
R E S U L T S  A N D  D I S C U S S I O N
CHAPTER IV

4 .1  R e s u l t s

B ase conditions w ere a pH  o f  12, a tem perature  o f  30°c, 2 hours p re 
soaking  tim e, 2 hours shaking  tim e, and absence o f  abrasive. F igu res 1-10 
show  pho tographs o f  deinked sam ples and ink rem oval for the conditions 
studied. T he critical m icelle  concen tration  (C M C ) o f  C TA B  in the absence  o f  
added  electro ly te  at 25°c is 0.92 m M .

4.1.1 E ffect o f  CTA B C oncen tration  and A brasive
A s show n in F igures 1 and 2, in the absence o f  ceram ic p ieces, 

there is no  sign ifican t ink rem oval from  the p lastic  surfaces below  th e  C M C . 
T here can be significant rem oval below  C M C  w hen abrasives are p resen t. 
T here is a C TA B  concen tration  range in w h ich  deink ing  increases rap id ly  to 
100 % ; in  the absence o f  abrasives, th is concen tration  range is abou t 150 %  
h igher th an  in the presence o f  abrasives. F or exam ple, 50%  deink ing  occurs at
1.0 m M  C TA B  w ith  abrasives and at 2.5 m M  C TA B  w ithou t abrasives. In 
e ither case, com plete (100 % ) deink ing  occurs at a C TA B  concen tration  o f  5 
m M . So, abrasives speed up deinking, bu t are not necessary  for com plete  
deinking. T he separation o f  abrasives from  recovered  p lastic  and from  ink 
m igh t m ake abrasives undesirable. O n the o ther hand, i f  ab rasives are 
d iscarded  w ith  detached ink, th is results in an increase in so lid  w aste  d isposal.
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4.1 .2  E ffec t o f  P re-soak ing  T im e
A s show n in F igures 3 and 4, the shaking  tim e req u ired  to 

a tta in  a specified  degree o f  deink ing  can be substan tia lly  reduced  by p re 
soaking. T he effect is particu larly  p ronounced  at C TA B  concen trations around 
the C M C . F or exam ple, at 2 X  C M C , ink rem oval increases from  10 %  to 80 % 
as p re-soak ing  tim e increases from  0 hr to 3 hr. D eink ing  effic iency  can be 
d ram atica lly  affected  at specific  p re-soak ing  tim es in som e cases. F or 
exam ple, for a p re-soak ing  tim e increase from  3 hr to 5 hr at the C M C , ink 
rem oval increased  from  25 % to  90 %.

4.1.3 E ffect o f  Shaking T im e
F igures 5 and 6 show  that shaking  tim e can have a substan tia l 

effect on  ink  rem oval. C om paring  F igures 3 and 5, there  is som etim es an 
inh ib ition  period  o f  tim e for bo th  p re-soak ing  and shaking  during w h ich  little  
deink ing  occurs, fo llow ed by  a narrow  period  o f  tim e (w e w ill call th is the 
detachm ent period) during w h ich  ink rem oval increases rap id ly  to  near 
com pleteness. F rom  a design v iew poin t, it is im portan t to  choose residence  
tim es for p re-soak ing  and shak ing  w hich  are at the end o f  the detach m en t 
periods for each. L onger p re-soak ing  tim es perm it shorter shaking  tim es and 
longer shaking  tim es perm it shorter p re-soak ing  tim es, so there  is an econom ic 
op tim ization  requ ired  to  determ ine design conditions. F or exam ple, >  90 % 
ink rem oval can be attained at a C TA B  concen tration  at the C M C  w ith  5 hrs 
p re-soak ing  w ith  th e  standard  2 hrs shaking  tim e, w hile  w ith  2 hrs p re- 
soaking, 4 hrs shaking  tim e can y ield  > 90 %  deinking. Since p re -soak ing  
p rocess un its (ho ld ing  tanks) generally  requ ire  m uch less capital expense  th an  
ag itated  p rocess units (ag ita ted  vessels), p re -soak ing  can im prove p rocess
econom ics.
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4.1 .4  E ffect o f  pH
The effect o f  pH  on ink rem oval is show n in F igures 7 and 8, 

w here a d ram atic  effect o f  pH  is observed. A t a pH  o f  11, a lm ost no deink ing  
is observed  at any C TA B  concentration . Y et, at a C TA B  concen tration  o f  5 X  

C M C  and above, at a pH  o f  11.75 and above, a lm ost com plete de ink ing  is 
observed. H igh  pH  (at least 11.5) is crucial for effective ink rem oval. O f  
course, und er these ex trem ely  basic conditions, m ateria ls constra in ts increase 
process equipm ent costs substantially . A s w ith  tem peratu re , pH  effects on 
CM C w ere  no t accounted  for and are assum ed to be sm all at the added 
e lectro ly te  levels (< 0 .0 1  M ) from  added  N aO H .

4.1.5 E ffect o f  T em perature
H igher tem peratures can substan tia lly  increase deink ing  

effic iency  as show n in F igures 9 and 10. A t 45°c, > 90 % ink rem oval w as 
observed  even at a C TA B  concen tration  o f  25 %  o f  the C M C . H ig her 
tem peratu res can increase energy costs and robustness o f  p rocess equ ipm ent 
m ateria ls (particu larly  at the h igh  pH  levels an ticipated). N ote th a t the C M C 
referred  to  here be th at at 25°c. Since the CM C is only m ildly  d ependen t on 
tem peratu re  for ionic surfactants (R osen, 1989), tem peratu re  co rrections w ere 
not m ade. So, for exam ple, w hen  the C TA B  concen tration  is refe rred  to  as at 
the C M C , this is no t entirely  accurate at 45°c. In term s o f  th e  fairly  large 
concen tration  increm ents used here, th is is no t a sign ifican t consideration .

4 .2  M e c h a m is m s  o f  D e in k in g

O ne problem  w ith  understand ing  physica l m echanism s o f  ink  rem oval 
is the ill-defined  nature  o f  the inks and b inder due to  th eir com plex ity  and due
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to  the p roprie ta ry  nature  o f  th eir form ulation . H ow ever, the resu lts here  can 
give som e insight.

T he surfactan t can aid  detachm ent by m echanism s such as adsorp tion  on 
ink  and p lastic  surfaces, decreasing  ink /w ater and p lastic /w ater in terfacial 
tensions, m aking  detachm ent m ore therm odynam ically  favorable. T his is a 
com m on m echan ism  aid ing  detergency o f  both  particu la te  and oily soils 
(C hristian  and Scam ehom , 1995; R osen, 1989). Surfactan t can som etim es 
“ liquefy” soil, an ill-defined term  im ply ing  that the soil e ither can flow  and be 
rem oved  by  the ro ll-back  m echanism  (B orchard t, 1994; C hristian  and 
S cam ehom , 1995; Lange, 1994; Porter, 1994; R osen, 1989) or can  be shaken  
up  into little p ieces as su rfactan t diffuses or penetrates in to th e  soil and 
loosens it up. T he surfactan t can  also aid w ith  w etting , a id ing  the form ation  o f  
a w ater layer betw een  ink partic les and the po lym er surface. T he w etting  
enhancem en t is due to su rfactan t adsorption  on ink and plastic  - trapped  air is 
d isplaced. T he surfactan t can aid in an tiredeposition  (p reven ting  the ink  from  
readso rb ing) by  d ispersing  solid  ink partic les by adsorb ing  in the ink surface, 
em ulsify ing  liquid  ink  droplets, and so lubiliz ing  ink m olecu les in m icelles 
(C hristian  and Scam ehom , 1995; G ecol, 1998a; Jakob i and Lohr, 1987; L ange, 
1994).

T he surface area o f  the po lym er and ink are low  enough  th at th e  final 
concen tration  o f  su rfactan t in so lution is probably  no t sign ifican tly  low er than  
the  initial concen tration . A bove the C M C , the prim ary  function  o f  increm ental 
su rfactan t is to  so lubilize ink  m olecules w ith in  m icelles. A  secondary  
advantage cou ld  be the m icelles d isassocia ting  to  p rov ide  su rfactan t m onom er, 
speeding  up  rate-d riven  p rocesses. H ow ever, over the tim e periods covered  
here  (hours), th is is generally  no t a sign ifican t factor, so so lubiliza tion  can be 
deduced  as an im portant m echanism  o f  ink uptake by  the solu tion . This 
im plies that a  sign ifican t am ount o f  ink is m olecu larly  d ispersed  in order to  be
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so lubilized , instead  o f  being  p resen t as partic les or droplets. A no ther 
possib ility  is th a t the m icelles are so lubiliz ing  the ink  binder.

B oth  p re-soak ing  and shaking  tim e are im portant. I t is p ossib le  that 
e ither the rate  o f  su rfactan t adsorption  or rate o f  pene tration  or liquefaction  
can be the ra te-determ in ing  step here. The beneficial effect o f  abrasives at 
short tim es im ply that it is the rate o f  detachm ent o f  ink after su rfac tan t 
adsorp tion  has occurred  w h ich  m ay be lim iting , also consisten t w ith  no 
sign ifican t deink ing  w ith  abrasive, but no surfactant. So lubilization  is a very  
fast process (R osen, 1989) and is probably  not ra te-determ in ing .

D etergency  generally  is m ore effective at h igh pH  as m ore  negative  
charges are im posed  on the contam inant and on the substrate, m ak in g  th em  
m ore  repulsive from  each o ther (G ecol, 1998a, b; M in, 1999). T his w ou ld  
m ake ink  detachm ent and an tiredeposition  easier in th is case. T he ink partic les 
can be attached to  the surface by binders. A ttenuated  to tal reflec tion  (A T R ) 
F T IR  (M in, 1999) indicated  that all o f  the ink b inder contained  este r groups 
for th is system . T he in tense c= 0  stretching bond o f  satura ted  aliphatic  ester 
groups is in the frequency ran ge o f  1750 -  1735 c m '1 (S ilverste in , 1991) in 
agreem ent w ith  the spectrum  observed for th is ink. Sodium  hydrox ide , w h ich  
w as used  for pH  adjustm ent, is hypothesized  to  break  up the ink b in d er by 
hyd ro lyz ing  the ester groups, especially  at pH  12 (G ecol, 1998b; M in, 1999)

T he im provem ent in deink ing  w ith  increasing  tem peratu re  is p robab ly  
due to  rate effects, since surfactant adsorp tion  decreases w ith  increasing  
tem pera tu re  (R osen, 1989) and so lubiliza tion  is only m ild ly  tem pera tu re  
dependent (C hristian  and Scam ehorn, 1995).
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F ig u r e  4 .1  D einked  p lastic  surfaces w hich  have been  treated  w ith  and  w ith ou t 
abrasive  m ateria l as a  function  o f  C TA B  concen tration
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F ig u r e  4 .2  A m ount o f  ink  rem oved from  p rin ted  p lastic  su rfaces w ith  and 
w ithou t abrasive m aterial as a function  o f  C TA B  concen tration



Figure 4.3 Deinked plastic surfaces which have been treated with selected CTAB concentrations at various pre-soaking
times
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Figure 4.4 Amount of ink removed from printed plastic surfaces at selected
CTAB concentrations as a function of pre-soaking time
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F ig u r e  4 .5  D einked  plastic surfaces w hich have been treated  w ith  selected CTAB concentrations at various shaking tim es



In
k r

em
ov

ed
 (%

)

2 8

Figure 4.6 Amount of ink removed from printed plastic surfaces at selected
CTAB concentrations as a function of shaking time



F ig u r e  4.7 D einked plastic  surfaces w hich have been treated  w ith  selected CTAB concentrations at various pH s
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Figure 4.8 A m o u n t o f  in k  re m o v e d  fro m  p r in te d  p la s tic  su rfa c e s  a t se le c te d
C T A B  c o n c e n tra tio n s  as a  fu n c tio n  o f  p H



F ig u r e  4 .9  D einked plastic  surfaces w hich have been  treated  w ith  selected  C TA B  concentrations at various tem peratures
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Figure 4.10 A m o u n t o f  in k  re m o v e d  fro m  p r in te d  p la s tic  su rfa c e s  a t s e le c te d
C T A B  c o n c e n tra tio n s  as a  fu n c tio n  o f  te m p e ra tu re
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