le film s and rubbery film s can

be m ade u sing differen t am oun ts of po lyo ls, acid, and

differen t fo rm u las.

Table 1　A typ ica l form ula for polyester f ilm s

from l iquef ied corn stover-based bio-polyols

B io2po lyo l
source

Fo rm ula
Curing

temperature
and tim e

F ilm
type

Co rn
stover

Succin ic anhydride, 2. 7 g

C itric acid, 0. 4 g

B io2po lyo l, 10 g

PEG 400, 1. 2 g

A dditives, 0. 2 g

150℃, 6 h
F lex ib le

film

Succin ic anhydride, 3. 8 g

C itric acid, 0. 2 g

B io2po lyo l, 15 g

PEG 400, 1. 3 g

A dditives, 0. 4 g

160℃, 5 h
Rubbery

film

2. 3　Prepara tion of polyurethane foam s
　Co rn stover2based b io2po lyo ls w ere a lso u sed to

p roduce a series of sem i2rig id to rig id po lyu rethane
foam s. P ropert ies of the b io2po lyo ls, d iisocyanates,

fo rm u la te, and o ther facto rs show ed sign if ican t effects

on fo rm at ion, co lo r, and physica l p ropert ies of b io2
po lyu rethane foam s. T ab le 2 show s exam p le fo rm u las
fo r p repara t ion of po lyu rethane foam s from b io2po ly2
o ls. In genera l, the fo rm u las con sist of tw o parts.

O ne includes b io2po lyo l, b low ing agen t ( to fo rm bub2
b les) , ca ta lyst, and su rfactan t, and the o ther includes
isocycanate. Sem i2rig id and rig id foam s can be m ade

th rough varying the fo rm u las.

Table 2　Form ulas of polyurethane foam s from bio-polyols

Ingredien ts Parts

Co rn stover b io2po lyo l 10～ 15

B low ing agent (w ater) 0. 2～ 0. 5

Catalyst ( stannous 22ethyl hexanoate) 0. 2～ 0. 3

Surfactan t (po lyether modified po lysiloxane) 0. 3～ 0. 4

M D I (Pap i 27) 10～ 20

2. 4　Prepara tion of particle board
　T he resu ltan t b io2po lyo ls can be m ade in to no t on ly
flex ib le po lyester sheets bu t a lso po lyester2based w ood

adhesive. T he adhesiveness of the b io2po lyo ls m ade

from the co rn stover in th is study w as very strong.

　Co rn stover m eal w as com p letely m ixed in a g iven
p ropo rt ion (20% ) w ith b io2po lyo ls con ta in ing cro ss2
link ing chem ica ls. T he m ix tu re w as pu t in a m o ld and

ho t2p ressed under a selected p ressu re fo r a g iven

period. Since b io2po lyo ls can be cro ss2linked in to a
th ree2dim en siona l netw o rk po lym er th rough the reac2
t ion s of hydroxyl group s, the b io2po lyo ls can be u sed

as adhesives fo r m ak ing part icle board o r sim ila r p rod2
ucts. T he part icle board ob ta ined appeared very good
quality and had streng th com parab le to regu lar part icle

board. T he op t im um condit ion s fo r p repara t ion of

part icle board are w ith the po lyesteröco rn stover ra t io
being 1∶ 4 and cu ring fo r 2 hou rs a t 150℃. T he

bending streng th is around 110 N öcm 2.

3　Conclusion s

　B io2po lyo ls w ere p repared from co rn stover th rough

novel liquefact ion p rocess. T hese co rn stover2based

po lyo ls po ssess su itab le characterist ics fo r m ak ing

b iopo lym ers. T he p ropert ies of the b io2po lyo ls can be
adju sted by varying the liquefact ion condit ion s. T he

op t im um condit ion s fo r liquefact ion of co rn stover are

as fo llow s: liquefact ion reagen töco rn stover ra t io of 3,

liquefact ion tem pera tu re 160℃, liquefact ion t im e 2. 5

hou rs, and ca ta lyst con ten t 3%. Po lyester f ilm s can

be syn thesized from the co rn stover b io2po lyo ls.

D ecreasing the ra t io of carboxyl con tribu to r to hydrox2
yl con tribu to r can grea t ly im p rove the flex ib ility of the

po lyester f ilm. In addit ion, po lyu rethane foam s can be

syn thesized from the co rn stover b io2po lyo ls.

Po lyester can be u sed as adhesive fo r part icle board
p repara t ion.
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玉米秸秆液化制备生物高聚物材料的研究

刘玉环1, 2, 阮榕生1, 2※, 林向阳1, 2, 虞　飞1, 陈　灵1,
邓少波1, 李宇红1, V ance M o rey1, Tom Yang1

(1. 美国明尼苏达大学生物系统与农业工程系和食品营养系,圣保罗M N 55108, U SA ;

2. 南昌大学生命科学学院,教育部食品科学重点实验室,南昌 330047)

摘　要: 该研究旨在探讨低温生物质液化技术及液化产物应用的可能性。以玉米秸秆为原料在酸性、常压条件下快速液化成多羟基化
合物,再以多羟基化合物为原料合成一系列的聚合材料。采用不同的有机溶剂,在稀硫酸的催化作用下,对不同的温度下生物质的液
化效果进行研究。同时探讨了液化有机溶剂同生物质物料的混合比率对液化过程的影响。试验表明,碳酸乙烯酯比乙烯醇具有较高的
液化率。优化试验结果表明,在较佳的液化效果下, 有机溶剂同玉米秆的混合比率为 3∶1,反应温度 160℃,稀硫酸浓度 3% ,反应时间
2. 5 h。液化产物经稀释、调节pH 值、过滤、臭氧氧化一系列过程的处理后得到具有高活性多羟基聚合物。阐述了以多羟基聚合物制备
各种生物聚合物材料如聚酯薄膜、聚胺酯泡沫和颗粒板的方法。聚酯薄膜是多羟基化合物上的羟基和多元酸上的羧基通过酯化反应
形成的;聚胺酯泡沫通过多羟基化合物上的羟基和二异氰酸酯反应形成。研究表明以多羟基化合物和多元酸 (酐)形成的聚酯型胶粘
剂适合于制造颗粒板。
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