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ABSTRACT 

The kinetics of soil removal were investigated 
under domestic laundry conditions by incorporating 
small swatches of four artificially soiled test fabrics 
into a standard load of clean cotton goods. This 
prevented soil redeposition from affecting the soil 
removal rate. Two runs were analyzed, one with an 
anionic and the other with a nonionic detergent. 
Assessment of the amount of soil remaining on the 
fabric was made by reflecrivity measurements inter- 
preted according to the Kubelka-Munk equation. 
First-order kinetics were found to prevail for periods 
ranging from the first 6 min of the wash cycle to the 
entire 20 min, depending upon test fabric and 
detergent. For these lengths of time, the rate of soil 
removal was directly proportional to the amount of 
soil remaining on the fabric. The 8 first-order rate 
constants had rather similar values, varying at most 
by a factor of 2.3. The average value, 0.109 min-1, 
corresponds to a 6.4-min wash period for removing 
one-half of the soil and to a 21-rain period for 
removing 90% of the soil from the soiled fabric. The 

,magnitude of the response of the four artificially 
soiled test fabrics to the two detergents is compared 
and discussed in terms of the soiling materials. The 
nonionic detergent was more effective in cleaning a 
fabric soiled mainly with kaolin and wool fat, while 
the anionic detergent was more effective with a fabric 
containing large amounts of liquid oily soil plus 
carbon black and oleophilic bentonite. 

INTRODUCTION 

There is a paucity of information on the kinetics of 
fabric detergency, i.e. on the rates of soil removal and of 
soil deposition or redeposition (1,2). Few published data 
are applicable to the kinetics of soil removal under 
domestic laundry conditions. 

The following are some of the most common short- 
comings. Bench-scale equipment differs from domestic 
washing machines in the kind and level of  agitation, in the 
length of the wash cycle, and in the bath-to-cloth ratio. 
Extrapolating kinetic data obtained with the former to the 
latter is risky. The use of  heavily soiled test fabrics 
promotes the buildup of soil in the bath. As soil redeposi- 
tion (reverse process) becomes increasingly more important 
compared to soil removal (forward process), an apparent 
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reduction in the soil removal rate is observed. An equilib- 
rium between the two processes may be reached eventually. 

The purpose of the present experiments was to study the 
kinetics of soil removal under actual domestic laundry 
conditions, using test fabrics because of  their uniformity, 
while minimizing soil redeposition. 

EXPERIMENTAL PROCEDURES 

Materials 

The characteristics of the four artificially soiled cotton 
test fabrics employed are listed in Table I. Three of these 
fabrics are commercially available. Except for the Waescherei- 
forschung Krefeld (WFK) fabric, the test fabrics were 
soiled equally on both sides, i.e. both sides gave identical 
reflectance readings. 

Two commercial detergents were employed at the 
recommended use levels. The actives were an alkylarylsul- 
fonate and a nonionic polyoxyethylated surfactant for the 
detergent designated as anionic and as nonionic, respec- 
tively. Both were built with tripolyphosphate. Hot tap 
water was hardened to 180 ppm. 

Procedures 

Swatches of the four test fabrics measuring ca. 9 x 10.5 
cm were attached to 11 pieces of circular clean cotton cloth 
of 25 cm diameter by sewing along one edge only. These 
assemblies were incorporated into a 6-1b load of clean 
cotton pieces. Washing was conducted in a Kenmore top 
loading washer set at "ful l"  and at "hot  water" (white 
cycle). An electric heating coil was wound around the tub 
of the washing machine and covered with a layer of fiber 
glass batting for insulation. This made it possible to 
maintain the temperature of the wash liquor nearly 
constant. For the nonionic detergent, the temperature was 
59 C at the beginning and 57 C at the end of  the wash 
cycle. For the anionic detergent, the temperature remained 
at 56 C throughout. 

At approiariate intervals during the wash cycle, circular 
cotton pieces with the test fabric swatches sewn on were 
withdrawn from the wash load and rinsed. The swatches 
were removed from the circular fabric, dried, and their 
reflectance was read on both sides. This was compared with 
the reflectance of the identical individual swatches which 
had been measured on both sides before the wash. 

Reflectance measurements were made with a Gardner 
automatic color-difference meter, model AC-3 (Gardner 
Laboratory, Bethesda, Md.) Each swatch (single thickness) 
was backed by the ceramic standard. 

TABLE I 

Description of Soiled Cotton Test Fabrics 

Chloroform extractables, 
Designation Supplier Particulate soil Oily soil % 

UST U.S. Testing Co. Oildag colloidal Mineral oil 1.4 
carbon black + cottonseed oil 

FDS Foster D. Snell, Inc. Carbon black + Bentone 34 Coconut oil + coconut oil free 11.5 
oleophilic bentonite fatty acids + mineral oil 

WFK Waeschereiforschung Kaolin + lampblack + black Wool fat a 3.5 
Krefeld and yellow iron oxides a 

VCD Lever Brothers Co. Vacuum cleaner dust Free fatty acids 2.5 

aSee ref. 3. 
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FIG. 1. Reciprocal of the fraction of soil remaining on Foster D. 

Snell (FDS) fabric (logarithmic scale) as a function of washing time. 
Circles = anionic detergent, triangles = nonionic detergent, open 
symbols = top of FDS test swatches, filled symbols = bottom, solid 
line = linear regression for nonionic detergent, and broken line = 
hnear regression for anionic detergent. 

0 z~ • o ./' O__ ," a i ~ A  o .  ~ , 

l I I I I 
0 5 I0 15 20  

t i m e ,  rain 
FIG. 2, Reciprocal of the fraction of soil remaining on U.S. 

Testing (UST) fabric (logarithmic scale) as a function of washing 
time. Circles = anionic detergent, triangles = nonionic detergent, 
open symbols = top of UST test swatches, filled symbols = bottom, 
solid line = linear regression for nonionic detergent, and broken line 
= linear regression for anionic detergent. 

TREATMENT OF DATA 

The opt ica l  c r i te r ion  of  fabr ic  whi t eness  was chosen ,  
because  it a p p r o x i m a t e s  c o n s u m e r  eva lua t ion  mos t  closely 
and  because t he  tes t  fabrics  were des igned for  op t ica l  
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FIG. 3. Reciprocal of the fraction of soil remaining on vacuum 
cleaner dust (VCD) fabric (logarithmic scale) as a function of 
washing time. Circles = anionic detergent, triangles = nonionic 
detergent, open symbols = top of VCD test swatches, filled symbols 
= bottom, solid line = linear regression for nonionic detergent, and 
broken line = linear regression for anionic detergent. 

eva lua t ion .  The  m e a s u r e m e n t s  of  re f lec t iv i ty  were in te r -  
p r e t e d  by means  of  the  u n c o r r e c t e d  K u b e l k a - M u n k  equa-  
t ion ,  despi te  its l imi t a t ions ,  in view of  i ts  conven ience  
(2 ,4) :  

(K/S) = ( 1 -  R ) 2 / 2 R ,  (I)  

where  K is the  l igh t -absorp t ion  or  ref lec t iv i ty  coef f ic ien t ,  S 
the  l ight-scat ter ing coef f ic ien t ,  and  R the  observed  reflec- 
t ance ,  all for  m o n o c h r o m a t i c  hgh t .  In t he  case of  b lack  or  
grey soft p igment s  on  whi te  fabr ics ,  where  the  r e f l ec tance  is 
the  same at all wavelengths ,  R can be measu red  w i t h  whi te  
l ight .  I t  is generaUy he ld  t h a t  K increases  p r o p o r t i o n a l l y  
w i th  t he  a m o u n t  o f  f igh t -absorb ing  soil  par t ic les  whi le  S 
remains  essent ia l ly  c o n s t a n t ,  so t h a t  K/S is a h n e a r  f u n c t i o n  
of  t he  a m o u n t  of  dark  pa r t i cu la te  soft o n  t he  fabr ic  (2,4).  

The  a m o u n t  B of  soil r ema in ing  o n  the  fabr ic  af ter  a 
washing t ime  t ,  expressed  as a pe rcen tage  o f  the  a m o u n t  o f  
soil in i t ia l ly  p resen t ,  is t h e n :  

= 10o r (K/S)L - ( K / S ) o  ,7 (II)  B 
L ( K ] S ) s  (K/S)  O d 

where  the  subscr ip t s  L, S, and  O refer  to  l aunde red ,  soi led,  
and  original  unso i led  fabric  swatches ,  respect ively .  Since 
R O is h igh c o m p a r e d  to  R s and  RL,  (K/S)  O is small  
c o m p a r e d  to (K/S)  s and  (K/S)  L. Hence,  the  value of  B is 
no t  m u c h  in f luenced  by  the  value of  R o ,  which  was k n o w n  
exac t ly  for  on ly  two  o f  the  fou r  tes t  fabrics.  

If  the  washing process  fol lows f i rs t -order  kinet ics ,  the  
ra te  of  soil r emova l  is d i rec t ly  p r o p o r t i o n a l  to  t he  a m o u n t  
of  soil p resen t  on  the  fabr ic :  

- d B / d t  = kB, ( I I I )  

wh ich  on  i n t eg ra t i on  b e c o m e s  

log (100 /B)  = k t / 2 . 3 0 3 ,  ( IV) 

where  B is the  a m o u n t  (pe rcen tage )  o f  soil still  p resen t  a f te r  
t min  of  washing,  and  k is the  f i rs t -order  ra te  c o n s t a n t  

expressed  in rec iprocal  min.  This  e q u a t i o n  is of  the  fo rm:  

y = b~, (V) 
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w h e r e  y ,  t h e  d e p e n d e n t  v a r i a b l e ,  is t h e  l o g a r i t h m  o f  t h e  
q u o t i e n t  ( a m o u n t  o f  soil  p r e s e n t  i n i t i a l l y / a m o u n t  o f  soi l  
r e m a i n i n g  o n  t h e  f ab r i c  a f t e r  t i m e  t ) ;  x ,  t h e  i n d e p e n d e n t  
va r i ab l e ,  is t i m e .  O n  t h e  f i r s t - o r d e r  p l o t  a c c o r d i n g  to  
e q u a t i o n  IV,  t h e  s l o p e  b is k / 2 . 3 0 3 .  T h e  s t r a i g h t  l ine  m u s t  
pass  t h r o u g h  t h e  o r ig in  b e c a u s e  w h e n  x = t = 0,  B = 100 ,  
m a k i n g  y = t o g  ( 1 0 0 / B )  = l o g  1 = 0.  

P lo t s  o f  l o g  ( 1 0 0 / B )  vs  t w e r e  l i nea r  f o r  p e r i o d s  r a n g i n g  
f r o m  t h e  f i rs t  6 ra in  t o  t h e  e n t i r e  2 0  m i n  o f  t h e  w a s h  c y c l e  
(F ig .  1-4 a n d  t h e  s i x t h  c o l u m n  o f  T a b l e  II) .  T h i s  i n d i c a t e s  
t h a t  t h e  soil  r e m o v a l  p r o c e s s  f o l l o w e d  f i r s t - o r d e r  k i n e t i c s  
fo r  a s i zab le  p o r t i o n  o f  t h e  w a s h  c y c l e  o r  f o r  all o f  i t .  

T h e  s l o p e  o r  r e g r e s s i o n  c o e f f i c i e n t  b f o r  t h e  l i n e a r  
p o r t i o n  ( a n d  f r o m  i t  t h e  r a t e  c o n s t a n t  k )  w a s  c a l c u l a t e d  b y  
t h e  m e t h o d  o f  l eas t  s q u a r e s  (5 )  a c c o r d i n g  t o :  

b = ~ x i y i / ~  x i2 ,  (VI )  

w h e r e  N s t a n d s  f o r  s u m m a t i o n  a n d  t h e  s u b s c r i p t  i r e f e r s  to  
an  i n d i v i d u a l  p o i n t .  T h e  v a r i a n c e  f r o m  r e g r e s s i o n  was  
c a l c u l a t e d  b y :  

Sy ,x  2 = ~ (Yi -- Yi) 2 / ( n - l ) ,  (VI I )  

w h e r e  Yi is t h e  v a l u e  o f  y c a l c u l a t e d  b y  t h e  l e a s t - s q u a r e s  
e q u a t i o n  ( E q u a t i o n  IV o r  V ) ,  a n d  n is t h e  n u m b e r  o f  p o i n t s  
o f  t h e  l i n e a r  p o r t i o n  o f  t h e  p l o t  b e s i d e s  t h e  o r ig in .  T h e  
v a r i a n c e  o f  t h e  s l o p e  is:  

Sb2 = S y ' x 2 / I  N x i 2 - ( ~  x i ) 2 / n  I"  (VI I I )  

S ince  k = 2 . 3 0 3  b,  t h e  s t a n d a r d  d e v i a t i o n  o f  t h e  r a t e  
c o n s t a n t  is g iven  b y :  

s k = 2 . 3 0 3  s b. ( IX)  

T h e  S t u d e n t  t t e s t s  f o r  t h e  c o m p a r i s o n  o f  s l o p e s  a n d  o f  r a t e  
c o n s t a n t s  were  c a r r i e d  o u t  as d e s c r i b e d  b y  Y o u d e n  (5) .  

RESULTS AND DISCUSSION 

T h e  pertinent d a t a  a re  s u m m a r i z e d  in  T a b l e  II.  

Fabric Symmetry 

T h e  d i f f e r e n c e s  b e t w e e n  t h e  pa i rs  o f  r a t e  c o n s t a n t s  
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FIG. 4. Reciprocal of  the fraction of  soil remaining on 
Waeschereiforschung Krefeld (WFK) fabric (logarithmic scale) as a 
funct ion o f  washing time. Circles = anionic detergent,  triangles = 
nonionic detergent,  open symbols  = top o f  WFK test swatches, filled 
symbols  = bo t tom,  solid line = linear regression for nonionic 
detergent,  and broken line = linear regression for anionic detergent.  

o b t a i n e d  f r o m  t h e  t o p  a n d  t h e  b o t t o m  s ide  o f  e a c h  o f  t h e  
f o u r  t e s t  f ab r i c s  were  n o t  s t a t i s t i c a l l y  s i g n i f i c a n t .  T h i s  

a p p l i e d  e v e n  t o  t h e  W F K  fab r i c ,  w h e r e  t h e  R s  v a l u e s  o f  o n e  
s ide  we re  5 .2  r e f l e c t a n c e  u n i t s  l o w e r  t h a n  t h o s e  o f  t h e  

o t h e r  s ide .  I n  s u b s e q u e n t  c a l c u l a t i o n s ,  t h e  d a t a  a n d  t h e  t w o  
ra te  c o n s t a n t s  o b t a i n e d  fo r  t h e  t o p  a n d  t h e  b o t t o m  o f  a 
g iven  t e s t  f ab r i c  w i t h  o n e  d e t e r g e n t  were  c o m b i n e d .  

TABLE II 

First-Order Rate Constants  k and their Standard Deviations s k for 
Four Test Fabrics and Two Detergents 

of  Range . 
Detergent a Fabric b Side c k, s k first order d, n e 

min d min 

N FDS T 0.118 0.003 6 3 
B 0.095 0.016 6 3 

N UST T 0.109 0.017 6 4 
B 0.125 0.018 6 4 

N VCD T 0.073 0.012 12 5 
B 0.076 0.013 12 5 

N WFK T 0.167 0.024 20 7 
B 0.180 0.029 20 7 

A FDS T 0.118 0.009 15 8 
B 0.123 0.008 15 8 

A UST T 0.114 0.009 6 5 
B 0.115 0.017 6 5 

A VCD T 0.078 0.008 15 7 
B 0.077 0.007 15 7 

A WFK T 0.090 0.010 12 7 
B 0.090 0.013 12 7 

aN = nonionic and A = anionic. 
bFDS = Foster D. Snell, UST = U.S. Testing, VCD = vacuum cleaner dust,  and WFK = 

Waeschereiforschung Krefeld. 
CT = top  and B = bo t tom.  
dRange over which k was constant ,  i.e. over which the plot log (100/B) vs t ime was linear. 
eNumber  of measurements  in the linar or first-order range, in additon to log (100[B) = 0, 

t ime t = 0. 
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TABLE Ill 

Reflectance Readings of Test Fabrics during Wash Cycle 

Reflectance readings 

Fabrica Deterg entb RS RL, 10 c RL,20 d RL,20 -RS 

FDS N 16.3 23.8 28.8 12.5 
A 16.4 32.9 e 47.5 31.1 

UST N 22.0 29.5 34.9 12.9 
A 21.7 29.0 e 32.4 10.7 

VCD N 43.4 54.3 57.8 14.4 
A 43.0 53.1 e 62.6 19.6 

WFK N,T f 48.3 71.8 81.1 32.8 
N,B f 43.0 70.7 79.7 36.7 
A,T 47.8 59.0 e 67.3 19.5 
A,B 42.6 55.0 e 64.7 22.1 

aFDS = Foster D. Snell, UST = U.S. Testing, 
Waeschereiforschung Krefeld. 

bN = nonionic and A = anionic. 
CReflectance after 10 min laundering. 
dReflectance after 20 rain laundering. 
elnterpolated, 
fT = top and B - bottom. 

VCD = vacuum cleaner dust, and WFK - 

Rate Constants 

Despite the  cons iderab le  d i f ferences  a m o n g  the  four  tes t  
fabrics and  b e t w e e n  the  two  de te rgen ts ,  t he  eight  m e a n  
f i rs t -order  ra te  cons t an t s  were relat ively similar.  The h ighes t  
k value was a mere 2.3 t imes  larger t han  the  lowest .  

The  overall  average value  of  k is 0 . t 0 9 I  min  -1. This  
co r responds  to  a 6 .36-rain wash pe r iod  to r emove  one-ha l f  
of  the  soil f r om the  soiled fabr ic ,  and  to  a 21-min  wash 
per iod  to r emove  90% of the  soil. 

Effect of Nature of Detergent upon k 

Only the  WFK fabr ic ,  a m o n g  the  four  tes t  fabrics,  could  
d iscr imina te  b e t w e e n  the  n o n i o n i c  and  the  an ion ic  de ter -  
gent  accord ing  to the  k ine t i c  cr i te r ion .  The  rate  c o n s t a n t  of  
the  n o n i o n i c  de te rgen t  on  the  WFK fabric  was 1.93 t imes  
greater  t h a n  t h a t  of  the  an ionic  de tergent .  The  di f ferences  
be tween  the  ra te  cons t an t s  ob t a ined  wi th  the  two de ter -  
gents  on  each  of  the  o t h e r  th ree  tes t  fabrics  were small  and  
no t  s ta t is t ical ly  s ignif icant .  

Effect of Nature of Test Fabric upon k 

The o rde r  of  ef fec t iveness  of  the  an ion ic  de te rgen t  in 
cleansing the  four  tes t  fabrics accord ing  to  t he  four  k values 
was FDS ~ UST > WFK > VCD. Fo r  the  n o n i o n i c  
de te rgen t ,  t he  k values were r anked  in t he  o rder  WFK 
UST ------- FDS > VCD. Rate  cons t an t s  o b t a i n e d  w i th  t he  
fabrics to the  left  of  the  ~ signs are s igni f icant ly  grea te r  
t h a n  those  to  the  r ight .  The  ra te  c o n s t a n t  to  the  lef t  of  the  

sign is greater  t h a n  those  to  the  r ight,  bu t  the  d i f fe rence  
is no t  s ta t is t ica l ly  s ignif icant  at  t he  5% p r obab i l i t y  level. 
Thus ,  the  ra te  cons t an t  o b t a i n e d  wi th  t he  n o n i o n i c  deter -  
gen t  for  the  WFK fabric  was larger t h a n  those  for  t he  UST 
and  FDS fabrics,  b u t  the  t w o  d i f ferences  car ry  no  s ta t is t ical  
significance.  However ,  t he  t h r ee  ra te  cons t an t s  o b t a i n e d  
w i th  the  n o n i o n i c  de te rgen t  for  the  WFK, UST,  and  FDS 
fabrics were s igni f icant ly  grea ter  t h a n  t h a t  for  the  VCD 
fabric.  

Comparison of Test Fabrics 

The data of  Table III were assembled  because  compara -  
tive s tudies  of  ar t i f icial ly soi led test  fabrics  are rare.  The  
greatest  increase  in re f lec tance ,  b o t h  af te r  10 and  20 min  

launder ing ,  was ach ieved  by the  n o n i o n i c  de te rgen t  on  the  
WFK fabric ,  fo l lowed  by the  an ion ic  de t e rgen t  on  the  FDS 
fabric  and  o n  the  WFK fabric.  The  UST fabric  showed  the  
smallest  increases  in  re f lec tance .  

The  WFK and  the  FDS fabrics r e sponded  qui te  differ-  

en t ly  to  the  an ion ic  and  to  the  n o n i o n i c  de te rgen t .  The  
n o n i o n i c  de te rgen t  c leansed the  WFK fabric  more  ex t en -  
sively t h a n  did the  an ion ic  de te rgen t ,  paral lel ing the  grea ter  
k value observed  wi th  the  former .  On the  o t h e r  h a n d ,  the  
anionic  de te rgen t  c leansed the  FDS fabric  more  ex tens ive ly  
t han  did the  n o n i o n i c  de te rgen t  a f t e r  b o t h  10 and  20 min  
launder ing .  This is n o t  r e f l ec ted  by  the  two  f i rs t -order  ra te  
c o n s t a n t s  for  t he  FDS fabric .  While the  an ion ic  de t e rgen t  
had  a slightly h igher  k value (for  the  ini t ial  15 min)  t h a n  
the  non ion i c  de te rgen t  ( for  the  ini t ia l  6 min)  on  the  FDS 
fabr ic ,  the  d i f ference  b e t w e e n  these  two k values is w i t h o u t  
s tat is t ical  s ignif icance due to  the  sca t t e r  of  po in t s  a b o u t  the  
s t ra ight  lines. 

The  WFK fabric  c o n t a i n e d  over  1% of  a m i x t u r e  of  
par t icu la te  soil w h i c h  cons i s ted  of  86% kaol in ,  8% c a r b o n  
black,  and  6% i ron  oxides  (3) .  Non ion ic  act ives are k n o w n  
to be m u c h  more  effect ive  t h a n  an ion ic  actives in r emoving  
par t icu la te  soil, especial ly clays,  f r om c o t t o n  (6,7) .  The  
FDS fabr ic ,  o n  the  o t h e r  h a n d ,  was soiled largely wi th  oily 
soil. I ts  par t icu la te  soil (25% c a r b o n  black,  10% oleophi l ic  
b e n t o n i t e )  is o leophi l i c  and,  t he re fo re ,  c a n n o t  adhere  well 
to  the  hyd roph i l i c  cellulose subs t ra te .  Moreover ,  the  par t i -  
cles are e m b e d d e d  in the  more  a b u n d a n t  oily soil. The  
an ionic  active is p robab ly  a b e t t e r  we t t ing  and  emuls i fy ing  
agent  t han  the  n o n i o n i c  act ive,  r emov ing  the  oily soil more  
extens ively  and ,  w i th  it,  t h e  e m b e d d e d  par t i cu la te  soil. 
Al te rna t ive ly ,  the  bui lders  may  have he lped  the  an ionic  
active to remove  t he  oi ly,  plus pa r t i cu la te  oleophi l ic ,  soil 
more  extens ive ly  t han  the  n o n i o n i c  active,  i.e. t h e y  had  a 
greater  synergis t ic  e f fec t  u p o n  the  oily and  o leophi l ic  softs 
wi th  the  an ionic  t h a n  wi th  the  n o n i o n i c  act ive.  
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