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A B S T R A C T  

The material which is baked onto ovenware and 
casseroles is probably more strongly bound than any 
other food soil. A method has been developed for 
measuring the relative bonding strength using a cali- 
brated hydraulic jet. Soil-to-soil bonds are more 
readily weakened by aqueous action than soil-to- 
substrate bonds; both types of bonds are stronger on 
aluminum than they are on glass. Rate of soil removal 
was increased by increasing the concentration and 
alkalinity of the detergent. Temperature had the 
usual exponential effect, doubling the rate each 
10.5 C. Time naturally was effective and a number of 
soaking studies showed this. Time and temperature 
yielded excellent results in steaming studies. Rather 
large amounts of energy were necessary to loosen and 
remove food soil. Some combination of 3 energy 
inputs was required. Chemical input ranged from 
water to high concentrations of highly alkaline deter- 
gent. Thermal levels ranged from moderate increase in 
temperature (40 C) to the latent heat of vaporization 
in steam applications (100 C). Mechanical energy was 

1presented at the AOCS Spring Meeting, Mexico City, April, 
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supplied by impingement of a hydraulic jet at forces 
from 40 to 350g. 

I N T R O D U C T I O N  

The most difficult soil to remove from dishes is the ma- 
terial baked onto casseroles and ovenware. In this study, we 
measured the relative strength of the adhesive bonds 
between food and substrates such as glass and aluminum. In 
addition, various means of reducing bond strength were 
evaluated. 

Because this food is strongly bound to the surfaces, it 
follows that relatively large amounts of energy are required 
to remove it. The energy forms have been classified as 
thermal (steam, elevated temperature), chemical (various 
detergents at various concentrations), and mechanical 
(impact of the spray). The force of impingement of a water 
jet on the surface of a soiled substrate has been used to 
measure the relative strength of these adhesive bonds, and 
this action is comparable to that occurring in a dishwasher. 

McFarlane and Tabor (1) showed a correlation between 
adhesion and the surface tension of a liquid film. The ad- 
hesive force is independent of film thickness above about 
20 molecular layers. Force of adhesion also increases pro- 
portionally with the radius of the particle being held. How- 
ever, the force also decreases markedly with surface rough- 
ness. It is very likely that hydration of potato particles 
greatly reduces the effective surface roughness. Therefore, 
adhesive force would vary due to particle size variations and 
would be especially great for large, thoroughly hydrated 
particles. Incompletely hydrated soil would adhere less 
tenaciously and also would cover a more narrow range of 
bonding strength. The latter is true because the smaller 
particles will be more thoroughly smoothed and, therefore, 
more tenaciously held, while the larger particles will have 
their inherently greater adhesive force partially decreased 
by surface roughness. 

E X P E R I M E N T A L  P R O C E D U R E S  

Apparatus 

A laboratory device (Fig. 1) was designed and built to 

FIG. 1. Two views of experimental apparatus. 
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FIG. 2. Effect of detergent on soil retention by soft glass. (-)  = 
Hard water detergent in tap water; ( - - - )  = hard water detergent in 
deionized water; ( - - - )  = soft water detergent in tap water; ,(--) = 
soft water detergent in deionized water. Tap water, 170 ppm as 
CaCO~; deionized water, <1 ppm as CaCO3; washing time, 15 rain; 
water impingement force, 234g; temperature, 70 C. 
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FIG. 3. Effect of detergent on soil retention by aluminum. ( - )  = 
Hard water detergent in tap water; ( - - - )  = hard water detergent in 
deMonized water; ( - - - )  = soft water detergent in tap water; ( - - )  = 
soft water detergent in demonized water. Washing conditions were 
the same as for Fig. 2. 
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FIG. 4. Soil removal as a function of temperature. X = Soft glass; 

p rovide  a regula ted  je t  of  water  or  de t e rgen t  so lu t ion  to  
wash  soi led spec imens  25 m m  x 75 ram.  The  angle of  
i m p i n g e m e n t  varied f r o m  90 degrees at  the  cen te r  to  75 
degrees at  t he  ends  o f  t he  soiled area. The  shaf t  s u p p o r t i n g  
t he  nozz le  was r o t a t e d  b y  a s t i r r ing m o t o r  at  60  rpm.  The  
nozz le  was des igned to  min imize  flaring, and,  thus ,  deUver a 
j e t  o f  measu rab le  a n d  c o n s t a n t  cross sec t ion .  Lower ing  o f  
the  surface  t en s ion  o f  wate r  b y  de t e rgen t  usual ly  d i s r u p t e d  
th is  cohesiveness ,  however .  

The  force  of  the  je t  was measu red  as a f u n c t i o n  of  
sys t em pressure  us ing a very  s imple  ca l ibra tor ,  wh ich  was 
based  o n  a wate r  level swi tch  f r o m  an a u t o m a t i c  washing 
machine .  The  je t  was po i n t ed  at the  surface  of  the  switch,  
and  wate r  pressure was increased  un t i l  t he  swi tch  closed. 
The  swi tch  t h e n  was t u r n e d  to  a ver t ical  pos i t i on  and  
loaded  wi th  suff ic ient  class S ba lance  weights  to  close t he  
switch.  T h e n  t he  swi tch  was ad jus ted ,  and  the  p r o c e d u r e  
repea ted .  The  force  of  i m p i n g e m e n t  was measu red  at angles 
of  90 and  80 degrees w i th  t he  t r a n s d u c e r  surface.  The  data  
were f i t t ed  w i t h  a s t ra ight  l ine by  t he  m e t h o d  of  least  
squares.  Fo r  90 degrees i m p i n g e m e n t ,  t he  e q u a t i o n  was: 

F = 23.2P + 1.2, (I) 
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FIG. 5. Effect of steaming on soil retention. Total treatment 
time includes standard wash after initial treatment(s). DTG = deter- 
gent. 
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FIG. 6. Soil removal by soaking at 23 C, glass substrate. All 

soaks at 0.33% detergent (DTG) concentration followed by standard 
wash. S.W. = Soft water; H.W. = hard water. 

a n d  fo r  8 0  d e g r e e s :  

F =  8 . 3 P +  4 1 . 8 ,  ( I I )  

w h e r e  F = f o r c e  (g)  
P = p r e s s u r e  (ps ig)  

Procedure 
D e v e l o p m e n t  of  a su i tab le  tes t  soil is essent ia l  in any  

d i shwash ing  pro jec t .  I t  was dec ided  ini t ia l ly  t o  use  a p o t a t o -  
mi lk  c o m b i n a t i o n  wh ich  adheres  t igh t ly  to  glass surfaces 
w h e n  baked  on.  Mixtures  o f  C a r n a t i o n  In s t an t  N o n f a t  Dry  
Milk, I n s t an t  " P o t a t o  Buds , "  and  dist i l led wa te r  were pre- 
pared  and  evaluated.  F resh  whole  milk was also s u b s t i t u t e d  
for  the  dry mi lk  to  i n t r o d u c e  a fat  c o n t e n t  i n to  t h e  soil, bu t  
this  gave no  apprec iab le  change  in results.  T h e  tes t  soil 
se lected for  use was of  i n s t a n t  m i lk : i n s t an t  po t a to :d i s t i l l ed  
wate r  ( 1 :1 :6 ,  w/w).  This  gave a th ick  s lurry wh ich  was 
appl ied  easily to  the  slides wi th  an  eyedroppe r .  The  soil was 
appl ied  in a n a r r o w  band ,  measur ing  ca. 45 x 10 ram,  us ing 
75 x 25 m m  microscope  slides as the  glass subs t ra te .  Alumi-  
n u m  spec imens  were cut to  the  same d imens ions  for  subse- 
q u e n t  tests. 

The  above  soil was aged for  at  least  30 min  be fo re  bak-  
ing to  al low comple t e  h y d r a t i o n  of  the  soil part icles .  T h e n  
it was baked  on  at 232 C for  30  min  in a fo rced  c o n v e c t i o n  



N O V E M B E R ,  1975 D A Y :  B O N D I N G  O F  F O O D  SOILS  T O  D I S H E S  463 

oven. After baking, a porous superficial crust was removed 
by spraying with water. The samples then were dried in air 
and weighed. Various treatments then were evaluated 
gravimetricatly. 

A typical home machine dishwasher detergent was se- 
lected as a standard and was purchased in case lots. Per- 
formance of each batch was checked, using the standard 
washing procedure described below. No change was seen 
within a given case over a period of several months nor in 
an opened box over a 2-3 week period. This has been des- 
ignated Hard Water Detergent. 

A second detergent was selected for stronger chemical 
action. This was a highly alkaline detergent, containing 65% 
sodium carbonate, 27% sodium metasilicate, and 3% sur- 
factant; the pH of a 0.2% solution was 11.1. It was suitable 
for normal use only in water of zero hardness. It therefore, 
was, designated Soft Water Detergent, even though it was 
sometimes used in hard water. 

A commercial enzyme prewash product was used for 
enzyme soak studies. For some studies, 1% enzyme was 
added to this product. The enzyme added was 50% 
protease, 50% amylase. 

Standard wash conditions involved use of 0.20% Hard 
Water Detergent in laboratory tap water (170 ppm hard- 
ness). This solution was circulated at 70 C and a pressure of 
10 psi (234 g impingement force) for 15 min. A standard 
wash followed all supplementary treatments, such as soak- 
ing and steaming. 

RESULTS 

Effect of Detergent Action 

Figure 2 shows the dependence of soil retention on 
detergent concentration. It can be seen that 95% of the soil 
withstood a force of 234 grams for 15 rain. A concentra- 
tion of 0.1% detergent was necessary to sequester the 170 
ppm hardness ions in laboratory tap water. Any further 
increase in detergent concentration led to a reduction in 
retained soil. Deionized water caused a reduction in re- 
tained soil even without detergent; a detergent effect was 
noted for even small amounts of detergent. 

The highly alkaline Soft Water Detergent showed much 
more chemical action at 0.2%. Concurrent chemical action 
on the substrate (drastic etching of glassware and corrosion 
of aluminum) would prevent practical use at this concentra- 
tion. 

The standard wash conditions described above removed 
37% of the initial soil. These conditions were used for eval- 
uating such supplemental treatments as soaking, enzyme 
treatment, and steaming. 

The S-shaped curves suggest that there were 2 distinct 
ranges of adhesive bond strength. These might be described 
as soil-to-substrate bonds, i.e., bonding between soil parti- 
cles and the substrate, and a larger percentage of weaker 
soil-to-soil bonds. The former were less responsive to the 
effects of detergent. Detergent action on aluminum showed 
a similar pattern (Fig. 3), but a smaller fraction of soil was 
removed for any given condition. Both types of binding 
were stronger than with glass, but the difference in strength 
was much less. 

Thermal Effects 

Figure 4 shows the temperature dependence of soil 
removal in 0.2% detergent. Differences between Pyrex and 
soft glass were almost certainly experimental variance, 
which would be expected to be greatest near 50% retention. 
The slope of the curve in Figure 4 indicates a doubling of 
soil removal rate for each 10.5 C rise in temperature; this 
increase persisted remarkably close to 100% removal. The 
last residue, however, appears to have been much more 
stongly bound. 
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FIG. 7. Soil removal by soaking at 60 C, glass substrate. All 
soaks at 0.33% detergent (DTG) concentration followed by standard 
wash. S.W. = Soft water; H.W. = hard water. 
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FIG. 8. Soil removal by soaking at 60 C, aluminum substrate. 
X = Hard water detergent (DTG); [] = enzyme detergent; e = 
enzyme detergent plus enzyme. 

A different thermal action was observed in steaming. 
Here, there was a strong thermal input (latent heat of con- 
densation), and a weak chemical input (distilled water) 
prior to the standard chemical and mechanical inputs. A 
combination of soaking and steaming, i.e., steaming in the 
presence of detergent, proved more effective but only at 
the expense of additional time. The results are plotted on 
the basis of elapsed treatment time in Figure 5. As steam 
time increased, the effect of the detergent decreased until  
no appreciable improvement was observed in 30 rain steam- 
ing results. 

Soaking 

Still greater chemical action was realized when the soil 
was soaked in detergent for a period of time prior to appli- 
cation of mechanical force. In all cases, the standard wash 
procedure followed the soak period. The effect of soak 
temperature, soak time, and detergent are shown in Figures 
6 and 7. Ease of soil removal increased with increasing soak 
temperature and with longer soak times. Use of an enzyme 
detergent in the presoak was not as effective as the Hard 
Water Detergent at lower temperatures, but was more effec- 
tive at 60 C. Addition of more enzyme to the enzyme 
detergent had an adverse effect at all temperatures except 
60 C. In every case, the Soft Water Detergent maintained its 
distinct superiority. 
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TABLE I 

Energy Characteristics a 

Thermal Chemical Mechanical 
Time for 99.5% 
removal (min) 

Steam + 15 min Wash High + Very low + None + 
15 min Std 15 min Std 15 min Std 

90 C Soak, H W dig b + High + Moderate + None + 
15 min Wash 15 min Std 15 rain Std 15 rain Std 

90 C Soak, S W dtg c + High + High + None + 
15 rain Wash 15 rain Std 15 min Std 15 min Std 

90 C Flush d, S W dtg c + High + High + Low + 
15 min Wash 15 min Std 15 min Std 15 min Std 

90 C Wash High Moderate Std 
90 C Flush d + 5 rain High Moderate Low + 

90 C Wash 5 rain Std 

46 
(31 steam + 
15 wash) 

33 
(18+  IS) 

23 
(8 + 15) 

21 
(6 + 15) 
14 

14 
(9 + S) 

aStd = standard wash. 
bHW dtg = Standard Hard Water Detergent. 
cSW dtg = Highly Alkaline Soft Water Detergent. 
dFlush = gentle flow of solution over surface, with no appreciable mechanical action. 

C 
0 

I I I I I I 

60 120 180 

A 

3 

WASH TIME (MIN) 

FIG. 9. Erosion of soft glass by detergent solutions. + = 90 C 
Deionized water; o = 90 c soft water; o = 80 C deionized water; z~ = 
80 C soft water; X = 70 C soft water; 0 = 60 C soft water. Washing 
conditions were the same as for Fig. 2. 

Aluminum Substrates 

The rapid hea t  t ransfer  to  the metal-soil  in ter face  during 
baking p r o d u c e d  a m u c h  s t ronger  adhesive b o n d  than  was 
p roduced  wi th  glass. Figure 3 shows this at all de te rgen t  
concen t ra t ions .  The behavior  of  soil baked  o n t o  a luminum 
also is seen in Figure 8, where  the  e f fec t  o f  soaking at 60 C 
is p re sen ted  for  several detergents .  Compar i son  wi th  Figure 
7 shows the markedly  greater  s t rength  of  so i l - to-a luminum 
bonds ,  as well as soft-to-soft bonds  on a luminum.  In this 
case, the  solut ions  conta in ing  enzyme  were  no t  apprec iably  
d i f fe rent  f rom the  Hard Water Detergent .  Compar i son  of  
soak t imes  wi th  those  shown  in Figure 7 shows the  mark- 
edly  greater di f f icul ty  of  removing soft f rom a luminum.  

High Energy Treatments 
All of  the  above show a need  for  cons iderable  am oun t s  

o f  energy to  bring about  t he  removal  o f  food  soft f rom 
substrates .  The energy must  be suppl ied in a c o m b i n a t i o n  
of  thermal ,  mechanical ,  and  chemical  forms.  Some mini-  
m u m  of  each is required,  and a large a m o u n t  o f  one  or 
more  must  be added.  

Table I shows  the  overall e f fec t  of  various high energy 
t rea tments .  The best  compara t ive  cr i ter ion seems to  be t ime  
to  remove 99.5% o f  the  soft f rom the surface. The f lushing 
process  referred  to  in Table I was a f low of  fluid over a 
surface at a rate suff ic ient  to  cont inuaUy renew the  so lu t ion  
at the  soft surface w i t h o u t  supplying any appreciable  
mechanical  energy.  A measured  force of  40 g was spread 
over an extensive area. It is n o t e d  tha t  as wi th  all low or 
zero inputs  o f  mechanica l  energy in p r e t r e a t me n t ,  a sub- 
sequent  per iod  of  appl ica t ion  of  modera t e  mechanica l  
energy was requi red  to  remove the  loosened  soft. 

Erosion of Substrates 

In aft cases, it was found  tha t  the  more  highly effect ive 
t r ea tmen t s  p r o d u c e d  higher  amoun t s  of  wt loss f rom the  
glass subst ra te  (Figure 9). The ef fec t  was greatly magnif ied 
in so f t ened  or de ionized  water .  It is seen f rom Figure 9 tha t  
the  wt loss was more  rapid in the first 20-30 min.  This was 
u n d o u b t e d l y  caused by a greater  concen t r a t ion  of  soluble 
oxides  in the surface layer. This loss was no t  necessari ly bad 
for  the  appearance  of  the  surface,  but  it was a source of  
error  for  gravimetric de te rmina t ions .  
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