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Application of differential spectrophotometry to furfural enables the 
presence in it of foreign compounds, especially the products of its 
autoxidation, and also their nature to be established by a spectralcom- 
parison of the sample investigated with pure furfural. The special fea- 
ture of the spectrum is that the position of the characteristic maximum 
formed in the presence of various substances changes according to the 
thickness of the layer investigated: Xroax = 15.9 log l + k 0 . The estab- 
lishment of these properties enables the method to be used for the study 
of different amounts of impurities in furfural by varying the layer thick- 
uess. The method is simple in use and possesses a high sensitivity, 

To study the k ine t ics  of the aeeumula t i ono f  co lo red  
subs tances  in fu r fu r a l  dur ing i ts  autooxidat ion,  the 
s p e e t r o p h o t o m e t r y  of f u r fu r a l  without a so lvent  at a 
l aye r  th ickness  of 1 cm with an aqueous s tandard  is  
f requent Iy  used  [1, 2]. Under  these  condi t ions ,  d e -  
scending spec t r a l  c u r v e s  a r e  obtained in the 360-700 nm 
reg ion  which shift  in the d i r ec t i on  of long wave leng ths  
as the qual i ty  of the fu r fu ra l  d e t e r i o r a t e s .  In this way 
it is poss ib le  to obtain some  in fo rma t ion  on the change 
in the content  of co lo red  product#;  however ,  it is i m -  
poss ib le  to say anything at all  about the i r  na ture  in 
v iew of the absence  of any e x t r e n ~  on the absorp t ion  
curves. 

We have used the differential speetrophotometry of 

furfural in the 320-400 nm region. The main features 
of this method are the use as a standard of chemically 
pure furfural and a considerable decrease in the working 

thickness of the cell--less than 1 mm. As a result, the 

spectrum of furfural itself is eliminated differentially 
from the spectrum of the sample under investigation, 
and the decrease in the working layer (1)permits the 

maximum possible coverage of the spectrum in the 
direction of the ultraviolet (boundary 320 nm) without 

us ing  a solvent .  The d i f fe ren t i a l  method  enab les  ad-  
di t ional  i n fo rma t ion  to be obtained on the nature  and 
amount  of the subs tances  p r e s e n t  in fu r fu r a l  and in the 
solvent  s p e c t r a  w e r e  taken on an S F - 4  i n s t r u m e n t  with 
an an incandescen t  lamp in quar tz  ce i l s ,  in which the 
th ickness  of the l aye r  inves t iga ted  v a r i e d  f r o m  0.06 to 
1.01 mm.  

As the s tandard  of c o m p a r i s o n  we used s p e e t r a l l y  
pure  fu r fu ra l  which was p r e p a r e d  in the fol lowing way. 

F r e s h  r eagen t  f u r fu r a l  f r o m  the K r a s n o d a r s k  c h e m i c a l  
combine was sub jec ted  to two vacuum d i s t i l l a t ions  in 
an a tmosphe re  of pure  n i t rogen.  The f r ac t i ons  with 
bp 43~ (5 mm) w e r e  co l lec ted .  The fu r fu r a l  so obtained 
was t r a n s f e r r e d  into the ce l l  of the i n s t r u m e n t  in 
an a t m o s p h e r e  of n i t rogen.  Such a s tandard  can be 
kept for  2 - 3  hr .  In studying autoxidat ion it is poss ib le  
to use as s tandard  the ini t ia l  fu r fu ra I  [31, which can 
be s to red  without apprec iab le  changes  in a r e f r i g e r a t o r  
at 3 - 5  ~ C fo r  10-12  days.  

F i g u r e  t shows the s p e c t r a  of fu r fu ra t  with na taraI  
and a r t i f i c i a l  addit ions taken agains t  d i f fe ren t  s t an -  
da rds :  d i s t i l l ed  wa te r  (a) and pur i f ied  fu r fu ra l  (b). The 
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Fig.  1. Spec t rum of fu r fu r a l  
at a cel l  th ickness  l = 0.22 mm;  
a) a g a i n s t w a t e r ;  b) aga ins t  s t an -  
dard fu r fu ra l ;  1) s t andard ;  2) ox i -  
dized.  The fol lowing w e r e  added 
to the fu r fu ra l :  3) sodium ch lo -  

r ide ;  4) 4% of wa te r ;  5) 10% of 
ethanol;  6) 30% of benzene.  

d i s so lu t ion  of wa te r ,  ethanol,  and benzene leads to a 
fa l l  in the descend ing  branch of the fu r fu ra t  s p e c t r u m  
(a, c u r v e s  4, 5, and 6). In examin ing  these  s amples  
agains t  s tandard  fu r fu ra l ,  s p e c t r a  a re  obtained with 
negat ive  va lues  of the absorp t ion  [4] (Fig. 1, b). If 
autoxidized fu r fu r a l  containing co to red  subs tances  i s  
pho tomete red ,  cu rve  2 (Fig. 1, a) is obtained, which 
is  d i sp laced  upwards  and to the r ight .  The m o r e  the 
f u r f u r a l  is oxidized,  the g r e a t e r  is  i ts  densi ty  in the 
v i s ib l e  pa r t  of the s p e c t r u m  with r e s p e c t  to wa te r ,  
Under  these  condit ions d i f f e ren t i a l  s p e c t r a  are  obtained 
with pos i t ive  absorp t ions  (Fig. 1, b, c u r v e s  2 and 3) 
with m a x i m a  at the same  wave leng ths  as the negat ive  
spec t r a .  

It fo l lows f r o m  Fig.  l a ,  that the p r e s e n c e  of f o r e ign  
subs tances  leads to a change in the c u r v a t u r e  of the 
descend ing  branch  of the fu r fu r a l  spec t rum.  In one 
ease with an increase in the optical density (curves 

and 3), the curvature decreases; in another case with 
a decrease in the optical density (sample investigated 
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more  t r a n s p a r e n t  than the s tandard) ,  the cu rva tu re  
i n c r e a s e s .  Change in the cu rva tu re  takes place i r -  
r egu la r ly :  at one wavelength the absorp t ion  r i s e s  (or 
fal ls)  to a g r ea t e r  extent and at another  wavelength to 
a s m a l l e r  extent.  Thus, the difference in the optical  
dens i t i es  of samples  1 and 2 at k 390 nm is Ad = 0.22, 
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Fig.  2. a) Different ia l  spec t ra  of ox i -  
dized fu r fu ra l  and var ious  l ayer  th ick-  
n e s s e s  in  the ce l l s  (l, ram); 1) 0.51; 
2) 0.22; 3) 0.11; 4) 0.06. b)Dependence  
of the pos i t ion  of the max imum of the 
a b s o r p t i o n c u r v e  on the l ayer  thickness .  

and at 375 nm it is Ad = 0.34. A s i m i l a r  pa t t e rn  is  ob-  
se rved  when spec t ra  1 and 3 or 1 and 4 are  compared,  
and so on. 

When the fu r fu ra l  under  inves t iga t ion  is examined  
agains t  the s t andard  ma te r i a l ,  the changes in t roduced 
into the spec t rum by the d isso lu t ion  of va r ious  sub-  
s tances  in it appear  c lear ly .  In this case fu r fu ra l  is a 
solvent  with a high optical  densi ty ,  the spec t rum of 
which is  a lmos t  complete ly  e l imina ted  by mutual  ab -  
sorpt ion  and in conver ted  into a s t ra ight  l ine coinciding 
with the axis of absc i s sa s .  Under these condit ions the 
p r e sence  of impur i t i e s  appears  in the form of posi t ive 
or  negat ive spec t ra  with cha rac t e r i s t i c  max ima  in the 
320-370 nm reg ion  (Fig. 1, b). 

The c o r r e c t n e s s  of the ideas put forward  is con-  
f i r m e d  by a quant i ta t ive compar i son  of the spec t rum 
of fu r fu ra l  agains t  water  and the di f ferent ia l  spec t rum 
of the same sample  against  s t andard  fur fura l .  The 
d i f ferences  between the s tandard  and oxidized fu r fu ra l  
(Fig. 1, a, b, curves  1 and 2) taken at two a r b i t r a r y  
points (k' = 390 and h" = 375 nm), Ad' = d' = 0.22 :e 0.01 
and Ad" = d" = 0.34 ~= 0.01 are ident ica l  for  the d i f -  
fe ren t ia l  spec t rum and for the spec t rum of fu r fu ra l  
agains t  water .  A s i m i l a r  s i tua t ion is observed  for  all  
o ther  points of these spec t ra  as well .  However,  such 
a compar i son  with an aqueous s tandard  is poss ib le  
only when the di f ference in the spec t r a  being compared  
is  suff icient ly large .  Fo r  example,  for  1 and 3 or  1 
and 4 it is extremely difficult to determine the dif- 
ference quantitatively. The method of differential spec- 

tra does not have the disadvantages mentioned. It is 
extremely sensitive and substantially simpler in per- 
formance, and without any additional operations what- 
ever gives a direct answer to the questioner changes 
in the optical characteristics of the furfural under in- 

vestigation. 

However, when the d i f ferent ia l  method is used in 
inves t iga t ions  of fu r fu ra l  (and poss ib lywi th  other  c o m -  
pounds as well) it i s  n e c e s s a r y  to know some of i ts  
c h a r a c t e r i s t i c s .  Thus, a change in  the working l ayer  
of the cel l  leads to a shift in the ma x i mum of the spec -  
t rum,  i . e . ,  there  is  a definite nonobservance  of the 
L a m b e r t - B e e r  law. The necess i ty  in individual  cases  
for  working at different  th icknesses  of the working 
l aye r  has forced us to cons ide r  this phenomenon in  
m o r e  detail .  Fig.  2 ,a ,  shows the d i f ferent ia l  spec t ra  
of oxidized fu r fu ra l  at l --- 0 .51-0 .06  nm. The r egu l a r  
i n c r e a s e  in the optical  densi ty  with an i nc r ea se  in  the 
th ickness  of the l ayer  invest igated can be seen.  In ad-  
di t ion to this ,  it can be seen  that the c h a r a c t e r i s t i c s  
of the spec t rum change-- the ma x i mum shifts  in the 
longer -wave  d i rec t ion .  The shift is  pa r t i cu l a r l y  ap-  
p rec iab le  at l < 0.2 mm (curves  3 and 4). Under these 
condi t ions,  the curve  of the m a x i m a  (Fig. 2, b) t u rns  
sharp ly  in the shor t -wave  direct ion.  The difference 
in the pos i t ion  of the max ima  for  cel ls  with l f rom 0.06 
to 0.51 mm is fa i r ly  cons iderab le ,  amount ing to 21 mm.  

To conf i rm the c ha r a c t e r i s t i c s  found, in another  
v a r i a n t  we c a r r i e d  out the spec t rophotomet ry  of 
f r e s h l y - d i s t i l l e d  fu r fu ra l  in which 1-4% of water  had 

been  dissolved.  The addit ion of water  led to a dec rease  
in the optical  densi ty  of the fu r fu ra l  in the 320-380 nm 
sect ion.  As a resu l t ,  a negative spec t rum was ob-  
tained. Each sample  was subjected to spect rophoto-  
m e t r y  at d i f ferent  l ayer  th icknesses .  Two groups of 
the spec t ra  are  shown in  Fig.  3, a and b. As in the 
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Fig. 3o Different ia l  spec t ra  af ter  
the d i sso lu t ion  of wa te r  in fu r fura l :  
a) 1%; b) 3%; c) dependence of the 
negat ive optical  densi ty  on the con-  
een t r a t ion  of water  in the fu r fu ra i  
(l, mm) :  1) 1.01; 2) 0.51; 3) 0.22; 

4/0.66. 

preceding  case,  a change in the c h a r a c t e r i s t i c s  of the 
d i f ferent ia l  spec t r a  is observed.  With an i nc r ea se  in 
the th ickness  of the working layer  in the cel ls ,  there  
is  a shift in the max ima  of the s p e c t r a i n  the long-wave 
d i rec t ion .  Fig.  3, c shows that at constant  th ickness  
of the cel l  the change in the negative optical  densi ty  is 
p ropor t iona l  to the concen t ra t ion  of wa te r  in the sample  
and takes place in accordance  with the L a m b e r t - B e e r  
law. The graph of the pos i t ion  of the negative m a x i m a  
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as a funct ion of the layer  th ickness  is  ident ica l  with 
the l-Xma x curve  (Fig. 2 ,b) ,  i . e . ,  with the change in 
the m a x i m a  of the posi t ive  spec t ra .  

Besides  water ,  va r ious  o r g a n i c  and inorganic  sub -  
s tances  were  added to the fu r fu ra l  (benzene, g lac ia l  
acet ic  acid, sodium or po tass ium chlor ide ,  anhydrous  
a lkal is ,  etc. ). In al l  ca ses  posi t ive  or  negat ive  d i f -  
f e ren t i a l  spec t r a  were  obtained,  the m a x i m a  of which 
r egu la r ly  shifted with a change in the th ickness  of the 
ce l l s .  

F r o m  a c o m p a r i s o n  of graphs  a, b, and c (Fig. 3), 
it can be seen  that - D m a  x i n c r e a s e s  not with an i n -  
c r e a s e  but with a dec rea se  in  the th ickness  of the 
photometered  layer .  At f i r s t  sight, this appears  a nom-  
alous, but it mus t  not be forgot ten that we are  con-  
s ide r ing  d i f fe rent ia l  spec t r a  with negat ive  va lues  of 
the absorpt ion.  Genera l ly  the s t andard  is  more  t r a n s -  
pa ren t  (lighter) than the sample  under  inves t iga t ion .  
In this case ,  converse ly ,  anhydrous  fu r fu r a l  (the s t a n -  
dard) is "darker"  than fu r fu ra i  conta in ing  water .  

Symbols :  1) D 1 r e p r e s e n t s  the pos i t ive  dens i ty  of a 
sample  agains t  the s t andard  at ce l l  th ickness  ll, D2 at 
/2 . . . .  , Dn at ln; 2) D' 1 r e p r e s e n t s  the negat ive a b s o r p -  
t ion of a sample  agains t  the s ame  s tandard  at ll, D~at 
12, and D' n at l n ,  where  In > l n - 1 . . .  > l 2 > ll (Fig. 4). 

The s t andard  upon which the i n s t r u m e n t  is adjusted 
is  l ighter  than the sample  under  inves t iga t ion  in the 
f i r s t  case ,  while it is  d a r k e r  in the second case ,  and 
there fore  on spec t ropho tomet ry  the pos i t ions  of the 
cel l  and the sample  mus t  be changed, i . e . ,  the densi ty  
of the s tandard  re la t ive  to the sample  inves t iga ted  mus t  
ac tual ly  be recorded .  However,  in both cases  the s ign 
of the absorp t ion  is cons idered  only with r e spec t  to 
the s tandard .  Consequently,  in the second case nega -  
t ive va lues  ( -D ' )  are  obtained.  However,  the absolute 
magnitude of the optical  densi ty  i n c r e a s e s  with an i n -  
c r ea se  in the th ickness  of the cel l  (l 1 ~ /n) both for 
the posi t ive  andfo r  the negative spec t ra .  With a change 
in the th ickness  of the l ayer  observed  by +A/, the 

Fig. 4. Change in Dma x of the 
differential spectra as a function 

of l at In > ln-1.  �9 �9 >/2>/1. 

dens i ty  i n c r e a s e s  by +Ad. In the f i r s t  case ,  the total  
absorp t ion  r i s e s  (s t ra ight  l ine ab): D 2 = D 1 ~ A d . . .  Dn = 
= Dn_ I + Ad; and in the second case  the negat ive ab-  

so rp t ion  d e c r e a s e s  (s traight  l ine a ' b ' ) :  -D~ = - D '  1 + 
+ A d . . .  - D n  = Dn-t  + Ad. Consequent ly,  in the upper  
s e r i e s  Dn > Dn-1.  �9 �9 > D2 > D1, and in the lower s e -  
r i e s D '  I>DT~ . . . >  D'n_ l > D ' n .  In the l imi t ,  D t e n d s  
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Fig.  5. Pos i t ion  of Xmax with a 
change in the content  of oxidation 
products  af ter  heat ing fu r fu ra l  at 
90 ~ C with the passage  of a i r  through 
it: 1) 30 min;  2) 1 hr  30 rain; 3) 2 

hr  30 min.  

to infinity and D' to zero, i.e., at very great layer 
thicknesses in the ceil, when the influence of the 

"clarifying" additive can be neglected, the optical den- 

sity of the sample under investigation becomes equal 

to the density of the standard. If tangents are drawn 

at the positions of the maxima (Dma x and D'max), the 

straight lines ab and a'b' which have the same slope 

to the axis of abscissas and which show the direction 

of the change in the optical density with a change in 

the thickness of the cells, are obtained. The scheme 

permits the following methodical rule to be put for- 

ward: the lower content of impurity in the furfural, the 

thinner must be the layer investigated in the case of 

negative spectra and, conversely, if the differential 

spectra are positive, the thickness of the cell must be 
as large as possible. 

A small shift in the maximum is also observed at 

constant layer thickness with a change in the concen- 

tration of impurity in the furfurai. It can be seen from 
Fig. 5 that in the oxidation of furlural with atmospheric 

oxygen there is a gradual accumulation of some sub- 

stance with Xmax 349 + 1 nm. 
The general case of the dependence of kmax on l 

is shown in Fig. 6. This graph of the movement of the 
peaks is typical for the differential spectra of furfural 

in the 320-380 nm region. With a change in the con- 
centration of impurity in the furfural, the Xma x -l 

curve undergoes a proportional shift, the magnitude of 
which generally does not exceed 2 nm for the eases 
considered. This curve may be represented empiric- 
ally by the equation [5]: 

y = a  ~ . 

By calculating several variants it has been found that, 
as applied to the present case, 

where  I is the th ickness  of the working  l ayer  in the 
cell ,  nm; ~ is  the wavelength nm; and a is  a constant .  
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By solving the sys t ems  of equations,  we find: 

Zo = )~21gll--~,ilg/2 
lgh--lg/2 

At 11 = 1.0 nm, log l 1 = 0, and )t o = hi = 372 :L 1 nm. 
Thus, X0 is a constant  de t e rmin ing  the posi t ion  of the 
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Fig. 6. Change in the l - k m a  x curve  
with a change in  the concent ra t ion(C)  
of impur i t i e s  in fu r fura l :  1) CI; 2)C2, 

e t c . ,  a t C n > C  2 > C  1. 

curve  on the wavelength scale  at 1 = 1 nm. By solving 
fu r the r ,  we find: 

l=  1.156 ~-->-o or k=t5.9 Iglff-l,a. 

k 0 is defind for  a given concen t ra t ion  of impur i t i e s  in  
fu r fu ra l  at l = 1 nm. The ca lcula ted  shape of the 
curve  agrees  well  with the exper imen ta l  curve.  

On the bas i s  of an ana lys i s  of the exper imen ta l  m a -  
t e r i a l  that we have obtained, ce r t a in  cons idera t ions  
can be expressed  concern ing  the causes  of the e x i s -  
tence of m a x i m a  in the d i f fe rent ia l  spec t r a  of fu r fu ra l  
in  the 320-400 nm region.  

The whole of the UV spec t rum of fu r fu ra l  in wa te r  
can be obtained only for  i ts  ve ry  dilute solut ions (10 -4 
mole-%). It has two max ima  (228 and 278 nm). With 
an i n c r e a s e  in the concent ra t ion  of fur fura l ,  the ab-  
sorpt ion  r i s e s  to such an extent that m e a s u r e m e n t  be -  
comes  imposs ib le  (Fig~ 7, curves  2-4) .  At the same 
t ime,  the descending b ranch  of the spec t r a l  curve  
gradual ly  shifts  in  the long-wave d i rec t ion .  F ina l ly ,  
for  fu r fu ra l  without a solvent  (curves  4-7) ,  it appears  
as the v i s ib le  spec t rum of fu r fu ra l  which, however,  
has no c h a r a c t e r i s t i c  points.  With the changes taking 
place in fu r fu ra l  on autoxidation, the spec t ra l  curve 
shifts not only to the r ight  but also upwards,  which is 
r ega rded  by a n u m b e r  of authors  as an i nc r ea se  in the 
co lora t ion  of the fu r fu ra l  [2] or  as an accumula t ion  of 
r e s inous  subs tances  in it [1]. The d isso lu t ion  of v a r -  
ious organic  or inorganic  compounds in  fu r fu ra l  also 
causes  a change in the  pos i t ionof  this curve (Fig. 1, a). 
Depending on the na ture  of the additive, it may be 
e i the r  posi t ive (curves 2 and 3) or negat ive.  However, 
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by the usua l  photometry  against  water  it  is ve ry  dif-  
f icul t  to detect  the changes in  the spec t rum as fu r fura l .  
The use of pur i f ied  fur fura l  as s tandard  pe r mi t s  not 
only the na ture  of the impur i ty  but, in individual  cases ,  
also i ts  quant i ta t ive changes,  to be es tabI ished.  

Of the subs tances  added t o f u r f u r a l  d i scussed  above, 
the g rea tes t  i n t e r e s t  is  p resen ted  by fo rmic  acid and 
water ,  which are  shown up by spec t ra  with negative 
absorp t ions ,  and also by the colored products  which 
i n c r e a s e  the optical  dens i ty  of fur fura l .  These sub -  
s tances  a re  fo rmed  in fu r fura l ,  a~td the study of the i r  
dynamics  is  n e c e s s a r y  for a d i scuss ion  of the p roces s  
of autoxidation.  

Onthe  bas i s  of the spec t r a l  c h a r a c t e r i s t i c s  o f fu ran  

derivatives [6], it may be assumed that one of the 
substances responsible for absorption in the 320-380 nm 

region may be the dienic acid I and substances similar 

to it in structure, the formation of which have been 
postulated in a discussion of the mechanism of the 

autoxidation of furfural [7,8] but have not been shown 
experimentally. 

~-0"~ - -  (Ct t=CH)  2 -- COOH 

l 

The deviat ion f rom the L a m b e r t - B e e r  law indicates  
that the spec t ra  obtained are composi te ,  and the p r o -  
posed method of d i f ferent ia l  spec t rophotomet ry  enables  
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Fig. 7. Spectra  of fur fura l  agains t  
water .  Solution in water  with 
concen t ra t ions  o f fu r fu ra l  of: 1)C 1 < 
< 10-3%; 2) C2, andsoon,  at C~ > C 2 > 
> C 1 a n d l  = const ,  or  l 3 > l  2 > l l ,  C = 
= const .  ; . . . .  fu r fura l  without a so l -  

v e n t ; 4 ) / 4 ; 5 ) / 5 ,  e t c . , a t / 7  >/6 >15,  
e t c . ,  at 17 > /6 > 15 > /4. 

i n fo rmat ion  to be obtained on the dynamics  of a s e r i e s  
of subs tances  with s i m i l a r  na tu res  fo rmed  in fur fura l .  
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