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3 In 1947, Richman, Geltcrnd, and H i l l '  introduced the 
electrolytic rnet'ioa to? d?mAner~liz~tfon of bone. This technique 
has received widesprad acceptance because it is reputed to 
demineralize bile  more rapicily than any other method. 

presented evidence that the decreased time of demineralization 
by the electrolytic mzthod was due to an increase in solution 
temperature. 

Recently, Lf-llie, e t  al.', and Rosen and Friedland 4 have 

The present exgerirnents were designed to determine whether 
electrolysis does shorten the time of demineralization under 
defined conditions with all known varlablzs, except the electric 
current, constant, 

MATERIALS AND METHODS 

1. For the experiments, an elactroiytic machine was 
constructed which controlled the electric current, the temperature 
of the demineralizing solution, and the rate of agitation. The 
apparatus was constructed in three pailts: 
electrode carrier and a solution container, (b) a. source of 
direct current, and ( c )  a constant temperature bath (cf. 

(a) a rotating 

Figure 1). 

a. 

b. 

C. 

1.00 t 1 2 8  

Electrode crrrlcr: The electrode carrier was 
mimoftwo lucite discs which were 
connected by an aluininum shaft and bearing. The 
lower disc rotated in the bearing mounted in the 
upper c1isc; electrical contact was maintainec 
durinz rotation by a commutator of copper rings 
2nd silver brushes. Mounted on the lower disc 
of the cari-ier was a thermometer, a mercury 
thermostat, and twrJ platinum electrodes. The 
electrcdes Lvere made of 16 gauge platinum wire 
wound to a 1 czntimeter dcaxeter; the electrodes 
wers placed 1 centimeter apart, The mount of 
platinum w2re submerge6 iil the solution was the 
same for both electrodes. 

Electric current: The saurce of direct current 
was from a Heath powcrpack which gave controlled 
mttage frock 0 to 12 volts at o to 8 amperes. 
Solution tepperature control: The temperature 
of th e elactrolytic solution was controlled by 
circulating water thwugh 2 coil of 5 mm poly- 
etbjlene tubing in the container. 
coil was connected to a constant temperature bath 
through a pump which was controlled by the thermo- 
stat mounted in the electrode carrier. The de- 
mineralizing solution was maintained by this 
method at f l C C .  of the desired temperature. 

The polyethylene 

c 



2. Bone srn2les for the ex?erinents  were dense c o r t i c a l  
bone from the sh;:ft cf 2r-1 2 i r - 2 A c d 3  xdul-';, k,umn fe,nur*. The 
chemical ana lys i s  c f  %his  s-i~nd:?rc' b o w  h i s  been p rev i  u s ly  
repor ted  ( c f .  Mr,terials ani; Methods, M G r r i s  and Denton 8 ). 

3. One hundred m i l l i l i t e r s  of an ccld so lu t ion  of known 
molarity were used f o r  demineral izat ion.  

4. Determinat lms o f  acid concentration, calcium, 
phosphorus, 2nd nl t rogen  were made on ell s d u t i o n s  before  and 
a f t e r  d e m i n e r a l i m t i m .  The t echn ica l  rnetholis used were described 
i n  the sec t ion  an yaterials and Methods of a previous paper 
(Morris and Bentm ) .  

5.  Other condi t ions were: 

a, Bane szrnples were placed i n  the c o i l  of the anodal 
ZlectroLe an2 m x c d  through the so lu t ion  a t  25 
revolu t ions  per  minute. 

b. X-ray p i c t u r e s  wzre taken of t he  bone samples 
during the process  of demineralization. 

c. When the bone saqdes were Temovad t o  be weighed 
o r  X-rayed, they were b l o t t e e  on bibulous paper 
by the s m e  i n v z s t i g a t o r  zsch t i m e ;  the weighings 
were made by the o the r  i nves t iga to r  t o  keep e r r o r s  
constant .  
shcwn t h i s  errcr  t o  be nct more than * 1 mg. 

Repeated dErings and waighings htrve 
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Two pieces  of the st?.nd.ard bone were shaped t o  approximately 
the same weight and sur face  arm.  

Data: Sample 1 Sample 2 

Weight 232 mg 230 mg 

Surf ace Ar*2. 1.65 sq. cm. 1.63 sq, cm. 

The samples were demineralized separa te ly  i n  the e lec t ro-  
l y t i c  machine withcut e l e c t r o l  sis i n  1 molar  hydrochloric acid 

were weighed a t  the  end of 2 hours of demineralization and X-ray 
pictures taken. The depth t o  which mineral  had been removed was 
measured from the X-ray negatives,  

f o r  2 hours a t  a s o l u t  + on empera ure  of 25OC. The bone samples 

A t  the  end of the experiment, the bone samples were digested 
i n  25 ml of concentrated hydrochloric ac id  and the  calcium, 
phosphorus, and n i t rogen  concentrat ions determined. 

RESULTS : 

of demineralizaticn,  Samplz 1 had a weight l o s s  of 53 mg and 
Sample 2 had a weight l o s s  of 49 mg.  
removed from the two samples differed by 1 mg. There was no 
d i f fe rence  i n  the amount of ni t rogen removed o r  i n  the depth t o  
which mineral  had been removed i n  the two samples. 

The data are summarized i n  Table I. A t  the  end of 2 hours 

The weight of mineral 

The weight of mineral  determined a f te r  digest ion of the two 
s m j l e s  d i f f e red  by 1 rrg. The t c t a l  amount of mineral i n  each 
bone sample was t h e  scme. 

i z a t i o n  of these bone sainples was s o  low that it was considered 
t o  be n i l ,  

The reduction i n  the molar i ty  of the acid during demineral- 

Experiment 2: The effect  of e l e c t r o l y s i s  upon the ra te  of 
demineralizetion wi th  hydrochloric acid. 

Two pairs of bone sarnsles gere used: one pair of bone 
samples was demineralizeci a t  25 C. w i th  and without e lec t ro ly-  
sis (Experiment 2 A ) ;  the  second p a i r  of bone samples was 
demineralized a t  a temperature of  45OC, with and without 
e l e c t r o l y s i s  (Experiment 2B) , 

1 0 4 1 t 3 0  
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Two p:.aces of a tandwd bone were 
s z w  h~t$% add. suri 'ace a rea .  

Data: E l e c t r o l y t i c  Smple Contml Sample 

Weight 185 mi3 174 mg 

Surface Area 1.56 sq. cm. 1.56 sq. cm. 

Experiment 2B (45OC): Two pieces  of standard bone were 
shaped t o  ap2roxiniateiy the same weight and surrace area. 

Data : E l e c t r o l y t i c  Sample Control Sample 

Weight 193 mg 191 m g  

Surface Area 1.67 sq. cm. 1.66 sq. cm. 

The samples were demineralized f o r  2 hours i n  1 molar hydrochloric 
a c i d  a t  t h e  experimental  temperatures. The e lec t ro lys i s . samples  
were demineralized with 5 v o l t s  a t  3 miperes t o  give a 15 watt 
e l e c t r o l y s i s ,  Acid changes, weighings, and X-ray p i c t u r e s  were 
made every half-hour.  The depth t o  which mineral had been 
removed was measured on the X-my negatives.  

I' 

RESULTS : 

The data a;-e summarized i n  Table 11. I n  Experiment 2 A  
(25OC. ) a f t e r  2 hours of demineralization, the e l e c t r o l y s i s  
sample had a weight loss of 47 mg, and the control sample had 
a weight loss of 48 mg.  
e l e c t r o l y t i c  sample was 43 mg, and from the control  smple 42 mg. 
I n  both weight loss end m2neral removed, t he  e l e c t r o l y t i c  and 
con t ro l  samples d i f f w e d  by 1 mg. 

I n  Experiment 2B (45%. ) af te r  2 hours of demineralization, 
the e l e c t r o l y s i s  saiiiple nnad a weight l o s s  of 69 mg and the 
cont ro l  sample had a weight l o s s  of 66 mg. Themount of mineral  
removed from the e l e c t r o l y s i s  sample was 56 me, and from the 
con t ro l  sample 53 mg.  In both weight loss and mineral  removed, 
the e l e c t r o l y t i c  and control  samples differed by 3 mg. 

The amount of mineral removed from the 

The molar i ty  of the acid used f o r  demineralization was 
determined a t  the end of each half-hour. The reduction of the 
a c i d  concentrat ion during demineralization i n  the e l e c t r o l y s i s  
so lu t ions  was from 1.0 t o  0.7 molar i n  Experiment 2 A  (25OC. ) 
and from 1.0 t o  0.6 molar Fn Experiment 2B (45OC.); t h e  
reduct ion i n  molar i ty  ir, the  control  so lu t ions  was from 1.0 t o  
0.99 molar. There ms n3 d i f fe rence  i n  the amount of ni t rogen 
removed i n  the e l e c t r o l y s i s  and cont ro l  sanples. 

The depth t o  which mineral was removed was the same f o r  
both e l e c t r o l y s i s  and control  samples i n  Experiment 2 A  and 2B. 



Two pairs of bone sm,ples  were used i n  t h i s  experiment. 
One pa i r  of bone scmples was demineralized a t  25OC. (Experimgnt 

), t he  second pair  of bcne sample3 was demineralized a t  45 C ,  

without e l e c t r o l y s i s .  

shaped t o  approximately t h e  same weight and sur fzce  area, 

Data : E l e c t r o l y s i s  Sample Control Sample 

Experiment 3B) .  One sample from each pair  was demineralized 

Two pieces  of s tandard bone were Experiment 312 (25OC. ) : 

Weight 134 mg 130 me; 

Surface Area 1.26 sq. cm, 1.28 sq, crn, 

Experiment (45'C. ) : Two pieces  of s tandard bone were 
shaped t o  apprcximately t h e  same weight and surface area, 

Data: E l e c t r o l y s i s  Sample Control Sample 

Weight 141 me 142 mg 

Surface Area 1.32 sq. cm, 1.34 sq. cm. 

The bone samples were demineralized f o r  3 hours in 1 molar 
phosphoric ac id  a t  t h e  e q e r h c n t a l  temperatures . The 
e l e c t r o l y s i s  scuples were demineralized with 10 v o l t s  at  1.5 
amperes t o  give a 15 w a t t  e l e c t r o l y s i s .  Acid changes, weighings 
and X-rays were made a t  half-hour in t e rva l s .  The depth t o  which 
mineral hac! been reinoved was measured from the X-ray negat ives  . 
RESULTS : 

The data are t abu la t ed  i n  Table 111. In  Experiment 3 A  
(25OC.) the  d i f fe rence  i n  weight l o s s  between the  e l e c t r o l y s i s  
and control  samples a t  t h e  end of hours of demineral izat ion 
was 2 mg, In ExTeriment ( 4 5 O C .  7 , the d i f fe rence  i n  weight 
loss between the e l e c t r o l y s i s  and control  samples a t  the end of 
3 hours of demineral izat ion was 3 mg. The mineral determinations 
were not reported i n  t h i s  experimsnt because the large amount of 
phosphorus i n  the  s o l u t i o n s  made the  r e s u l t s  of doubtful  value. 

The reduction i n  molar i ty  i n  the so lu t ions  dur ing  de- 
mineral izat ion was so  s n m l l  as t o  be within the e r r o r  of 
msasurement. There was no d i f fe rence  i n  the  amount of ni t rogen 
removed i n  the  e l e c t r o l y s i s  and control  samples, The depth t o  
h'hich mineral was removed was the  same f o r  both the e l e c t r o l y t i c  
and control  samples. 

I041132 
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Experiment 4: The effect of electrolysis upon the rate of 
demineral izat icn with formic acid.  

Two pieces  of s t anda rd  bone were shaped t o  approximately 
the same weight and surface area. 

Data: 

Weight 

E l e c t r o l y s i s  Sample 

404 m g  

Control Sample 

401 mg 

The bone samples were demineralized i n  1 molar formic acid 
a t  25OC. f o r  3 hours. 
wi th  12 v o l t s  a t  0.5 ampere t o  give a 6 watt e l e c t r o l y s i s .  
Weighings and X-my p ic tu res  w r e  made a t  the end of 3 hours. 
The depth t o  which mineral  had been removed was measured from 
the X-ray negatives.  

The e l e c t r o l y s i s  sample was demineralized 

RESULTS : 

The data are tabulated i n  Table N. The bone samples l o s t  
the same amount of weight, 7 mg, and the same amount of mineral  
wzs removed, 21 mg. 

The weight of mineral  removed i n  t h i s  experiment was much 
greater than the  weight loss of the bone samples. 
when mineral  ac ids  of low mclar i ty  (below 0.5 molar) o r  weakly 
ioniz ing  ac ids  are used f o r  demineral izat ion and is due t o  the 
hydratlon of the bone mztrix. (FGr fur ther  discussion of this 
phenomenon see Mor r i s  and Benton2, ) 

This r e s u l t s  

The depth of mineral removal was t h e  saris f o r  both samples. 

Reduction i n  molarity of t h e  a c i d  so lu t ions  during 
demineralizstion was within the e r r O i *  of the t i t r a t i o n  f o r  both 
the e l e c t r o l y s i s  and control  samplzs. 
i n  the amount of ni t rogen removed fron the e i e c t r o l y s i s  and the 
cont ro l  saqples . 

Thee was no d i f fe rence  

1 0 4 1  1 3 3  



- 7 -  

DISCUSSION 

The theo re t i c s1  b?.sis of the e l e c t r o l y t i c  method of 
demineralization is that a p o l a r i z i n g  cur ren t  w i l l  cause an 
increased rate of migration o f  the mineral  ions from the bone 
sample t o  the e l e c t r i c a l  p d e  of opposi te  charge. 
demineralization, the primary mineral  element t o  be removed from 
bone is the  divalent ,  p o s i t i v e l y  charged calcium ion.  
minerals  cannot be relnoved any faster than they are re ieased  
from their  ccmbination within the bone. The removal o f  bone 
minerals,  unCer any circumstances, cannot be more r ap id  than 
the breakdown of the mineral  complex by the demineralizing acid.  
I n  order  t o  break down the  mineral  complex in bone, the  acid 
must d i f fuse  through the demineralized tone  mstrix and come i n  
contact  with the mineral  complsx. 

During 

The bone 

Hydrogen ions a r e  p o s i t i v e l y  charged; calcium ions are 
p o s i t i v e l y  charged. 
po lar iz ing  cur ren t  can cause t w o  p o s i t i v e l y  charged ions t o  
migrate i n  opposite d i rec t ions ;  the hydrsgen ion i n t o  the 
bone, and the calcium ion out or" the bone. 

It is  d j - f f i c u l t  t o  understand how a 

On theo re t i ca l  greunds, it must L e  coricluded that  the 
e l e c t r o l y t i c  method of demineral izat ion cannot accomplish i t s  
purpose because: 

1. minerals cannot be removed any faster than the minerals 
are released from thei? complex within the bone by 
the  a c i e  and, 

2, the  e l e c t r o l y s i s ,  rather' than increas ing  the  d i f fus ion  
of the  ac id  i n t o  the  bone, probably tends t o  the 
opposite r e s u l t .  

Thus, If the e l z c t r o l y t i c  method of demineralization does decrease 
the demineralization time, the  r e s u l t  is due t o  some cause o ther  
than the  applied polar iz ing  cur ren t ,  

For the present  experiments, the range cf d i f fe rence  i n  
weight l o s s  and weight of  mineral  removed from paired samples 
of standard tone under the condi t ions used i n  the e l e c t r o l y t i c  
machine had t o  be determined. Iil previous experiments under 
standard conditions (c f  , Morris and Bentone), the v a r i a t i o n  i n  
weight loss per  unit  t i m e  was from 0 t o  5 m g  f o r  approximately 
matched bonz samples. Thisdifference,  5 mg, is due t o  the 
d i f f i c u l t y  i n  shaping bones t o  i d e n t i c a l  weight and sur face  area; 
the slight d i f fe rences  i n  sur face  area, which of ten  arc beyond 
the range of accurate measurement, can cause the small d i f fe rences  
found i n  the  experimental resul ts .  

Experiment 1 was made t o  determine whether the d i f fe rence  
i n  weight l o s s  and mineral  removed from matched samples of 
standard bones was tne same i n  the e l e c t r o l y t i c  machine as that 
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found under thz s aiidard conCiticns prev iaus ly  repor ted  ( c f .  
Morris and Bentljn ). The Cat3 from t h i s  experiment showed the 
d i f fe rence  i n  wci@t icss t o  be 4 mg and the d i f f e rence  in 
mineral rerncved fi>;rn matched smples was 1 mg. The d i f fe rence  
i n  surface a rea  of the. t w ( 3  sarnpLes was 0.02 square centimeter; 
the bone with the g reL tes t  weight loss hac the greatest surface 
a rea .  
under the  p?eviously ee t ab i i shed  s t a n a r e  ccndi t ions .  

removec? from .mtched samgles of bone, with and without elec- 
t r o l p i s J  i n  1 m G l a r  hydrochlor ic  ac id  was eetermined. ~t 25Oc. 
t h e  s m p l e s  differed i n  weight l o s s  by 1 mg when the  sur face  
a r e a s  were the  same; a t  45°C. the  srunples d i f f e r e d  by 3 rng where 
the surface a reas  d i r f e r e d  l;y 0.01 square centimeter.  The 3 mg 
di f fe rence  a t  45%. was in f avor  of the bone with the g r e a t e r  
surface area.  Thus, the bane samples demineralized wi th  equal 
r a p i d i t y  with and without e l e c t r o l y s i s  i f  a l l  o the r  condi t ions 
were macle constant.  

E! 

These r e s u l t s  were comparable t o  t he  d i f f e rences  found 

I n  E-xperiment 2, the weight l o s s  and the weight cf mineral 

During e l e c t r o z y s i s  wi th  hy l rochlor ic  acid, hydrogen 
ch lo r ide  gas was evolved, and t h i s ,  as shown by t i t r a t i o n s  of 
the  remaining acid,  reCuce2 the ac id  concentrat ion.  Because 
t h i s  loss of ac id  m i @ t  be a possible cause f o r  the lack of 
e f f e c t  of the e l e c t r o l y t i c  method with hydrochloric acid, two 
non-gas-forming a c i d s  were used, phosphoric and formic acids .  
I n  both experiments ( c f .  Experiments. 3 and 4) the d i f fe rences  
between the e l e c t r o l y t i c  and cont ro l  samples were within the 
expected range of v a r i a t i o n .  The difference i n  weight loss 
w i t h  formic a c i d  was 0. A 3 m g  d i f fe rence  i n  weight loss 
was found with phosphoric ac id ;  t he  greater weight l o s s  was 
i n  favor of t he  bone with t h e  g r e a t e r  surface area.  
t he  l o s s  of hydrochloric a c i d  during e l e c t r o l y s i s  d i d  not  
a f f e c t  the time necessary f o r  demi e r a l i z a t i o n .  Previous 
experiments ( c f .  Morris and Benton ) showed that  the  reduction 
of concentration of hydrochlor ic  ac id  from 1.0 t o  0.6 molar does 
not  appreciably a f f e c t  t h e  r ap id i ty  of demineralization. 

Thus, 

9 

Elec t ro lys i s  produces hea t  i n  the a c i d  so lu t ion  because of 
the so lu t ion  r e s i s t a n c e  t o  t he  flow of current .  Experiments with 
the e l e c t r o l y t i c  machine used i n  these  s t u d i e s  showed tha t  a 0.1OC. 
rise i n  temperature w a s  produced per  minute per  watt of e l ec t ro -  
l y s i s  i n  100 m l  of 1 molar hydrochloric a c i d  so lu t ion .  
amount of  hea t  ixoduced w i l l  vary with the r e s i s t ance  of the  
sc lu t ion ,  but  1 molar concentrat ions of severa l  ac ids  (phosphoric, 
fcrmic, ando t r i ch lo roace t i c )  showed about the same temperature 
r ise of 0.1 C ./rninute/watt/lOO r n l  of s o l u t i o n  during e l e c t r o l y s i s .  
I n  a previous r e p o r t  ( c f .  Morris and Benton*), the  inf luence of 
so lu t ion  temperature on demineral izat ion was determined,oand it 
was found that  an increase  Gf 20Oc. (an increase from 25 t o  45Oc.) 
decraased the  time necessary f o r  demineralization by 15 t o  20$. 

The 

I n  the present  experiments, an increase  i n  temperature a l s o  
decreased the t i m e  necessary f o r  demineralization. Because the  

1 0 4 1 1 3 5  
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bone samples used for the variuus experiments were of different 
weights and surface areas, the data hawebeen expressed as 
milligrams of wei&t loss per squere centimeter of surface area 
for comparison ( c f .  Table V.). 
hours of demineralization in 1 molar h drochloric acid, a 
difference in weight loss of 0.1 m&/crn5 of surface area was 
round between the 253 and 45" C. smples. 
of 0.05 mg/crn2 oC surface arza was f s m d  between the 25' and 
45OC. samples deminzralized f o r  3 hours in i molar phosphoric 
acid. Thus, the increased weight loss with the increased 
temperature was in approximztely th,o sanie range as previously 
determined and decreaseci the &mineralization t a e  about 20$. 

These data show that after two 

A similar difference 

These experiments havz shown that the electrolytic method 
of demineralization will increase thz solution temperature. At 
15 watts electrolysis, the temperature of 180 ml of 1 molar 
hydrochloric acid solution will increast 15 C. in 10 minutes. 
The demineralization will then proceed at 40" Caoor higher. 
If the time necessary fcr demineralization at 40 C, is compared 
with the time necessaiy f o r  demineralization at 25O C., the 
electrolytic methcd will appear to be more rapid simply due to 
the tcmperature increase. When the temperature was controlled, 
the electrolytic and control samples demineralized at the same 
rate. Electrolysis preduccs heat but, per E, is ineffective 
as a demineralizer. 

SUMMARY 

1. The theoretical concept of electrolysis is unsound 
because it demands that tw:, positively charged ions migrate 
in opposite directions in response to the same polarizing 
current: the H+ into the bone, arid the Ca* out of the bone. 

2. Electrolysis er se has no effect upon decreasing 
the time of d e m i n e r a l i z k k ~ ~  

3. In elzctrolgtic baths, heat will te prcduced; increase 
in solutim temperature will decrease the time necessary for 
deminerz-lization of bone. These controlled experiments demonstrate 
that the reported decreaslts in the time necessai'y for 
dcmineralization when using the electrolytic method are not due 
to electrolysis but are due to the increase in temperature of 
the demineralizing solution caused by current going through it. 
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