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I t  has been established that the acisorption of methylene blue by 
active charcoal is accompanied by a change in the pH of the solution. 
While Bartell and Miller (.r. AIIICY. Clli?m. SOC., 1922, 44, 1866) 
observed the iiberation only of acid in the process, Chambers and 
King jl. Chelit. Soc.. 1938, 685) found that either acid or base may 
be liberated depending on the conditions of activation. Activation 
with air at temperatures below 500' C. gave carbons which formed 
free acid during the adsorption oi  methylene blue. On the other 
hand, those procluced at higher temperatures gave rise to free base 
in the solution. 

In the earlier experiments (Part  I\- of this series) on the 
adsorption of methylene blue by commercial specimens of decolorising 
charcoal, a substantial lowering of pH x a s  noticed when blood char- 
coal. Carboraffin and Darco were added to inethylene blue in alkaline, 
neutral and moderately acid solutions. JVith solutions which were 
strongly acid at the outset, the same carbons produced a small but 
definite increase in the pH-value. This is clearly seen from the data 
given in Table I below. The behaviour of Norit was, however, 

m e  1 initial pH / Equilibrium pH 

Blood charcoal ..I 2.46 1 2.56 
2.60 2.68 1 2.83 2.93 I---..- 

2.60 
2.54 2.77 



slightly different in that it produced at1 increase in the pH at all but 
high initial pH-values of the solutiun. 

In the present paper, inrestigatiotls on the adsorption of 
methylene blue on charcoal have been carried further with special 
reference to the effect of carbon on the pH of the solution. In order 
to eliminate the effect of soluble impurities, the specimens of charcoal 
(blood charcoal, Carborafiin, Norit and Darco) were each washed 
with 40 litres of specially distilled water per gram of carbon. 
The procedure adopted for washing trie specinlens was the same as 
described in Part  111 of this series (page 122). It should be men- 
tioned here that in the case of Carboraffin only the coarse portion 
was talien for the present esperiments as the line porticin was found 
to be unsuitable for the experimental technique employed. The 
adsorption experiments were carried out with pure methgle~~e blue 
in aqueous solution without the addition of any electrolyte. 

Bartell and Miller (lac. cit.) and Chambers and IGng- (loc. tit.! 
estimated the an~ount of acid former1 duriug the adsorption of 
methylene blue by titrating the solution with standard alkali after 
filtering off the carbon. This method rannot, ho~vever, be regarded 
as acurate, as the pH of the solution changes on filtratioa. In the 
present esperiinents the amount of acid forrned in the solution 
is deduced from the observed pH by reference to the curve (Fig.,2a) 
in which the pH-values of the solutions containing know-11 an~ounts 
of either hydrochloric acid or sodium hydroxide have been plotted. 
Readings of the pH of the suspension and colorimetric estimations 
of the dye in the solution were made at regular intervals of time, 
so that the progress of the adsorption and the liberation of acid 
could be observed at  various stages simultaneously. I11 order to 
ascertain if the pH of the solution was affected by the dilu- 
tion that took place during adsorption, the pH-values of 0'075-0'150 
per cent. solutions of inethylene blue were determined, and the 
effect of adding hydrochloric acid or caustic soda to these solutions 
were studied separately. The methylene blue chloride eiliployed in 
this work was of the purest variety and was prepared by repeated 
re-crystallisation from alcohol. 



Experimental 
d l c a s z ~ v c ~ i w ~ t s  of flic 1-afc of adsovptioiz of ~ ~ ~ t h y b l ~ e  blue arztl 

thc iatc  of full of rH.-'The arrangement shown in Fig. 1 enables 
the measurement of the pH of the solution as  ell as the withdrawal 
of half-c.c. aliquots at various intervals for colorimetsic estimatioll 
of rnetl~ylene blue. 

K is a micro-burette \\-it11 a iixed iiiarii near the top and a 

delivering capacity of 0.5 c.c. To the inlet tuhc A .  which is bent 
into S-shape as shown, i s  joinctl a small fritted-glass filter F 
(Jena G. 3).  The filter F ,  the glass-rjuinhydrone electrode G, the 



calomel electrode C and the stirrer S were supported in a 250 C.C. 
beaker. The top-end of the burette is connected through a three-way 
stop-cock TJ  to cotnpressed air and suction lines. 'I'o draw the solu- 
tion into the burette B, the tap TI  is connected to the tube A and 
gentle suction applied to B, by turning T!  to the low-pressure line. 
To force the solution out of the burette, 7'2 was turned to the com- 
pressed-air line; the solution could be returned to the beaker or 
delivered into a receptacle by manipulating the tap TI. 

200 C.C. of 0.15% aqueous inethylene blue solution mere placed 
in the 250 C.C. Pyrex beaker and the pH of the solution mas deter- 
mined with a Leeds ancl Northrup Valve Potentiometer. The solu- 
tion was then drawn into the burette, which was previously empty 
to the delivery tip, and the level of the solution carefully adjusted 
to the fixed mark. The solution was then run out completely into 
a glass-stoppered vessel of resistance-glass and diluted with 25 C.C. 
of water. The solution thus prepared served as the standard for 
colorimetric comparison with subsequent aliquot portions of the solu- 
tion. The solution remaining in A was then forcecl back into the 
beaker. 

A weighed sample of the charcoal-specimen (washed with 40 
litres of water per gram of carbon) mas tipped into the methylene 
blue solution and the stop-watch timed. The p H  readings were 
taken a t  one-minute intervals for the first ten minutes, when the pH 
fell rapidly, and subsequently at  15-minute intervals, when the 
pH hardly changed. It was not convenient to draw aliquot 
samples of the solution at  one-minute intervals for colorinletric com- 
parison. The first sample during adsorption was taken between three 
ancl five minutes after addition of the adsorbent, and subsequent 
portions were clrawn at  15-minute intervals. Care was taken to rinse 
the filter F with the solution about fifteen seconds before drawing 
an aliquot sample, by turning in the high- and low-pressure 
lines alternately. The aliquots drawn at various intervals during 
adsorption were each diluted with 25 C.C. of water and compared by 
means of a Kober coIorimeter with the original solution, similarly 
prepared at the beginning of the experiment. The amounts of 
methilene blue adsorbed a t  different times were then calculated. In 
almost all cases the adsorption equilibrium was reached in about an 

' hour. o.  
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f i f ec t  o f  nddi~iy sfaudard sodiirili lzydroxide a d  lzjdrocidoric acid 
s011~fi01u 071 fhc  pH o f  n ie fJ~$c i~e  bliic sollitiol~s of C O I I C C ~ ~ I ~ ~ ~ ~ O I Z S  v a q -  
ing  ~ C ~ Z L I ~ C I I  0.075:; nrid 0 ljO%.-Stock solutions containing 0.075, 
0.100, 0.125, O-l.iOC/;. of pure methylene blue chloride in water were 
l~rel~areil. 200 c.c. (i.r., the same rolume as in the previous experi- 
ment) of any of thesc solutions were placcd in a Pyrex beaker in 
which a glass-quiahydrone electrode, a calon~el electrode and a stirrer 
were supported as described already. After reading the pH-value of 
t,he original solution, quantities of 0.1 N hydrochloric acid u11 to 
3 c.c. were added, in portions of 0.1 c.c. from a burette, graduated 
in 0.01 c.c., and the pH measured after each acldition. The pH-values 
of the solutions when 0'1 N sodium hydroxide was adcled were deter- 
mined in a similar manner. 

Results 

The variation of the pH-value when either 0 .1  N HCI or 
0 '1 N NaOH is gradually added to methylene blue solutions of 
0.075 to 0.150% strengths is expressed by the data in Table 11. It 
is to be remembered that these figures are valid for 200 c.c. of the 
solution, i.c., the same volume as that involved in the adsorption 
experiments. On plotting the p H  against c.c. of acid or alkali added 
to 200 c.c. of 0.1: % solution the familiar "titration curve" shown in 
Fig. 2 [ a )  is obtained. From this curve one can deduce the pH-shift 
produced when a known amount of acid or allcali is adcled, and con- 
versely, the amount of acid or alkali required for a given variation 
of pH. 

Table I11 gives the sin~ultaneous values of p H  and adsorption 
at various intervals of time when a given weight of charcoal is adcled 
to 200 c.c. of 0'15% methylene blue solution. The rates of adsorp- 
tion by the different specimens of charcoal are shown by the firm 
lines in Fig. 2jb) .  With the aid of the "titration-curve" in 
Fig. 2(a ) ,  the pH readings in Table TI are converted into C.C. of 
0.1 N acid liberated. Assuming that each molecule of hydrochloric 
acid set free corresponds to the hydrolytic adsorption of one molecule 
of methylene blue GaHlsN3SCI of molecular weight = 319.5, the 
amounts of methylene blue thus adsorbed at  various intervals of 





call be calcularcd. ?'lie calculated rates or hydrolytic adsorption 
are shuva by the dotted lines in Fig. 2 j b ) .  

Table IY s11on.s the constancy of the equilibrium pH-value 
obtained \vhen diserent alnounts of carbon are added to 50 C.C. of 
methylenc blue sulutioil. 

C.C. 
0. I Ei HCI per 

200 C.C. of m. b. 
solution 

pH of solution 
-- 

Concentration of inethylene blue in  solution 



Specimen 

Blood charcoal 
0.2680 g. 

Carboraffin (coarse) 
0.3049g. 

Darco 0.6550 g. 

Time 
dins. 

Start 
1 
2 
3 
6 
8 

12 
15 
20 
30 
45 
60 

Start 
3 
5 

12 
15 
30 
45 
60 
90 
120 - 
Start 

I 
2 
3 
7 
10 
15 
20 
30 
45 
60 
90 

C.C. 0. IN HC1 
liberated from 

start = lOd x no. 
of mots of pH 

methylene blue 
adsorbed hydro- 

lytically 

ng. of methy. 
:ne blue adsor 
bed hydrolyti- 

cally 
(calculated) 

total mg. of 
methylene blue 
adsorbed by 
actual wt. of 

charcoal 
(experimental) 



Bqliikibriuii~ pH of cllarcoals in ~lzei l t~l le~le  blzlc s o h t i o m  
(LC.  of methylene blue solution = 50) 

.Blood charcoal 1 / Norit 1 Darm 

~ t .  in 1 1  in I E$ ) W\,I* / E;$. F i n  1 ~$2. 

Discussion 

I t  is clear from the results presented in this Par t  that adsorp- 
tion of tnethylene blue is always accompaniecl bv a fall in pH. Since 
these results were obtained with specimens which have been freed from 
soluble impurities, the pH-effects observed in the present series of 
experiments can be reg.ardec1 as definite e\idence of polar adsorption 
by active carbon. 

To  esplain the reported liberation of acid during the adsorption 
of methylene blue by carbon, Eartell and Miller (loc. cit.) suggest 
that methylene blue chloride is hydrolysecl in solution into its free 
base and hydrochloric acid and that by selective adsorption of the 
undissociated base, free acid accumulates in the solution. 

The figures given in Table I1 reveal that the l~I-S-vilue of the 
methylene blue solution is practically unchanged when it is diluted 
from a concentration of 0 15 per cent. to half this value. The 
pH-value obtained from a dilnte solutioil of the dye in specially 
distilIed water lies between 6.2 and 6.5. The low d u e  of p H  = 4 
obtained by Bartell and Miller (loc. cit.) may be clue to inipurities 
present in the samples of methylene blue employed by them. The 
present results, obtained with pure samples, show that there is very 
little hyclrolysis of the dye in aqueous solution. 



A comparison of the experimental values of methylene blue 
adsorbed with the values calculated from the pH-variations 
(Table I11 and Fig. 2b)  will show that the acid liberated corresponds 
to a small part of the total adsorption. Eartell and Miller 
assumed, however, that a quantitative relationship exis& between 
the aclsorption of methylene blue and the concurrent hydrolysis so 
that each molecule of acid liberated corresponds to a molecule of 
methylene blue-base adsorbed. 

The slight discrepancy between the amount of dye adsorbed 
and the acid liberated in the process was attributed by Bartell and 
Miller to the aclsorption of part of the acid by charcoal, as free acid 
was noticeable in the soltltion only in the later stages of adsorption. 
In the present esperinmts, however, it is found that the eq~~ilibrium 
pH-value is attained in about ten minutes: whereas it takes nearly 
two hours to obtain a masimum value for the adsorption (Fig. 2b.). 
It would appear, therefore, that any hydrolysis of methylene blue 
should be induced by the carbon and should necessarily be completed 
almost instantaneously and independently of the adsorption. 
This conclusion does not agree with the theory of hydrolytic adsorp- 
tion according to which adsorption and hydrolysis take place 
concomitantly. 

The data given in Table IV  show that thc equilibrium pH-value 
is unaffected by changes in the concentration of the charcoal present. 
In a previous part of this series (This volu;rze, p. 157) it was 
noticed that the equilibrium p H  was constant. over a wide range of 
initial pH-values. I t  is clear, therefore, that the equilibrium pH is 
truly characteristic of the adsorbent. If ,  on the other hand, the 
pH-change produced on addition of carbon to a solution of methylene 
blue were due to acid formed by hydrolytic adsorption then the 
acidity of the solution would depend upon the amount of methylene 
blue adsorbed. The pH-value of the solution would in that case 
vary with the concentration of charcoal as well as with the initial 
pH of the solution. 

-Lastly, the observed increase in pH (base-liberation) when 
specimens of active carbon are added to highly acid solutions of 
methylene blue (Table I), and the observation of Chambers and 
King (loc, cit.) that free base is f'ormed with high temperature- 
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carbons, conflict wit11 the theory of hydrolytic adsorption according 
to ~t~hich  acid-libcratibn should be expected under all circumstances 
whell rnethylcnc blur is hydrolytically adsorbed by active charcoal. 

I t  is seen from the foregoing that the results d ,this work 
cannot .be "fully explained by the theory (31 hydrolytic adsorption, 
except, perhaps, with the aid of ad i loc assumptions. 

In developing their theory of hydrolytic atlsorption, Bartcll and 
ibliller have assumcd that the surface of pure cxbon docs not contain 
any ions and that the excess of hydrogen-ions is liberated during the 
adsorption of methylene blue with hyclrolysis. Subsequent work 
(referred to in Part  11) has show11 that when active carbon is placed 
in aqueous media it adsorbs anions and cations noll-equivalently. 
The existence of ionic layers 011 the surface of carbon is now widely 
accepted. I t  should therefore be expected that by "ion-cxchange 
adsorption" sonlc ions can be transferrccl from the surface to thc 
solutiont a which nras not nielltioned by Bartell and Millcr. 

When active carbon is suspended in pure water it takes up 
hydrog-en and hydrosyl ions in lion-equi\dent proportions with 
consequent change in the pH-\~aluc. ~Vost carbons (except those 
prepared at  high temperature) adsorb OH'-ions preferentially with 
the result that the p H  of water is lo\;-ered by thc addition of these 
carbons. This aspect of the non-equivalent adsorption of H' and 
OH'-ions has been discussed inore fully in Part  I11 of this series. 
The pII-change that is observed when active charcoal is added to 
a solution of methylene blue may be treated as  the effect of methylene 
blue 011 the pH-effect of the carbon in pure water. 

If  methylene blue is added in sufficient concentration to an 
aqueous suspension of active carbon, mast o i  the dye will be taken 
up equivalently Ji.c.. as uiidissociated molecules, or as  the yegeuiorzs 
M'Cl'). This is apolar adsorptioil a i d  does not cause any change 
in the pH of the suspension. A small proportion is, bowever, 
adsorbed non-equivalently, with resultant change in the pH. I n  the 
latter case, the methylene blue cation may be preferentially adsorbed 
by the carbon by two mechanisnx: (1) the positively charged ion 
may be attached to the OH'-ions present on the surface in accord- 
ance with the principles o i  electricaI aclsorption set forth by Chaney, 
Ray and St. John (This uolume, p. 158) : (2) the methylene blue 



ion can also replace by exchange a 14'-ion from the surface. The 
exchange adsorption between the hydrogen and the methylene blue 
ions produces an increase in the H'-ion activity in the suspension. 
This explains the observation that the equilibrium pH of a specimen 
of active carbon in Inethylene blue solution is always lower than the 
pH-value of the same specimen in water (Table V), 

Specimen 
1 

Equilibrium pH Equilibrium pH 
in water 1 in methylem blue 

Blood charcoal 3.4 3 . 3  
Carboraffin (coarse)' ' : : : : 3 ~ 6  
Norit . . . . . . . .  
Darco . . . . . . . .  

Since the adsorbent is in a state of equilibri~un with the IS', OH', 
Cl' and methylene blue ions, which are then~selves in equilibrium with 
one another, the activities of the various ions in solution are main- 
tained at  stable equilibrium vahies, which depend almost wholly on 
their relative affinities for the aclsorbent. This explains why the 
equilibrium pH-value of a specimen is almost unaffected by variations 
in the concentration of the carbon and of the initial 111-1 of thc 
solution. 

-Combining the apolar and the two polar nlechanisms for the 
adsorption of inethylene blue by activated charcoal, the changes in 
the ionic-layer on carbon, produced by the addition of methylene blue 
to an aqueous suspension of the adsorbent, can be pictured as shown 
below : 



The ions on the surface of the adsorbent are sensitive to changes 
in the activities of various ions in the solution. Thus, the addition 
of acid to the solution of H'-ions will lead to an  increase in the 
adsorption of 13.-ions and, conserjuently, the replacetnent of 11.-ions 
by methylem bbe cations is decreased. Hence the observation that 
the adsorption of methylene blue decreases with illcreasing H'-ion 
activity. If, on the other hand, adsorbable anions, such as OH' and 
CS-ions, are added, more anionic groups will he formed on the surface 
leading to an increase in the "electrical" adsorption of methylene 
blue. 

In a strong-Iy acidic medium the large excess of H'-ions will 
not only reduce the dissociation of the H'-ion from the surface but 
mill also draw some of the firsnly held OH-ions into the solution. 
I ,  1 his will lead to an increase in pH, as ohservetl in the lxesent work. 

Carbon activated at high telnperat~u~-e manifests a preferential 
af'iinity for I+.-ions, and when it is suspended in water it procl~ices 
an alkaline reaction. This accounts in part for the observation of 
Chambers and King that base is liberated when s ~ ~ c h  a carbon is 
employed to decolorise lnethylenc blue. As opposccl to the case of 
low ten~perature-carbons, the H.-ions on the surface of a high 
temperat~ire-carbon are very firmly fixed and are consequently cliffi- 
cult to replace by exchange with other cationr. On the other hand, 
the hydrosyl ions are snore labile on high teniperature-carbons and 
can therefore he exchanged with other anions. For instance, in 
solutions of methylene blne the OH'-ions may be partly replaced by 
CS-ions with consequent liberation of OH'-ions in the solution. 

This differ-ence between the two types of carbon. while affecting 
polar adsorption by the ion-exchange meclia~nisin, will not interfere 
with the electrical adsorption of the rnethylene blue ion on anionic 
centres on the carbon-surface. For either type of carbon, the general 
rule holds that thc adsorption of methylene bl~ge will he enhanced 
by conditions favouring- the adsorption of anions. 

Chambers and King (loc. cit.) studied the adsorption of 
methylene blue, sodium benzoate and potassium chloride by ash-free 
sugar-charcoal activated a t  different tetnperatures. They found that 
either acid or base was liberated depending on the speci~gen employed. 
Since it was established that the temperature of activation g-overned 



the composition and constitution of the oxide compleszs found on the 
surface of carbon, they concluded that hydrolytic adsorption was 
due to the presence of these surface-oxides. This was also shown 
clearly by Burstein and Frumkin (2. pltj~sikal Clzein,. 1929, 141, 
219) who found that when a sample of activated charcoal was out- 
gassed thoroughly a t  1000" C. ar$ then placed in a salt-solution in 
vacuum, no sign of hydrolysis was noticed; but on admitting air or  
oxygen into the solution hydrolytic adsorption took place. The 
surface-oxides therefore act as centres of polar adsorption. As the 
oxide-layer on carbon constitutes only about half, per cent. of its total 
adsorptive surface (Rideal and Wright, J. Chcnz. Soc., 1925, 27, 
1347), the magnitude of the polar adsorption would be very small, 
and by f a r  the greater part of an  electrolyte would be taken up with- 
out the liberation of acid or base. This view emerges from the pre- 
sent observations and is in agreement with those of Chambers and 
King. 

Summary 
1. Only specimens which had been thoroughly washed with 

water were employed in this investigation. 
2. The an~ounts of methylene blue adsorbed by the specimens 

from a pure aqueous solntion a t  various stages have been determined. 
Simultaneously, the pH-values of the solution at  ~rar io t~s  stages of 
the adsorption-process have also been noted. 

3. The pH-value of a solution of methylene blue is found to 
be practically unaffected by diltltion from 0 150 per cent. to 0'075 
per cent. 

4. The pH-values of methylene blue solutions containing 
various amounts of either acid or alkali have been determined. 
From these values, a curve has been drawn co~lnecting the p H  of 
the solution with the amount of acid or alkali present in the solution. 
This curve is valid for methylene blue concentrations varying from 
0 075 to 0.150 per cent. 

5. From the above data, the an~ounts of acid liberated at  
various stages of the adsorption-process have been calculated from 
the pH-variations during adsorption. The amounts of methylene 
blue adsorbed with hydrolytic effect were thus clerivecl, 



6. The experimental results presented here cannot be ex- 
plained satisfactorily by the theory of hydrolytic adsorption. 

7. Ion-exchange mechanism has been proposed to account for 
the pH-change observed during the adsorption of methylene blue 
by activated charcoal. This mechanism is valid for all cases of 
electrolyte-adsorption by active carbpn. 
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