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ABSTRACT 

Report_~J is the construction and charaemrisation of instr-mentat ion specifically 
designed with the requirements for the study of  textile materials as the major objective. 
Those experimental factors which can influence the observed TG curves of  fibresare 
considered, and the optimum procedures required to achieve reproducible observa- 
tions are defined. In terms o f  the display of  the thermogravimetric data, alternative 
methods are examined and a novel derivative thermogravimetric presentation suggested 
to yield the maximum amount of  reliable information from the raw data. A method 
for obtaining this presentation is outlined. ~ -- 

T h e  utility of  the DTG presentation of  vacuum thermogravimetrie data to 
differentiate between different keration fibre types is noted. 

IN'TRODUC-[ION 

The use of  thermoanalytical procedures to charactetLse keratin in both fibrous 
and non-fibrous forms has previously been described 1. Differential thermal analysis 
observations with keratin fibres indicate that with predried fibres, heated under 
continuous evacuation, broad endotherms "'peaking" above 250°C can be associated 
with the occurrence of  thermal deo~adation processes z. The profiles o f  these endo- 
therms were dependent Upon the keratin studied. The Optimum conditions established 
for the observation of  reproducible OTA curves a r e  not conducive to the clear 
unequivocal identification of  any ¢~f the chemical changes which form part of  the 
endothermic profile. Thermogravimetry appears to represent the ideal thermo- 
analytical tool for such-aft-examination. T~ .*he _present time TGTiias - only been 
employed to a l imitedextcnt for such characterisation 2. By,the use of  TG, phyMcal 
changes which "'complicate" the DTA degradafi'on PrOfile m,e removed.  Thermo- 
gravimett3, also a l l o ~  the presentation o f the  substra~ such t ~ t  diffusion away from 
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the  sample  o f  deg rada t ion  p roduc t s  can  be facilitated, t hus  reduc ing  the  possibili t ies 
for  secondary  react ions while na r rowing  the  recorded  t e m p e r a t u r e  span  o f  ind iv idua l  
deg rada t ion  steps. 

The rmograv ime t r i c  s tudies  o n  textile fibres have  no t  been the  subject  o f  the  
s ame  a t t en t ion  as  s tudies  wi th  po lymers  in general_ Wi th  the rmoplas t i c  mater ia ls  T G  
observa t ions  above  the  mel t ing  po in t  will be i ndependen t  o f  the  o r i ~ n a l  physical  
fo rm,  however ,  w i ~  the  na tura l  fibres a n d  the  non- the rmop las t i c  m a n - m a d e  fibres 
suzh  an  a s s u m p t i o n  t-~nuot be just if ied.  By their  very na ture ,  textile fibres can  present  
difficulties as T G  subs/rates .  A pa r t  f rom influences associa ted  wi th  the  par t icu la r  
geomet r ic  fo rm o f  f ibrous e lements  in the  presented sample ,  the  basic an i so t rop ic  
characterist ics  o f  fibres, as well as their  un ique  of ten  he te rogeneous  s t ructures ,  m u s t  
affect the  T G  observat ions .  The  significance o f  exper imenta l  factors  in their  effects o n  
the  T O  curves o f  textiles should  receive careful  examina t ion .  

O f  textile fibres, wools  and  hairs  a re  a m o n g s t  the  m o s t  complex  a n d  he tero-  
geneous  a t  bo th  the  molecu la r  and  s t ructural  levels. T h e  observed  D T A  curves  o f  
kera t in  fibres a re  particulaxly sensitive to  the  e m p l o y e d  exper imenta l  condi t ions ,  a n d  
pre l iminary  observa t ions  s u p p o r t  the  existence o f  s imilar  dependencies  in t he rmo-  
gravimetry.  A n  assessment  o f  the  influence o f  exper imenta l  pa ramete r s  9n  the  T G  
curves  o f  kera t in  is a prerequis i te  before  any  meaningfu l  in te rpre ta t ion  o f  such  curves  
can  be at tempted_ Such  subst ra tes  wou ld  provide  also a t imely sensit ive subxtrate  for  
the  identif icat ion o f  the  cont ro ls  n___e~z~.~sary in sample  presenta t ion  to achieve r ep roduc-  
ibIe T G  studies o f  textiles. 

INSTRUML--~-i 'ATION 

Kera t in  fibres axe par t icular ly  sensitive to  oxidat ive  a n d  hydro the rma l  effects 
and ,  in o rde r  to  restrict  observa t ion  to purely  the rmal  d e ~ a d a t i o n s ,  t he  use  o f  
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continuous evacuation with the ho~ting o f  rigorously predried samples as practised in 
previous D T A  reports was attempted. A CI Microforce Mark II balance with evacua- 
ble glass envelope was used in conjunction with a "'universal attachment" and quartz 
sample tube. This balance o f  I g capacity and switchable ranges o f  25 pg to  I00 mg 
was more than adequate to  handle the  sample sizes envisaged as necessary for 
representability. An  outline o f  the constructed system is shown in Fig. 1. The  balance 
head and the sample environment could b¢ evacuated by two different routes. Pre- 
fiminary evacuation and fast pump down was achieved from the balance head through 
a hal f  inch copper pipe linked to the basic cold trap-diffusion pump-rotary pump 
system. Penning and thermocouple gauges g~re  sited close to  the balance head to 
provide an assessment o f  the effective vacuum in the balance. Once the desired vacuum 
level had been attained, a valve sited between the balance head and the cold  trap was 
d o s e d  and evacuation was continued through a quarter inch o.d. line fitted to  the 
"'universal attachment". In this quarter inch line between the "'universal attachment'" 
and the basic pumpingsystem can be"Cajon'" coupled to various evoh'ed L-as detection/  
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analysis facilities. The  prel iminary pumping  was carr ied out  th rough  the wider  bore  
faster pamping  line to the balance head but  w~as then discontinued to  prevent  the 
can-)ing o f  corrosive or  low-volatility products  on to  the " 'exposed" balance s)~-tem. 
The  quar ter  inch o.d. pumping  line, ~ i th  any  addit ional  impedances  associated with 

the gas detection facilities, was used to maintain the vacuum in the sample tube and  to  
provide a " 'nearer to  sample'" access for  evolved gas detection. The  modified quar tz  
"'universal a t t achmen t"  and  s~,nple tube assembly is illustrated in Fig. 2_ Heat ing was 
achieved by a Stanton  Redcroft  low thermal  mass furnace  which experimental ly  
generated a un i form tempermure  envi ronment  for  an  110-mm length o f  the  quar tz  
sample tube in the centre o f  which the presented sample was suspended on  an  open 
pan. A plat inum 10-mm diameter  flat pan vdth a 2-mm rim and  a weight o f  625 mg 
v,-~s cus tom-made.  This pan was designed for high thermal  conductivity,  low 
chemical inertness and  with a capacity ablc to suppor t  the m a x i m u m  volume o f  
fibrous sample envisaged. Following unsatisfactory trials with commercia l  s i n~e  and  
multiple jo inted q,mrtz suspension rods and  ~ i th  fine t u n ~ t e n  wire, a home-made  
quar tz  filament (0.05 mm diameter)  drawn f rom a quar tz  rod  was used th roughout  

this work_ 
Modifications to the "'universal a t t achmen t"  were made  to a c c o m m o d a t e  the 

quar ter  inch pumping  and  to in t roduce a 1.5-mm diameter  stainless-steel sheathed 
mineral insulated chromel -a lumel  extension lead. This lead was sealed (vacuum tight) 
~ i th  Araldite over  a min imum 2-inch leng~,h into a 2-mm bore  capillary terminat ing 
in a C l 4  c o n i c !  joint .  This extension lead was terminated  a t  both  ends with SpembIy 
type IV thermocouple  sockets. "'Sample'" tempera ture  measurement  was achieved ~ i th  
a 0.5-mm diameter  400 m m  stainless-steel sheathed chromel -a lumel  thermocouple  
supported as illustrated in Fig. 2. The  tip o f  the thermocouple  was located immediately 
over  the surface o f  the sample pan. 

Tempera tu re  p rogramming  was provided by an Euro the rm d i s t a l  set point  
three- term controller,  thyristor  drive unit  and  an  Euro the rm JA06 p rog rammer  in 
series with the moni tor ing furnace thermocoaple .  The  thyristor drive unit  and  control-  
ler terms were empirically adjusted to match  the thermal  characteristics o f  the furnace 
such thaL with an empty  sample pan and  cont inuous  evacuation,  defined linear 
heating rates (as indicated by the " 'sample" thermocouple)  were achieved. 

P R E S ~ q T A T I O N  OF  D A T A  

With the described instrumental  system, weight and  tempera ture  analogue 
si~.als arc displayed on a two-pen t ime-based recorder.  The  opt imal  T G  curve  ~ t s  
considered to be tha t  o f  sample weight as a funct ion o f  " 'sample" temperature .  The  
orimnal recordings were initially redrawn in this fo rmat  (see Figs. 3a  and  4a). The  
shape o f  the T G  curves observed with keratins identifies tha t  m a n y  processes are  
occurr ing bo th  consecutively and  concurrent ly.  To  enable the thermal  degradat ion 
profile to  be used effectively, the small differences obse,--vcd in the T G  curves mus t  be 
,-apable o f  definitive and  reproducible recognition. A n  apparen t  improvement  in 
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F/g.  3. A T e p ~ t a t i o n  o f  t i ~  rccordhags  in T G  exper iments .  (a)  ~,Veight a n d  t e m p e r a t u r e  
-',~. a func t ion  o f  t ime.  Co) --d/4//cR. t he  t i m e b a s e d  first  d e r i ~ t i ~ :  a s  a func t ion  o f  t ime.  
F ig .  4_ A reprec~a ta t ion  o f  t empes~ure -ba¢ ,~ l  r eco rd ings  in  T G  c x ~ r i m c n L s .  (a)  W e i g h t  a s  a 
func t ion  o f  t empe ra tu r e ,  the  p re fe r red  T G  curve .  (b)  --dWfdT, the  t e m p e r a t u r e - b a s e d  first  de r iva l i ce  
a s  a func t ion  o f  t empera tu re .  

clarity a n d  resolu t ion  can be achieved  by  displaying the  thermograv imetx ic  d a m  as the  
first der ivat ive in a D T G  curve.  Where  complex  deg rada t ion  s teps a re  involved,  the  
D T G  curve  can a l low a clearer indicat ion o f  the  existence o f  indiv idual  processes and  
has  been used in the  charac ter i sa t ion  and  s tudy  o f  the  the rmal  de.m'adat/on o f  react.o- 
molecules  3. Because o f  the  relative s implici ty  o f  the  h a r d w e a r  requi red  fo r  direct  
.-~cording, derivat ive t h e r m o g r a v i m e t r y  is c o m m o n l y  prac t i sed  throufJa the  p lo t t ing  
o f  the  ra te  o f  weio~ht change  (dH/ /d t )  a ~ n s t  t ime  o r  t e m p e r a t u r e  (see Fig.  3b).  In  
this  fo rmat ,  the  peak  "'areas'" reflect direct ly s a m p l e  weight  changes ,  i f  t ime  is the  
ordinate_ I f  the  derivat ive is recorded  a~ainst  t c m l ~ r a m r e ,  t hen  the  display is indicat ive 
o f  where  the  change  takes  place b u t  no t  the  ex ten t  o f  t he  c lmnge  u n I ~  the  "'sample'" 
hea t ing  ra te  can  be gua ran teed  as strictly l inear  a t  all t imes.  Wi th  the  " ' t /me-based" 
first  derivative,  the  reso lu t ion  o f  the  " 'peaks"  increases with + r educed  ~ t ~  o f  hea t ing  
b u t  concur ren t ly  the  size o f  t he  " 'peaks"  swill au tomat i ca l ly  fall. A bet ter  f o r m  o f  the  
first derivat ive wou ld  be a c-ontinuo'~Ls m o n i t o r i n g  o f  the  ~ a d i e n t  o f  the  w e i g h t -  
" s a m p l e "  t e mpe r a tu r e  T G  curve,  Le., o f  t he  rate o f  weight  change  as a func t ion  o f  
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" sample"  temperature  dW/dT_ At  reduced rates o f  hea t in~  inflections in the T G  
curve can resolve into plateaux. The  revised d W/dT  rate o f  weight change  wou ld  be 
sharper  and  larger at  s lower  heat ing rates, with, in a presentat ion ugulnst "'sample'" 
temperature ,  the peaks being indicative o f  where the changes occur  and  their size. 
In Figs. 3 and  4, representations o f  the described forms o f  the T G  and  D T G  displays 
are  compared .  

The  demands  on the ha rdwear  componen t  specifications to achieve d W[dT 
direct ly  are great. As an alternative practical procedure,  the d Ig[dT derivative was 
computed  directly f rom di~t i sed  " ' raw" analogue W and T da ta  with the result 
plot ted directly as a function o f  T. Manual  d i~t i sa t ion  o f  the ana logue  weight  
signals was carried out  at  equal  (3 degree) " 'sample" tempera ture  intervals across 
the whole  range o f  the recordings. F rom this raw data,  a concurrent  smooth ing  
was also required in order  to provide a useful first derivative d W/dT. Five point-  
weighted smooth ing  and  derivative calculations ,,-ere combined  in a procedure  
similar in principle to th:at out l ined by G o r m a n  "~- From S consecutive d i s t a l  values o f  
the weight and  " 'sample" temperature  analogues,  viz_: 

(tV.-~- z. TN-Z) --~ (Wry+z, T~.~+ z) 

(where T.~_ ~ -- T.~_ z ---~ T.~ -- T.~_ ! etc. ----- AT, the " 'sample" tempera ture  d i~t i sa t ion  
interval),  the " ' smoothed-  first derivative dgV]dT at tempera ture  T.,~ is calculated 
f rom the expression= 

(dHf[dT~- = [(0.25W.~+, .A_ 0_125Ws÷z) _ (0.125W.,~_z + 0.2.514t,~_,)] AT. 

For the handling procedures employed, this expression subjectively provided the most 
effective, reproducible smoothed derivative with the minimum loss of resolution_ 

In  order  to el iminate the effects o fvar ia t ions  in the spedfio initial ~ m p l ¢  weight  
analysed, a weight normalisat ion was carr ied ou t  on  the derivative ana logue  value. 
In many  polymer  degradat ion systems, it has been noted that  the changes o f  wei~ht at  
high tempera ture  can be equal ly  as characteristic o f  the original substrate as those 
observed a t  lower  temperatures.  Frequent ly  with polymers also, these high tempera :  
ture  degradat ion processes involve a relatively small weight change  and  will therefore 
appear  less clear  in ei ther  the T G  o r  D T G  curve when compared  ~ i th  those observed 
a t  lower temperatures_ To  enhanc~ the observabifity o f  the higher  tempera ture  
processes in kerat in fibre systems, normalisat ion was effected by the use o f  the 
instantaneous sample  weight at  the tempera ture  in question.  With  the  use o f  
( d W / d T ) :  × i /Ws ,  the  " ' instantaneous fractional ra te  o f  weight  change" ,  those 
chan~oes o f  wright  at  high tempcratur¢~, whcr¢ the fractional residna! ~e ight  is ~mail. 
are  enhanced.  The  consequences o f  thig normal isa t ion procedure  a re  demons t ra ted  
in Fig. 5. A fur ther  advantuge o f th i s  procedure  is that  it enables effective compar isons  
o f  da ta  to be made  independent  o f  the  tempera ture  o f  entry  into the  T G  programme.  
In  contrast  with the characterist ic  but  somet imes  indist/net inflections in the T G  
(weight- temperature)  curve, the D T O  ( - -  dW/dT)~ X l / W , c - t e m o e f a t u r e ) c u r v e  
displays a series o f  "peaLs" .  These " ' p e a ~ "  indicate those occasions a t  which  the  ne t t  



3 3 3  

(a )  

-CrWx "I 
¢! T V'/o 

T ~ & ~ r ' e  

Fig. 5. [k'rivati, kx themm~ravimctry (DTG) .  A comparLson of:  (a) The  temperature based first 
derivative and (b) The instantaneous rate o f  fractional weight loss [ - -  (d W/dT).s x I/W_,~]. 

Q 

o 
P =,- 

z 

. , :  .... 

-~-~; ~'~ /%. ".; : . . 

; ~ ;r ~ ~ -  

/ \ 
T ~,.~__, _ i ~ : "-'; .% 

l . -..: ~ , : • o T o  

"L V-'~T = ~ -  ! '* " G  

"@',.itic~l" 
w e ~ t  " 

Z 
, f  

/ 
- "  2fiO 250 3OO 3~0 

• S ~ e "  temoefa', ._.re. 'C 

I: 'ig. 6 .  Va~m.u 'n  " I ' l~ i ,= ,ogra .v i t r~ t ry :  Merino W o o l  70"s quality. A o.: ,~txari .son o f  T G  and normalised 
D T G  ~ obta in~l  under standard conditions.  

r~t*" o f  weight change passes through a maximum. A single "pe~k'" does not n ~ -  
iy identify a ~ingl¢ w¢is~t-change p r ~ .  In normal u s ,  the D T G  curve represents 
the averaged data from at least three sepax'ate T G  experiments. F i b r e  6 illustrates 
the T G  and normalised D T G  curve for a keratin fibre (Merino  wool). 
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E'(PERI $IE~"It'AL RESULTS 

T h e  f o r m  o f  the  o b s e r v e d  T G  c u r v e  can  be  inf luenced b y  m a n y  expe r imen ta l  
a n d  ins t rumenta l  factors .  T h e  cu r r en t  ob jec t ives  a r e  to  ident i fy  the  inf luence  o f  t h o s e  
fea tu res  which  a r e  a s soc ia t ed  g~th the  p re sen ta t ion  o f f i b r o n s  ~qmples,  a n d  in pa r t i cu la r  

with the  p resen ta t ion  o f  kera t in  fibres. These  objec t ives  c a n n o t  be  ach ieved  w i t h o u t  
equa l  cons ide ra t ion  be ing  given to  the  o t h e r  fac~.ors. By  res t r ic t ing conce rn  to  the  
effec'~ o f  the rma l  de  swadat ion on  an o p e n  pan ,  t hose  fac to r s  which  r equ i re  t o  b e  
examined  a re  as  listed in T a b l e  1. 

Temperature control~measurement 
T h e  " ' sample"  t e m p e r a t u r e  was  r eco rded  as  tha t  c lose  to  the  su r f ace  o f  the  pan ,  

an d  con t ro l  was  op t imised  as  descr ibed  above ,  T h e  on ly  i n d e p e n d e n t  a s se s smen t  o f  
these  fac tors  was  b y  c o m p a r i s o n  o f  the  T G  curves  o f  f inely p o w d e r e d  " s p r e a d  out ' "  
ca lc ium oxa la t e  m o n o h y d r a t e  obse rved  wi th  this sys t em a n d  o n  a D u P o n t  950 
t h e r m o b a l a n c e  b u t  o p e r a t e d  wi th  o the rwise  ident ical  cond i t ions .  

Data recording{presentation 
T h e  influences o f  the  m e t h o d  o f  d i sp lay  has  been  d i scussed  a n d  identified_ 

In the  cons ide ra t i on  o f  the  exper imen ta l  factors ,  o b s e r v a t i o n s  were  assessed f r o m  the  
special  no rma l i sed  D T G  presen ta t ions .  

System characteristics 
C o n t r o l  tests were  car r ied  o u t  ~ i t h  a c o n s t a n t  " ' load'" on  the  ba l ance  system of  

50 m ~  achieved  ~ i t h  an  e m p t y  pan  b y  a p p r o p r i a t e  r educ t i on  o f  the  c o u n t e r - b a l a n c e  
w-eights. T h e  analo=mae ~ weigaht simaal was  r e c o r d e d  a n d  r ep lo t t ed  as  a func t ion  o f  
" 'sample '"  t empera tu re .  In this manne r ,  the  effect  o f  hea t ing  ra te  o n  the  o b s e r v e d  

" s a m p l e  we igh t "  was  assessed.  Wi th  c o n t i n u o u s  e v a c u a t i o n  a n d  a s tab le  p res su re  in  

TABLE ! 

VACUI. ,31  ~ R A V I M E T R Y  O N  A.N ~ P t A T I N ' U M  PAN= F A C T O g S  I N k - I . L q E 2 ~ ' I ~ G  ~ P . D  ~ V A  ° 

l .  lr~trurr~ntal: 

" Exl~Timgmal: 

~a) System Chara~cHst~  
CO) Temperature control 
(c) Tempea~ure  m e a s ~ t  
(a) Data  rccording/prcr, enmtion 
{b) Heating raze 
(c) ,~m-~plc prmcnmtg~n: 

(i) physical form 
~h') rna~  

(~') ~ n  on Ihe pan 
(iv) ~am o f ~ b d ~  

(d) ML _q:rl_ lancous: 
0) twm~s o f  reaction 

f6).condensation of  low volatility producxs. 
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~s-  .~- ~ e . r a v i m e b ~ . :  thermal i~r~c~ ~ IL  The cff~-t of pl~-ur¢ with Cl  balance 
system. (50 mg sample -loading:'*, var~-ing pressures: a ~ "]~0 to r t ;  b = I0  to r t ;  ¢ = O.Ol ton" and 
di~enmt l-u~_t~alg ra~es: ----, 12~-C rain-S; ---, 8"C m,[n-t.) 

the sys~m of 0.01 tor~ or less, no detectable deviation in the observed weight v-us 
noted at applied heating rates from 2 to 8°C rain -t. At 12°C rain -'-s however, an 

increase in apparent weight wasdetected at between 250 and 3.50~C. The maximu~n 
recorded deviation w~s 0.02 mg (0.04 ~/o of the "'sample weight"). The rate of wei~t 
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change  d I t r [dT  v, as  below levels capable o f  accura te  estimation,  but  was o f  the o rde r  
o f  0.2 # g ' C  -~. Thermo_~-avimetry o f  mos t  polymers and  fibres usually involves 

losses in weight. In systems in which ei ther the system volume is relatively small 
and /o r  the pumping  rate is limited, a considerable rise in the balance pressure can 
occur  i f  the rate o f  product ion o f  volafiles is sufficiently large (in terms o f  gxam moles 
o f  volatile per  minute)  compared  with the pumping  rate. The  effect o f sys t em pressure 
on  the observed weight deviations wax examined.  The  effects o f  heatin B rate  on  the 

apparent  increases in " 'sample weight"  v-ere addi t ional ly assessed with a static a ir  
a tmosphere  (760 ton-) and  with dynamic  but  stable a tmospheres  o f  I0 ton- and  0.1 
ton-. The  observations are  illustrated in Figs. 7 and  8 and  summarised  in Table  2. 
Pro-,-ided the he~ting rate is low ( <  8eC r a i n - l )  and  that  the a tmosphere  can be 

mainta ined cont inuously  at  0.I ton- o r  better, then no correct ion was considered 
necessary to the recorded sample weio~:Jlt s i s a l s .  These observations indicate the care  
tha t  must  be taken to reco~aise any  behavioural  characteristics o f  the balance system 
which could affect the significance o f  recorded T G  curves_ 

S a m p l e  p r e s e n t a t i o n  

A standard  reference keratin fibre sample, the thermal  behaviour  o f  which was 
known f rom previous D T A  investigations, was used throughout .  The  description and  
prel iminary pre ~paration o f  this fibre is described in Table  3. Natura l  wools and  hairs 
carry  a relatively high percentage o f  impurities noteably grease and  suint 5. Various 
degre~' ing/extract /on prel iminary procedures  were examined,  and  in no case were 

TABLE 2 

i-%:~[RUME~"rAL I~4ARAC"YERI~-rlC2~: C! THERMOBALANCE--VACUU~| S'f~lr .J~: IN'I~UE~CE OF H E A ~  i~, ' i 'E 

~%'D --ATMOSPHERIC ~ ~  

Observed nm~mum p~'centa~ w~ght changes (S(h'ng "Loading"). 

Atmosphere 
prexxure (ton') 

Heating rate (~C rain - I )  
2 4 8 12 

7C~0 0_02 0_0zt 0_3 O.7 
10 < 0 . 0 2  0 .04  0 .12  0 .16  

0. ! < 0 .02  < 0 .04  0_04 0 .04  
0 .0I  < 0 .02  < 0_02 < 0 .04  0 .04  

TABLE 3 

KI~7.A'IL'~ R~-r.J~E2~CE ~UBSTRA-i'E 

(a) WOOL staple, 64"s quality Merino fibre. 
(b)  S a m p l e  ~ of ~mndant for~gn matter and fip~rooL~ r e m ~ d .  
it) Fibrous sample f~xhlet extracted for 24 h wiih petroleum ether and 6 h with methanol. 
(d) "[h¢: ~ prodtl~ dl/cd ofsoi~ll[ und~ ¢va~tlalion ai: irOOrll L e~nl[3~'aluge. 
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any  significant differences in the D T G  curves o f  the p roduc t  fibres identified except  
af ter  the use o f  an aqueous  alkaline ~couring bath.  The  influences o f  the  following 
sample prepara t ion parameters  on  the observed D T G  curves were studied:  predrying 
o f  the sample, state o f  sample subdivision (fibre l e n ~ h ) ,  total  sample size, and  the 
disposition o f  the sample on  the pan.  

S a m p l e  drying.  D T A  observations on wool  fibres have  shown tha t  kerat in  is 
particularly ~ns i t ive  to hydro thermal  d e ~ a d a t i o n .  The  total  removal  o f  the equilibri- 

u m  water  content  o f  the fibre (ca. 1 6 ~ )  ~ s  n___~ce~, T in o rder  to  obta in  stable D T A  
curves. Heat ing with cont inuous  evacuat ion at  145°C for  2 h was identified as the 
condi t ion required to remove the last traces o f  s trongly b o u n d  water  and  wi thout  
significant de~.~adation o f  the  p r o t o n  z. When  there was any  residual water  in the wool  
fibre sample, then the "'peak'" in the D T G  curve a t  ca. 250 cC shifted to  lower temper-  
atures. With no prel iminary drying o f  a 10-rng wool sample hea ted  a t  4°C r a i n - t  the  

described D T G  " 'peak" was observed at  240°C. With increased isothermal  drying 
under  vacuum a t  140°C thi~ " 'peak" o~--adually shifted to be observed at  a limiting 
c o n s e n t  tempera ture  o f  250cC following t rea tment  times in excess o f  90 min. A 2-h 
predrying t rea tment  was carr ied ou t  as s t andard  in all subsequent  studies. 

~Tbre dimensions.  T h e  D T A  curves o f  kerat in  fibres showed a marked  dependence  
upon  the  dimensions o f  the fibre in the sample ~_n~!ysed t. Differences were particularly 
significant in those re mons o f  the  D T A  curve which can be associated ~ i th  de:g~da-  
t ion processes. Because o f  their  geometr ic  form,  heterogenei ty  a n d  anisotropic 
character ,  the need to a s se~  the influence o f  the fibre dimensions o f  individual fibre 

elements on  the observed D T G  curve was clear. The  fibre elements o f  different lengths 
wi thout  damage  to  o r  destruct ion o f  the fibre s t ructure  were obtained either:  (a) by 
manual  scissor cut t ing to  fibre lengths o f  ~0--0_5 rnm or  Co) by comminu t ion  in 
a Wiley Cut t ing Mill (A. H. T h o m a s  Inc.). To  avoid fur ther  the possibilities o f  
fibre d a m ~ e  dur ing  mill cutting, only  very small fibre loads were cut  a t  a t ime in the  
labora tory  microscale mill. Cut t ing  to  the required sizes was achieved in s~ 'era l  

stages. The  cut  fibres were sieved to provide a m 0 r e u n i f o r m  length distr ibution in any  

TABLE 4 

~ICROSCDFIC EXAMINA'i-~N OF ~ ~m.z. CUT KERA-n~ ( ~ n ~ o  64°s) 
Cleansed Merino 64"s fib~ cut by Wiley Mill and ~i¢~¢I; that sample held on each sieve examined 
mi,:~o~opically for ~ 

U.S- s t u d  Mere sizex Din'~-r~ions o f  No. o f  fibrex Fibre length 
Sample pa.~ed Held on siere (pa_~) e.r~rnined Mean (pro) .~andard 
tkrough ( l~m J derialion 

~ 8 ~  1 ~  1 3 ~  -6 .50  
- ~  ~ ~: 4 2 5  I ~  7 ~  3 ~  

1 ~  . 2.5o ! ~  465 ~ 5  
1 ~  ~ ~ 1 ~  | ~  ~ 5  1 7 0  
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F/g.  9. V a c u u m  t l ~ T a o g ~ i m e t r y :  D T G  o f  kera t in  fibrcs---Effcct o f  " F i b r e  L e n g t h " .  lO-mg sample .  
predried and  spread e v e n l y  over  pan,  hea ted  4 : C  rain - I  w i th  c o n t i n u o u s  evacua t ion  (0.01 ton-). 

• - - -  ~ " - . . . .  6 0 m e s l L  - -  20 nmsh;  , scassor c u t " ,  

T A B L E  5 

m E  L~t'LUr-':CE OF ~ PASLaswr~s O-'~ r t ~  DTG ctravE o r  r , r ~ e ¢ :  n a a ~  t~. .~-ru 
S-rag sampge o f  M e t / n o  64"$ wool ,  - p r e d r / e d ' ;  heated at  4~C min-~ with  c o n t i n u o u s  evacua t ion .  

D T G  
-peak--  poMtior, x 
( ° C )  

Sample "fibre length" parameter  

Scissor cut Ftbre cut ia Wiley  M i l l  to pass  mesh size: 

2.0-0 .S  nun 20 mesh 40  mesh 60 mesh 100 mesh 

" P e a k "  1 202_ 202_ ~ 202 _202_ 
" P e a k "  H 2_51 ~ ~ 250 250 
-P,---,k'" I l l  276 275 274 274 274 
- P e a k "  IV 31 ! 309 308 308 308  
" P e ~ ' "  V 330 330 329 32g 32g 
~p~-~k" VI  349 348 346 346 346 
"Pea-k'" VII  370 369 366 365 365 
- P e a k  ~ VIII  391 389 38"/ 35-/ 3 8 /  

one "'size" lot- With their particular geometric form, sieving is not an efficient method 
for separating fibrous material into sharp classifications o f  length, but does provide a 
practical means of  achieving subdivision, as is reflected by microscopic examination 
o f  the cut fibre lots (Table 4). This microscopiccxamination also showed that no 
severe damage to the fibre structure had occurred during the cut'dng process. In Fig- 9 
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is shown the effect o f  fibre length on  the  observed D T G  curves o f  kerat in.  Eight 
"'pe-~_ ks'" can be empirically recognised in t h e D T G  curve o f  keraXins a n d  the variat ions 
in the positions o f  these "peaks '"  as a funct ion o f  fibre length is presented in Table  5. 
Fo r  fibre " lengths"  o f  "60  mesh"  a n d  "'100 mesh"  dimensions,  the D T G  curves axe 
stable and  reproducible.  At temots  to cut  the fibres shor ter  led inc reas in#y  to  problems 
o f  "c lumping"  together  o f  the fine elements  with less reproducible  and  frequently m o r e  
diffuse D T G  "'p,~k~". The  "'scissor cu t "  sample was extremely bulky a n d  open  
because o f  the influence on  packing a t  2 -mm lengths o f  fibre cr imp.  Dur ing  degrada-  
tion, sample movemen t  occurs a n d  frequently parts o f  the  sample  can be ejected f rom 
the pan.  

It  is not  practical to car ry  ou t  an  effective assessment o f  the  influence o f  fibre 
"d i ame te r "  on  the observed D T G  curves. Differences in d iameter  inevitably mean  
changes in histology and  in the basic fibre type. 

S a m p l e  p r e s e n t a t i o n  

In  order  to illustrate the expected need for  spreading the cut  fibre finely over  the  
sample pan surface, samples o f  "'60 mesh"  cut  fibre were alternatively prepared  for  
analysis as a " ' t amped"  (compressed)  mass and  as a " p . ~ d "  in the centre  o f  the 
pan. The  effect o f  these variations on  the observed D T G  curve ( F i ~  I0) showed the 
anticipated reduction in resolution with both  the " ' t amped"  a n d  " 'pyramid"  presenta-  

0 

F .Cl  IK--".. 
/ 

I I "-,./ / // 

.] 

2O0  
! J 

• Scmq;~e, ~ . , C  

Fig. I0. Vacuum thcnnogravimctry: D'rG of keratin fibres---Effect of "Sample Presentation". 
(I0 ~ of "60 ~ ' "  oat ~ p ~ .  h~tF~l at 4cC ~ n  -l  ~ilh conti~uous ~ 1 1 ,  0~)]" ibrr.) 
---,- -pyram/d"; ---, "tam._-~_"; ..... evenly spread. - -- : 
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l=i~ I I. Vacumn therrnogravirr~try: 130FG of keratin fi~Efl'ccl of "sarrtple size" (-60 mesh'" 
cut  fibre samples, predried and spread evenly over  pan.  heated at  4 "C  rain -z vdth continuous e,,~cxr- 
a t iom 0.01 tort . )  ~ .  50 rag; - - - ,  100 rag; . . . .  IO rag- 

T A B L E  6 

T H E  I ~ T L U ' E ~ C ~  O F  S A M P L E  P ~ t ~ l t 2 . ~  O.~  T H E  D I " G  C U R V E  O F  ~ T L ~  S A M P L E  S I Z E  

Clea~__,~.d_ "60 mesh'" fibre spread ~-enly over  the pan and  -predr ied '"  before lw-~ting at  4=C min-~ 
under  cont inuous ~ t0.01 ton-). 

DTA Sample ~ize (rag) 
-peak" poMtions 1 3 10 20 50 lOO 
( 'C )  

1 ~ 2~_ ~ 202 202_ 202 
II  ~ ~ 250 250 250 251 
I11 _-,74 274 --~4 274 2"15 2"/6 
IV 307 308 308 3O8 3o8 308 
V 328 328 32g 329 329 3 ~  
V I  346 346 346 347 348 " 
VII  365 365 365 366 366 " 
VIII  387 387 387 387 387 389 

a, Peak ~ l , , ' c d .  

t ions_  I t  w a s  n o t e d  t h a t  15 m g  o f " 6 0  m e s h "  c u t  f i b r e  w o u / d j u s t  s p r e a d  t h i n i y  o v e r  t h e  

p a n  s u r f a c e .  

S a m p l e  m n y y  

T h e  i n f l u e n c e  o f  s a m p l e  q:i7e oi1 t h e  o b s e r v e d  D T G  c u r v e s  i s  r e f l e c t e d  i n  F i g .  ! 1. 
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Fig. 12. V~-utma t h c r m o g ~ v i m c t r y :  I ) T G  o f  keratin f i b r ~  -.~ffeet o f  - b , ~ t i n g  ra te" .  (5-rag f~tnDles 
o f  "T30 I t c h ' "  cu t  fibre, pt-edried and  spread evenly over  pan ,  con t inuous  ev-~tmtion,  0.01 torr .)  
~ ,  2 " C  min-Z;  - - - ,  8 " C  min-a ;  . . . . .  12*C min  - l .  

In  Tab le  6 the  pos i t ions  o f  the  8 reco~nisable D T G  " 'peaks"  are  r ecorded  as  a func t ion  
o f  sample  size. T h e  b read th  o f  the  " 'peaks"  increases wi th  a s ample  size o f  50 mE-, a n d  
at  100 m ~  two o f  the  " 'peaks"  are  unresolved.  Wi th  samples  o f  50 m g  size, the  ra te  o f  
p r o d u c t i o n  o f  volati les was such tha t  wi th  this exper imenta l  system,  pressure_ rises to  
1 t o r t  were detected.  A t  s ample  sizes be low 5 rag, the  ~gna l - to -noise  ra t io  o f  the  
weight  ana logue  p reven ted  the  use  o f  t he  requ i red  sensitivity, c o m m e n s u r a t e  wi th  the  
small  sample  mass.  

Heating rate. In  the  T G  curve  o f  a single-step e n d o t h e r m a l  d e ~ a d a t i o n ,  the  
effect o f  increasing hea t ing  rate  is to  b roaden  the  t empera tu re  range  over  which  the  
weight  loss is observed.  R e d u c e d  hea t ing  rates shou ld  there fore  sha rpen  the  D T G  
" 'peak"  and ,  in ove r l app ing  multiproc~__s systems,  p rov ide  i m p r o v e d  resolut ion.  T h e  
influence o f  hea t ing  rates over  the  range  I to  12°C min  -~ o n  the  D T G  curves  o f  
kera t in  is s h o w n  in Fig. 12 a n d  in Tab le  7. As  an t ic ipa ted  the  " 'peaks"  o f  the  D T G  
curve  are  best  resolved a t  t he  s lowest  hea t ing  rate used  (1 ~C r a in -  I). Because o f  the  
presenta t ion  as  a t empera tu re -based  derivative,  n o  r educ t ion  in peak  size is a p p a r e n t  
wi th  reduced  hea t ing  r~tPs Wi th  i n c r ~ i n g  rates o f  hea t ing  grea te r  t h a n  4 ° C  r a i n - t  
the  t empera tu res  a t  wh ich  the  D T G  " 'peaks"  are  observed  to  shif t  to  h igher  t empera -  
tures,  while be low 4 c C  rain -1  their  pos i t ions  are  s table (Table  7). A t  very s low rates, 
e .~ ,  1 °C r a i n -  ~ the  t ime  scale o f  t he  expe r imen t  a n d  its inf luence o n  Overall signal 
stabilit ies b e c o m e  the  de te rmin ing  factor .  
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T A B L E  7 

I~ 'FLI~E?gCE O F  ~ ' T A L  P A R K ~ . -  J t . g $  O Y  ~ i Y i G  Clb'g~qE O F  I L I ~ A T I ~ :  I - J F _ A ~  R A ' i ~  

"60-amsh '"  fibre. 5-rag predr ied  sample  spread  e ~ a l y  o v e r  pan  and  heated under contuous evacuation 
0.01 tort-. 

D T G  Heat ing rate ( ° C rain - t )  

"peak'" positions ( : C )  1 2 4 8 12 

I ~ 202 20"_ _'203 203 
i I  249 ~ ~ ~ 251 
l l I  274 274 274 a s 
I V  308 308 30~ 309 311 
V 328 328 328 329 331 
VI  ~ 346 346 ~ .. 
VI I  365 365 365 367 ~- 
V I I I  386 387 387 388 391 

a " p ~ l e ' "  no t  nmol,'ed_ 

CONCLUSIO~'qS 

Observations o f  the influence o f  instrumental a~.d experimental factors on the 
recorded D T G  carves o f  keratin show that care is essential before results can be 
obtained vdthout extraneous complications and which can be the subject o f  meaning- 
ful discussion. The optimal practical operating conditions for vacuum thermoga-avi- 
metry o f  keratin fibres is recorded in Table 8. With the use o f  these conditions 
reproducible D T G  cur~-es characteristic o f  different wool  types arc obtained. The 
"'peak" positions are reproducible to ~_ ! ~C and their heights to 5 ~/~o, despite the fact 
that they represent the nett profile o f  multiprocess losses. 

Keratin fibres represent one o f  the most  complex fibre systems, but the influences 
r e c o g n i s e d  h e r e  wi l l  b e  ref lected t o  v a r y i n g  deo~rees w i t h  al l  t ex t i l e  f ibres .  A n  a__~-ss- 

m e n t  o f  their significance must always be m a d e  in fibre studies i f  mean/ngful inter- 
pretations o f  T G  a n d  D T G  curves are to  be attempted. 

T A B L E  8 

OP'I'I.~L~4 " r l 4 ~ ' 3 ~ l ~ ' l ~ y  (~.~'DI'rlo.~.~ ~ THE ~OL~L~A'I"a(Xs¢ OF I~RA'rH~ 

(with C.I. ~ l~roforcc  B a l a n ~  M a r k  I f )  
I .  M i n i m u m  b=larme damping .  10-rag ~ r n p l e  weight range_ 
2. Opea ptatiaum pan. 
3. Continuous evacuation ~ith an initial pressure of I0-'- ton'. 
4. if_ca "ti~g rate of4©C min -t from IO0 to 410°C. 
5. Sample ~mtlon: 

(a)  F ib res  cu t  by  Wi ley  Mil l  to  pass  60-mesh " • 
Oh) IO-mg maximum wc/ght of  cut ~ spread over the 
(c) ~ p redry /ng  trader  continuous evacua t ion  a t  I 4 0 ° C  f o r  2 It. 
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