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ABSTRACT 

Previous works show that the nature of the carbon 

surface plays an important role in the adsorption pro

cess. Among the functional groups on the surface, the 

acidic oxides are the most significant. This work shows 

that these acidic oxides groups may be modified at will 

by chemical or thermal treatment. Adsorption studies 

with low concentration phenol and sodium benzenesulfonate 

onto three types of active carbon and channel blacks show 

that the adsorptive capacities are markedly reduced when 

the surface oxide concentration is increased. The adsorp

tive capacities are restored upon reduction of the concen

tration of acidic oxide groups. Good correlation is ob

tained between the total acidic groups present on the sur

face and the percentages of adsorbent surface area covered 

by the adsorbates. Similar effects on the adsorption of 

phenol at high concentration are observed but are not as 

pronounced and distinct as in low concentration. 

The results suggest that phenol molecules are adsorbed 

flat on the surface of the adsorbent at low concentration 

and reorient themselves into the end-on position as the 

concentration is increased. Benzenesulfonate molecules 

appear to be adsorbed in the vertical position even at low 

concentration, and addition of traces of ca++ greatly 

enhances its adsorption. 
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INTRODUCTION 

Recently, considerable research has be made toward 

studying the advanced treatment of waste water. Among 

the techniques and process being considered, the adsorp

tion of the biochemically resistant pollutants with 

activated carbon have attracted numerous studies (1,2,J, 

4,5,6,7,8,9,10). This is mainly due to the commercial 

availability of activated carbon, its high adsorption 

capacities and its affinity for a broad spectrum of chem

ical compounds. 

These investigatiorahave found the adsorption of 

organic pollutants from aqueous solution onto several 

different kinds of carbon to have differed significantly 

in equilibrium capacities. Some of these results suggest 

that the differences in adsorptive capacity between 

various types of carbon may be due to differences in 

specific surface area (1), in pore-size distribution (11), 

or differences in the nature of the surface and in the 

population and types of functional groups on the surface 

(11,12) • 

Commercial active carbon and carbon black frequently 

contains impurities, some of which are purposely added 

during the manufacturing process. These impurities differ 

from one carbon to another depending on the conditions 
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under which it was processed and on the process itself. 

The most important and best known among the surface com

pounds of carbon are those with oxygen and sulfur, although 

chlorine and hydrogen can also combine with elemental car

bon (11). Of these surface compounds of carbon the surface 

oxides have been studied most, specially the acidic surface 

oxides (13,14,15,16,17,18,19). Basic surface oxides have 

also been found on the surface of the carbon (13,20). 

Graham (11), in his study of the adsorptive capacity 

of Graphon and some commercial active carbons, found that 

acidic chemisorbed oxygen on the surface of the carbon do 

play a significant role in adsorption from aqueous solu

tion. The work revealed that acidic oxides groups tend 

to reduce the adsroptive capacity of carbon with metanil 

yellow, an anionic dye, while the adsorption of methylene 

blue, a cationic dye, did not appear to be affected. Gra

ham attributed this behavior to the repulsive interaction 

between the anionic metanil yellow and the acidic oxides 

on the surface. He suggested further that this type of 

interaction might be expected for anionic adsorbates in 

general. 

Some of the acidic oxide groups on the surface of 

the carbon have been identified and reported (13,14,15, 

16,17,18,19,20,21). These investigations used either 
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reactions of organic chemistry or infrared spectrophoto

metry to characterize oxygen chemisorbed on carbon. 

However, of the many techniques for characterizing the 

acidic surface oxides of carbon, the method used by 

Boehm, Diehl,~~ (13) has been employed in this work. 

In this technique, four different types of acidic surface 

groups are characterized as I) a strongly acidic carboxyl 

group, II) a more weakly acidic carboxyl group, III) a 

phenolic hydroxyl group, and IV) a carbonyl group. 

Figure 1 shows a schematic structure representation of 

these groups in which the difference between the two kinds 

of carboxyl groups is related to their ability to form a 

lactone or lactol. These acidic functional groups can be 

identified by their reactions with bases of different 

strength. Thus group I is neutralized by each of the 

bases NaHco3, Na2co3, NaOH and NaOC2H5; group II is neu

tralized by NazC03, or stronger bases but not by NaHC03, 

etc. It is thus possible to identify the acidic surface 

oxides present on a given sample of carbon by simple titra

tion with different bases. 

Most commercial-type carbon contains oxides groups on 

the surface, but additional amount may be introduced by 

oxidation in air or pure oxygen at elevated temperature or 

by mixing the carbon sample with aqueous solution of 
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oxidizing agents like NaOCl, KMn04 or (NH4)2S20s (lJ). 

It is also possible to remove the acidic functional groups 

totally or partially by reduction or vacuum outgassing at 

elevated temperature. Boehm, et al (13) also reported 

that the ratio of the different quantities of bases neu

tralized bear simple, whole number relationship to one 

another. With samples that were oxidized in oxygen and 

elevated temperature, the ratio is 1:2:J:4, suggesting 

the presence of equivalent quantities of at least four 

different types of acidic groups of definite acidities. 

With samples obtained through "wet" oxidation, the quan

tities of base required for neutralization are in ratios 

of 2:J:4:5. However on subsequent heating to about 200°c, 

the ratios were again found to be 1:2:J:4. 

Another significant factor that needs consideration 

in the adsorption from liquid phase onto solid phase is 

the orientation of the adsorbed molecules and the thick

ness or number of molecular layers of the adsorbed film. 

Experimental results showed that in the micromolar region, 

data obtained for most of the common pollutants conform 

very well with the Langmuir equation (1), suggesting that 

the adsorbed film is monomolecular. Studies with the 

phenol-water system have shown that the phenol isotherm 

displays two plateaus in adsorption on carbon (1,6), but 
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usually give as-type isotherm when adsorbed on a polar 

substrate, e.g., alumina, from a polar solvent (22). 

The latter behavior has been interpreted by Giles, MacEwan, 

~ !! (22) as a monofunctional attraction toward the polar 

substrate arising from the hydroxyl group of the phenol. 

Here the phenol molecules were viewed to be adsorbed end

on, standing side by side to be more stable, thus result

ing in more molecules to be adsorbed on the surface. This 

account for the s-shaped isotherm. Data from experiment 

(1) have shown however that phenol isotherm for adsorption 

on carbon at low concentration appears to be Langmuirian 

in character and not S-shaped. This suggests that the 

attraction of phenol for the carbon lies probably in non

polar forces operating over the whole phenol nucleus. 

This lead Giles, MacEwan, et~ (22) to suggest that the 

second step in the isotherm may represent the reorienta

tion of the phenol molecules from the prostrate to the 

end-on position. Or the second plateau may represent a 

second condensed monolayer formed on top of the first 

(1,6). 

Giles, MacEwan, ~ ~ (22) also reported that aromatic 

sulphonic acids appear to be monofunctional toward graphite 

in water, probably because the very high attraction of the 

sulfonate group for water draws this group as far as 
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possible into the water phase, and thus only the opposite 

unsulphonated end of the nucleus is in contact with the 

graphite. Zettlemoyer,!! al (24) in studying the adsorp

tion of calcium ions to surfactant film on Graphon, 

reported that trace amounts of calcium strongly enhance 

the adsorption of dodecylbenzene sulfonate onto Graphon. 

Apparently, the adsorption of ca++ reduces the repulsion 

between the sulfonate anions so that close packing can 

occur. 

OBJECTIVES 

The primary objective of this project is to employ 

the techniques and characterization used by Boehm, Diehl, 

~ !!, (13) to study the effects of the acidic surface 

oxides groups on the adsorption of various adsorbates onto 

carbon in aqueous solution. Attemps will also be made to 

isolate individual functional groups on the surface of the 

carbon so as to shed light to the role played by each 

group individually and collectively. It is clear that 

this information will permit better materials to be 

designed for adsorbing specific compounds and provide the 

basis for increasing the adsorptive capacity of presently 

available materials, either through modification in manu

facturing technique or by special treatment to provide 
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the "right kind" of surface groups. In addition, this 

information will point the way towards better means of 

regeneration for spent adsorptive materials by identify

ing which surface groups must be replaced, which can be 

re-activated, etc. 

SELECTION OF ADSORBATES 

Phenol and Sodium Benzenesulfonate were the two 

adsorbates used in this work. Both are common pollutants 

of waste water and techniques for the quantitative analy

sis of both compounds are relatively fast and simple. 

Considerable amount of work has already been done with 

phenol-carbon system in aqueous solution, which would be 

very useful for comparison and reference purposes. Ben

zenesulfonate has a highly polar sulfonate group, making 

it ideal to study the effects on its adsorption onto the 

carbon by the surface functional groups on the surface. 

Both adsorbates used in this work were of reagent 

grade. Impurities in phenol include 0.040% of residue 

after evaporation and 0.15% of preservative (H3POz). 

Sodium Benzenesulfonate used were of the grade recrystal

ized from methanol. 

8 



SELECTION OF THE ADSORBENTS 

Three types of microcrystalline carbon were used in 

this work. They are all commercially available and were 

procured directly from their respective manufacturers. 

They were (a) Activated carbon "Columbia LC.32.5" (Union 

Carbide Corp.), (b) Activated carbon "Darco S.51" (Atlas 

Chemical Co.) and ( c) Pelletized channel black "Black 

Pearl 607 11 (Cabot Corp.). 

Columbia LC.32.5 was selected because extensive works 

were already made with this carbon (1,2,J,4). These 

works were also carried out in conjunction with advanced 

waste water treatment and deal mostly with kinetics and 

equilibria of the adsorption of biochemically resistant 

materials onto carbon. It thus represent a valuable 

guide and reference for this work. Black Pearl 607, a 

channel black, represented a different crystalline form 

and activation, which may yield results useful for eval

uation and comparison purposes. Concurrent work (2.5) was 

also being conducted with this carbon in the same general 

direction, thus Black Pearl 607 also presented a bridge 

for eventual comparison of data obtained. Darco S.51, ano

ther activated carbon with high adsorptive capacity, was 

used together with the LC.32.5 with the main purpose of 

reproducing whatever results were obtained with the LC.32.5. 

9 



Considering that both carbon were commercial samples, 

this arrangement were followed to minimize any chances of 

running into a special case and besides, it also provide 

valid ground for eventual generalization of the results. 

ANALYTICAL PROCEDURES 

A. Analysis of Surface Oxides 

The determination of the acidic surface oxide groups 

consisted of equilibrating 0.500 gram of the sample with 

50.0 ml. each of 0.1000 Normal NaOC2H5, NaOH, NazC03 and 

NaHC03 solution for three days. A 10-ml. aliquot is then 

pipetted out and titrated with 0.0500N HCl, using phenol

phthalein as indicator in case of NaOC2H5 and NaOH, and 

methyl orange in case of Na2co3 and NaHC03. 

B. Analysis of Adsorbates Concentration 

Determination of the concentration of solution is 

done by ultraviolet spectrophotometry. Initial work was 

done with the Beckman DK-2A, double-beam spectrophotometer 

but owing to its frequent breakdown, most of the data were 

obtained through Spectronic 505 (Bauch & Lomb, Inc.), 

which is also a double-beam spectrophotometer. The photo

metric accuracy of this equipment (-.005 at o.4A) is well 

within the tolerable limit of the experiment. 

10 



Determination of phenol solution at high concentra

tion was carried out with a differential refractometer 

(Brice-Phoenix Differential Refractometer Model BP-2000V) 

using a green filter (546µm ). 

c. Determination of Surface Area 

The specific surface areas of the different samples 

were obtained from N2 adsorption by the B. E.T. method. 

The sample was first prepared by degassing at 10-6mm Hg 

of vacuum and 110°c before subjecting it to adsorption 

measurement. A mercury manometer was used in the measure

ment of the nitrogen pressures. 

EXPERIMENTAL PROCEDURES 

A. Preparation of the Adsorbates 

Stock solutions of both adsorbates were prepared at 

a standard concentration of 0.020 molar by weighing appro

priate quantities of the chemicals and dissolving them in 

suitable volume of doubly-deionized water. 

To prepare the solution for an isotherm run, standard 

solution was pipetted out from the stock solution and 

properly diluted to give a working solution. This working 

solution was then further diluted into the various concen

tration desired. 

11 



,l B. Preparation of the Adsorbents 

The first step in the preparation of the adsorbents 

consisted of stirring the activated carbon (both LCJ25 and 

S51) for 24 hours in 0.1N HCl solution in order to remove 

alkaline impurities, followed by thorough washing with 

doubly-deionized water. The channel black (P607) however 

was merely stirred in doubly-deionized water for 24 hours. 

All samples were then dried overnight at 110°c before use 

in any experiment or any further preparatory treatment. 

These leached samples are henceforth referred to as LCJ25 

(or L), S51 (or S) and P607. 

The surfaces of the carbons were modified by "wet" 

oxidation and reduction. Oxidation was carried out by 

stirring about 20 grams of carbon samples in 500 ml. of 

(NH4)zS20a solution. Different concentrations of 

(NH4)2S20a solution were tried at various lengths of oxi

dizing time (Table I & II). These oxidized samples were 

then washed thoroughly with doubly-deionized water and 

dried at 110°c for 24 hours. (These oxidized samples were 

referred to in this work as L- followed by a number ors

followed by a number). In order to standardized the pre

paration and make the results more significant, only the 

L-12 and s-8, which were both oxidized with saturated 

(NH4)2S208 solution (about 2.5M) for 3 days were selected 

12 
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for additional treatment and experiment. (The oxidation 

of the carbon adsorbents with saturated solution of 

(NH4) 2s2o8 is exothermic, and care must be exercise 

during the first few hours of such a treatment. It is 

recommended that the solution be cooled by running water). 

These two samples are henceforth referred to as LCJ25 0 

and the S51 o. Only one sample was prepared for Black 

Pearl 607. The oxidized sample (P607 0) was prepared by 

oxidizing it with 0.5M (NH4) 2s2oa solution for 2 days, 

followed by thorough washing with doubly-deionized water 

and dried at 110°c for 24 hours. Black Pearl 607 had a 

tendency to turn greasy and broke down into very fine 

particles if it was oxidized too long or when the concen

tration of the oxidizing agent used was too strong. 

The reduction of the samples consisted of mixing 

about 15-20 grams of the above oxidized samples with zinc 

amalgam (which consisted of 50 grams of 10 mesh granular 

zinc covered with mercury) and then covering with about 

150 ml. of concentrated HCl. The reduction was carried on 

for one week, followed by thorough washing with doubly

de1on1zed water and then dried at 110°c. These samples are 

referred to as LCJ25 OR, S51 OR and P607 OR. 

Further preparation of the samples consisted of 

heating the oxidized samples at elevated temperature and 

13 
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ttigh- vacuum (1o-6m.m Hg), This was done by spreading the 

samples in a vycor tube about 1" in diameter and 10" long, 

one end of which is sealed and the other end connected to 

a high vacuum system. The tube was inserted into a high 

temperature furnace, and the temperature was measured with 

an iron-constantan thermocouple and a potentiometer. Each 

sample was prepared by first putting it under vacuum, then 

heating it up to the desired temperature and, let stand for 

24 hours. In removing the samples, it is very important 

that the sample tube be cooled down to room temperature 

first before the vacuum 1s broken. The vacuum system here 

consisted of a mechanical vacuum pump series with a single 

stage mercury diffusion pump. The system was capable of 

producing a vacuum of 10-6mm of mercury. Of the samples 

that were vacuum outgassed, only the L-12 and s-8 outgassed 

at 890°c for 24 hours were used for further experiment. 

These are referred to as LCJ250D and S51 OD (Table III). 

Analysis for the surface oxide groups on each of the 

above treated samples were made with the technique men

tioned earlier, and the results were reported in Table I, 

II & III, It should be noted that the amount of time 

allowed for the different bases 1n contact with the carbon 

samples was an important factor in reporting the base con

sumption or the amount of surface oxide groups present. 

14 



This equilibrium time was also standardized to 3 days in 

this work, 

c. Procedures for Adsorption Studies 

Adsorption studies with these samples were conducted 

in batch process with both phenol and benzenesulfonate 

solution. Solutions of different concentration were pre

pared at 2,000 ml. each from the working solution by dilu

tion. The solution was then evenly divided among four 

500 ml. bottles using volumetric flasks for measurement. 

Usually three samples of one type of carbon which have 

been treated differently were run in the same batch, with 

the fourth series of solution being used for calibration 

purpose. This arrangement provided identical conditions 

for one set of adsorption isotherms. Comparison of results 

was easy and direct, and errors, either environmental or 

mechanical were also minimized. Appropriate amount of 

adsorbents must be used in each case, and after some pre

liminary runs, the following quantities were used in this 

work. To each 500 ml. of phenol solution, 0.050 gram of 

the unmodified and OD, and 0.100 gram of the O and OH sam

ples were added; for benzenesulfonate solution, 0.050 

gram of the unmodified was also used, but for the O and OH, 

0,150 gram were used for each 500 ml, of the solution. 

15 



After the appropriate amounts of samples were introduced 

into the solution, the reaction bottles were put into a 

water bath keep constant at JO± .5°c. and equilibrated 

for 3 days with occasional shaking {about once a day). 

Prolonging the equilibrium time to 6 days gave less than 

5% increase in adsorption as compared to that obtained 

with 3 days. To prevent any interference during ultra

violet analysis by any left-over impurities on the sam

ples, additional samples from each were weighed out and 

introduced into 500 ml, of doubly-deionized water and 

also equilibrated for 3 days. The equilibrium superna

tants were then used as reference solutions during the 

determination of the concentration using ultraviolet 

spectrophotometry. 

All low concentration runs on both phenol and benzene

sulfonate were done with the Spectronic 505, a double-beam 

spectrophotometer using a set of 10 mm. quartz cells. 

For the range of concentration studied, the phenol 

solution conformed excellently to the Beer-Lambert Law, 

showing good proportionality of absorbance to concentra

tion at the wavelength used. For benzenesulfonate solu

tion however, there was a slight deviation at the higher 

concentration range. 

Phenol showed an adsorbance peak at 270 millim1cron, 
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but benzenesulfonate did not show a peak at the range 

studied. However, a plateau of high absorbance was 

observed at short wave length and measurement were made 

at 216 m1111micron, the wavelength corresponding to the 

beginning of the level part of the plateau (26). 

Determinations of phenol at high concentration ex

periments were measured with a differential refractometer. 

Working within this range neccess1tates the involvement of 

large quantity of carbon samples to effect a change in 

concentration large enough to be measured within tolerable 

accuracy. In this case 1.00 gram of samples was used for 

a 100 ml. solution with concentration ranging from 0.100 

to 0.400 molar. The saturated concentration of phenol 

solution is 0.8955 molar (6). 

Kinetic data for the adsorption of adsorbates onto 

the carbon was conducted similar to an adsorption run 

except aliquot portions of the solution were removed at 

different time interval. Calculation in this case were 

corrected to take account of the changes in volume due to 

sample removal. These runs were also conducted in 500 ml. 

bottles, and the amount of adsorbent used in each case 

also corresponds to the amount used in the adsorption 

studies. 
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RESULTS AND DISCUSSIONS 

A. Samples and Their Characterization 

One of the main problem encountered in this work 

was the preparation and treatment of the adsorbents. 

Obviously any subsequent results and observations made 

in this study depended heavily on their proper charac

terization. Table I and II 11st the numerous samples 

that were treated and characterized as to surface-oxide 

groups. It shows that the amount of functional groups 

put onto the surface of the adsorbent depends on the 

strength of the oxidizing agent used and the length of 

oxidation time. The general trend indicates a propor

tional increase of surface-oxide groups for increasing 

concentration of oxidizing agent and length of contact 

time. In the characterization of the groups itself, the 

amount of base required for neutralization increases as 

the equilibrium time is prolonged, suggesting that the 

attainment of equilibrium is a slow process. However, 

an increase on the concentration of the bases used was 

reported to have little or no effect on the base con

sumption (1J). 

Ratios of the base consumption are also listed on 

the last column, and although these figures do not bear 

the simple, whole number ratios as reported by Boehm, 
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Diehl,~ !l (13) for this type of oxidation treatment, 

they show a definite trend that such a ratio was indeed 

possible and probable. Possible explaination for such 

discrepancies may be due to the fact that Boehm, Diehl, 

~ al (13) worked with pure sugar charcoal while techni

cal grade commercial samples were used in this case. 

It is apparent however, that four types of acidic oxide 

groups do exist, though again not in equivalent quantity 

as reported (1J}. It appeared instead that group I and 

III, or the strong carboxyl group and the phenolic group 

are the predominant groups. 

One of the objectives of this work is to isolate the 

different groups of surface oxides that were characterized 

and study its role in the adsorption process. It was 

reported that during pyrolysis of the acidic surface 

oxides, each individual group was decomposed at a differ

ent temperatures (13,14). Table III lists the results 

obtained in this attempt. The results show that the decom

position occured to all the groups to a certain extent, 

and no clear preference of any individual group. Pyrolysis 

at 890°c did resulted in an apparent complete decomposition 

of group II and IV, but then the remaining groups I and III 

were also reduced significantly in quantity for them to be 

of any value in the study for their roles in the adsorption. 
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These samples however provided excellent examples of how 

a low capacity adsorbent may be improved by removal of 

surface oxide groups. 

B. Kinetics Studies 

Prior to any adsorption equilibria studies, the 

kinetics of adsorption was conducted with most of the 

samples involved. The results are shown in Figures 2, 3 

e.nd 4. No efforts were extended to take the kinetics 

during the first few hours of the uptake. Some of these 

were already studied by Morris & Weber (1) who reported 

that intraparticle diffusion of solutes in the internal 

capillary pores of the carbon is the rate controlling 

factor. It was also shown that there was an abrupt 

decrease in the rate as adsorption proceeds and a slow 

approach to final equilibrium. Apparently Figures 2, 3 

and 4 represent the adsorption on its slow approach to 

equilibrium. Adsorption results obtained for 6 days 

showed an increase in uptake of less than 6% as compared 

to those for 3 days. Of utmost importance to this work 

however is not whether equilibrium was in fact attained 

but that all samples studied had approached equilibrium 

to the same extent. This would provide ground for a 

meaningful comparison of adsorptive capacities between 

20 
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the various samples involved. Besides, practical adsorp

tion works are usually terminated well below the equili

brium point for maximum efficiency. 

C. Adsorption of Phenols 

As was already obvious in the kinetic runs, the 

adsorption isotherms at low concentration obtained from 

the different samples with phenol exhibited significant 

differences in adsorption capacities as shown in Figures 

5 and 6. In both cases, the effect of oxidation appeared 

to have reduced the adsorption capacities of the carbon 

for phenol by a factor of 2 to 3 on a per gram basis. 

Using the values of specific surface area obtained from 

N2 adsorption by the B. E.T. method, Figures 7 and 8 

were prepared from the same data with the amount adsorbed 

expressed in a per unit surface area basis. It is appa

rent that the adsorption isotherms are basically identi

cal with those on Figures 5 and 6, suggesting that the 

differences in adsorption capacities were not due to dif

ferent surface area. It must be remembered however that 

these furface areas included micropores and capillaries 

accesible to the smaller nitrogen molecules, but not 

necessarily accesible to the larger phenol molecules. 

Dependence of adsorption on the nature of the adsor-
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bent surface, although not specifically studied, has been 

reported before (11). Thus, the results of reduction or 

vacuum outgassing at elevated temperature of the oxidized 

samples, which in effect removed or destroyed some of the 

surface oxide groups, tends to restore or at least 

increase the adsorptive capacities of the samples. Con

sidering that no significant change in specific surface 

area was observed in such a treatment, these results 

indicate that these functional groups are directly respon

sible for the difference in adsorptive capacity. This is 

in agreement with an earlier work which showed isotherms 

of similar type of carbon (LCJ25) used in this work but 

oxidized to a higher total acidity exhibiting an even 

lower adsorption capacity (25). 

Phenol adsorption at high concentration were also 

conducted with two of the carbons (LC325 and P60?); the 

results are shown in Figures 9 and 10. These results 

indicate that the effects of the functional groups on 

the adsorption capacities were the same at high and low 

concentration. However the differences in this higher 
'~. 
< 

concentration range were not as large as those exhibited 

for lower concentrations. The differences in these case 

were only about 25% for P607 and from 50 to 100% for 

LCJ25. It 1s interesting to note though that ,,the iso-
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therms of the oxidized and reduced samples can hardly be 

differentiated for P607 while for LCJ25 there was even a 

reversal, with the oxidized samples showing a greater 

adsorptive capacity than the reduced samples. No explain

ation was available at this point for such discrepancies 

although a cumulation of errors was suspected. The 

results also differ from the results of Coughlin & Ezra 

(25) that a high concentration the isotherms did not 

appear to be influenced strongly by the functional groups. 

It was reasoned that at high concentration the molecules 

are adsorbed in the vertical or end-on position with the 

forces of interaction between the phenol molecules them

selves affecting the adsorption more than that between 

the phenol and the functional groups. Still another com

plicating problem which arose in working at this concen

tration was the occurrence of multilayer adsorption. 

Data available at this point were inadequate and no 

attempt has been made to resolve the problem. 

In the lower concentration region, the isotherms 

appeared to be of Langmuirian type. The plateaus of the 

different isotherms were visually determined at an arbi

trary equilibrium concentration of 250 micromoles per 

liter and are listed in Table V. Taking the cross-sec

tional area of the phenol molecule laying flat as 41.2 
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Angstroms squared, the approximate surface coverages of 

the different adsorbents by phenol were calculated and 

are listed in Table VI. The fact that the surface cover

age range from 10 to 40% suggested that the adsorption 

was well below the monolayer region. 

The data for the lower concentration range for phenol 

were also fit to the Langmuir equation for monolayer 

adsorption, 
XmbC 

X = ----1 + bC 

or C = 1 x Xmb 
+ C 

Xm 

where C = equilibrium concentration 

X = amount of solute adsorbed per unit weight of 
adsorbent 

Xm = value of X for complete monolayer coverage 

b =Constantin Langmuir equation, expressive of 
energy of interaction with surface 

A plot of C/X versus C revealed two different straight 

lines with different slopes for each isotherm. The break 

in the line, i.e., the point where the slope changes, 

appeared to occur at 70 micromoles per liter for LCJ25 and 

at 120 micromoles per liter for s51. These concentrations 

are well below the ranges where the second plateau of a 

phenol isotherm occur. The slopes of the lines were 

obtained and tabulated in Table VII. The results shows 
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that the break lowered the slope by about 50-60%. Since 

the reciprocal of the slope is Xm, the amount of adsor

bate required for a complete monolayer coverage, the 

results suggested that either the surface area available 

for a monolayer adsorption had suddenly doubled, which is 

not probable, or the packing or orientation of the 

adsorbed molecules had changes. Giles, MacEwan, et~ 

(22) reported that although the phenol molecule is 

usually thought adsorbed end-on because of the monofunc-

tional attraction of the hydroxyl group toward polar subs

trate, experimental isotherms at low concentraion appeared 

to be of Langmuir type. The presence of a second plateau 

at a higher concentration lead them to suggest that at low 

concentration, the attraction of phenol for carbon probab

ly lies in non-polar forces operating over the whole 

phenol nucleus. The second step in the isotherm represents 

a reorientation of the phenol molecules from the prostrate 

to the end-on position, thus uncovering a portion of the 

original surface of the carbon. Ottewill and Tiffany (23), 

in a study of the adsorption of long chain acids onto 

rutile, showed that the reorientation of the unsaturated 

acids adsorbed on the surface was characterized by a sharp 

break in the slope of the Langmuir plot. Figure 11 and 12 

showed a similar change in slopes suggesting the reorien-
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tat1on of the phenol molecules adsorbed on the surface 

of the carbon substrate. The change appeared to start 

at a concentration of about 70 micromole/liter for the 

LCJ25 samples and 120 micromoles/11ter for the s51. 

Using the cross-sectional area of the phenol molecule 

laying flat on the surface as 41.2 Angstroms squared, and 

that of a vertical or end-on position (the molecules were 

considered to be standing straight up, thus giving a mini

mum cross-sectional area) as 18 Angstroms squared, the 

surface area of such a monolayer was calculated and 1s also 

tabulated in Table VII. The reasonably good agreement bet

ween the surface areas obtained by the two sets of slopes 

well supports the theorized reorientation of the adsorbed 

phenol molecules. 

D. Adsorption of Benzenesulfonate 

Adsorption studies of benzenesulfonate were also 

conducted. Some kinetic studies were also carried out 

and are reported in Figure 4. Figures 13, 14 and 15 show 

the results of the adsorption studies with benzenesulfo

nate with the various samples. These results revealed the 

same effect on the adsorptive capacities of the adsorbent 

by the functional groups as with the phenol. In fact, as 

shown by the reduction of adsorptive capacities by factors 
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from 3 to 14 for oxidized samples, the effects seemed to 

be more pronounced. The reduction of the samples also 

tended to restore the adsorptive capacities but, except 

for P607, fell well below the original capacities. 

The adsorption isotherms in Figures 13 and 14 appeared 

to be Langmuirian, while the Figure 15 isotherm was of the 

s-type. This was not surprising since Giles, MacEwan, et 

~ (22) showed that aromatic sulfonic acid appeared to be 

monofunctional toward graphite in water. It seemed that 

the high attraction of the sulfonate group for water draws 

this group as far as possible into the water phase, and 

thus only the opposite unsulfonated end of the nucleus is 

in contact with the graphite. In this way the strong 

intermolecular forces between their hydrophobic nucleus 

can exert their maximum effect; that is, a solute molecule 

is more stable adsorbed adjacent to other already adsorbed 

molecules than in isolation by itself. This implies that 

the more solute is adsorbed, the easier it is fcradditio

nal amounts to become fixed. This phenomenon leads to an 

S-shaped isotherm. Further, they indicated that whenever 

ans-shape isotherm is obtained with any aromatic solute, 

the adsorbed molecules are oriented perpendicularly to 

the surface, but not vice versa. Thus, despite the Lang

mu1rian shape of the isotherms in Figures 13 and 14, the 
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orientation of the benzenesulfonate molecules are 

theorized to be perpendicularly adsorbed to the surface. 

In all cases, the monolayer capacities of benzene

sulfonate were very much smaller than they were with 

phenol. This is somewhat surprising considering that 

phenol molecules were adsorbed flat on the surface of 

the carbon adsorbates and hence should be occupying more 

space. Morris & Weber (1) noted similar results and sug

gested that this decreased capacity may be due to mutual 

repulsion by the ionic sulfonate groups so that they are 

not able to pack as closely to each other as can phenol 

molecules. 

E. Effects of Calcium Ions on the Adsorption of Benzene 
Sulfonate 

The adsorption studies of benzenesulfonate had shown 

that while the adsorbate molecules were adsorbed perpendi
/ 

cularly to the surface, thus occupying minimum of surface 

space available for adsorption, the mutual repulsion bet

ween the highly polar sulfonate groups prevented any close 

packing from occuring. Zettlemoyer,~!!. (24) reported 

that traces of calcium ions greatly enhanced the adsorption 

of sodium dodecyl sulfate and sodium dodecylbenzene sulfo

nate onto Graphon. Apparently the adsorption of calcium 
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ions reduces the repulsion between the sulfonate anions 

so that closer packing can occur. Experiments in this 

direction were conducted with benzenesulfonate as the 

adsorbate and the results are shown in Figures 16, 17 & 

18. As expected, there was a general increase in the 

adsorption of benzenesulfonate when traces of ca++ were 

added. It is interesting to note that while the increase 

in adsorptive capacity for an untreated sample (LCJ25 in 

Figure 16) was a mere 15 to 20%, the increase for the 

treated samples (S51 OR in Figure 17 and P607 O in Figure 

18), with the same amount of ca++ added, was about 200 

and 50% respectively. These results seem to indicate that 

while the repulsive forces between the adsorbates molecules 

++ 
were reduced by the addition of Ca , it is probable that 

the repulsive forces between the surface oxide groups and 

the adsorbed molecules were also correspondingly reduced. 

Unfortunately, the data available were insufficient to 

draw any positive conclusions. 

Figures 19 shows the adsorption isotherm of phenol 

with and without the presence of Ca++. As expected, the 

results show no change in the adsorptive capacity, thus 

further strengthening the proposition that the attraction 

of phenol for the carbon lies in non-polar forces operating 

over the whole phenol nucleus. 
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F. Total Acidity and Area Coverage 

In order to correlate the data, the plateau values 

for the adsorption of phenol and benzenesulfonate were 

obtained by reading it from the graphs at two arbitrary 

equilibrium concentration well within the plateau region., 

Since these adsorption values corresponded to the mono

layer adsorption of the adsorbates, the surface area of 

the adsorbent covered by these adsorbates may be calcu

lated by using 41.2 and 22.J Angstroms squared as the 

cross-sectional area of the phenol and benzenesulfonate 

molecules respectively. Phenol molecules were considered 

to be adsorbed flat on the surface of the carbon adsorbent 

while the benzenesulfonate molecules were assumed adsorbed 

in the vertical or end-on position. These results are 

shown in Table V and VI together with the total acidity 

(NaOC2H5 consumption) of the adsorbents and the specific 

surface areas as determined by nitrogen adsorption using 

the B. E.T. method. As shown in Figures 20 and 21, the 

calculated percentages of adsorbent surface area covered 

by the adsorbates {tabulated in the first two columns in 

Table VI), display a fairly good correlation with the 

total acidity of the adsorbents. An earlier report on 

this correlation (25) is included in Figure 20. A com

parison of the two results showed excellent similarity 
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in the correlation curves of the two parameters, except 

that the curve was shifted upward and to the right. 

This discrepancy may probably be attributed to the cha

racterization of the acidic oxide groups. It was reported 

that the samples used in the lower curve were neutralized 

with the base for 24 hours (25), while in this work, the 

neutralization took J days. It is thus possible to increase 

the total acidity accounted for by prolonging the neutra

lization time. The effect of this will shift the lower 

curve to the right. 

Figure 21 showed the same correlation with benzene-

sulfonate as the adsorbate, While a similar trend was 

displayed, no conclusive relationship was projected due 

to the scatter in the data. 
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CONCLUSIONS AND RECOMMENDATIONS 

This study shows that different quantity of acidic 

surface oxides may be put onto the surface of the carbon 

by simple chemical treatment. These surface oxides may 

also be reduced or removed by either chemical or thermal 

treatment. Attempts to isolate individual group of 

these surface oxides with thermal decomposition under 

vacuum have failed, but other techniques such as chemical 

treatment for selective blocking or neutralization of a 

particular group are worth trying. 

The results show the capacity of carbon adsorbent 

to pick up anionic adsorbates such as phenol and benzene

sulfonate to be definitely related to the concentration 

of acidic oxide groups present. In general, the lower 

the concentration of acid surface oxides, the higher the 

adsorptive capacities. Adsorbents with low acidic oxide 

groups may be obtained by either wet reduction with zinc 

amalgam or vacuum outgassing at elevated temperature. 

The degree of adsorption also depends on the types of 

adsorbates and adsorbents involved. Thus activated car

bon exhibits higher capacity than the channel black, and 

both adsorbents show larger capacity for phenol than for 

benzenesulfonate. Results show that the latter phenome

non is due to the strong mutual repulsion between highly 
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polar sulfonate groups of the adsorbates, and that this 

interacting forces may be reduced by the addition of 

traces of ca++. The addition of ca++ is also believed 

to reduce the mutual repulsive forces between the func

tional groups and the adsorbates. Additional experiment 

++ with the Ca is recommended to provide a positive con-

clusion. 

The results also show the reorientation of the 

phenol molecules from the prostrate to the end-on posi

tion to have occurred at a relatively low concentration. 

Some differences in the adsorption capacities are also 

detected with phenol at high concentration. Again, add

itional experiment on this is recommended. 
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APPENDIX 



Neutrd!iz.;Jtion of Acidic Surfdcr2-Qxides 

CONC.-..c OXID.* EQUIL.* BASES USED, meq/lOOg.CARBON * SAMPLE MOLAR DAYS DAYS NaOEt NaOH Na 2co 3 NaHC0 3 
RATIO 

L 7 144 105 75 77 
L 2 52 54 21 20 
L-2 0.05 7 7 200 115 57 95 4.2/2.4/1.2/2 
L-3 0.1 7 7 233 109 34 46 10 /4,8/1.4/2 
L-4 0.2 14 7 270 180 105 65 8.2/5.6/3.2/2 
L-5 0.3 8 7 275 222 110 75 7.4/6,0/2.8/2 
L-6 0.2 20 2 185 110 54 22 16 /8.0/4.8/2 
L-7 0.2 22 2 155 109 49 35 8.8/6.2/2.8/2 
L-8 0.2 30 1 128 110 40 20 12 / 11/4,0/2 

2 175 125 45 28 12/8.6/3.2/2 
L-9 SAT 3 2 322 380 257 187 3.4/4.0/2.8/2 
L-10 1.0 30 2 279 258 166 107 5.2/4.8/3.0/2 

3 313 262 184 122 5.1/4.3/3.0/2 
5 311 262 167 115 5.4/4.6/2.8/2 

L-11 0.2 180 3 162 121 79 60 5.4/4.0/2.6/2 
L-12 SAT 3 3 310 292 205 150 4.2/3.8/2.7/2 

• Note: refer to Table II 
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TABLE 11. N<2.utrc3/ ization of Acidic Surfc3ce-Oxid<2.s 

SAMPLE CONC. OXID. EQUIL. BASES USED, meq/lOOg. CARBON 
MOLAR DAYS DAYS NaOEt NaOH Na 2co 3 NaHC0 3 

s 2 120 50 10 12 
s 7 201 108 L[9 94 
S-1 0.15 14 7 270 202 100 75 
S-3 0.4 21 2 '-l30 307 210 120 
S-4 0.2 22 2 107 112 42 40 

2 122 98 54 Lf2 
1 135 100 53 35 

S-5 0.2 180 3 225 139 90 77 
S-6 SAT 3 2 508 601 298 197 
S-7 1.0 30 5 293 277 180 118 
S-8 'i SAT 3 3 421 357 245 185 

Note: Column 2- concentration of oxidizing solution (NH4)2S20a 
Column 3- length of oxidation time 
Column 4- Length of time equilibrated with bases. 
Column 9- Ratios of the base consumption 

RATIO 

7.2/5.4/2.6/2 
7.2/5.2/314/2 
5.4/5.6/2.0/2 
5.8/4.6/2.6/2 
7.8/5.8/3,0/2 
5.8/3.6/2.4/2 
5.2/6.0/3.0/2 

5.0/4.6/3.0/2 
4.6/3.8/2.6/2 
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Neu-trc:1/izc:1-tion of Acidic surfc:1ce Oxides. Th<2 Sdmpl.as were Outgassed under 
Vc:1cuum c:1t Difft2rent Tempt2rc:1t-ures for 24 Hrs 

SAMPLE OUTGASSED CONC. OXID. EQUIL. BASES USED, meq/lOOg. CARBON RATIO 
TEMP . Cl\: MOLAR DAYS DAYS NaOEt NaOH Na 2C03 NaHC03 

L-7 0.2 22 2 155 108 49 35 8.8/6.2/2.8/2 
490 2 70 45 15 8 17 /11 /3.6/2 
890 2 36 28 9 6 12 / 9 /3.2/2 

L-9 SAT 3 2 322 380 257 187 3.4/4.0/2.8/2 
890 2 36 28 9 6 12 / 9 /3.2/2 

L-12 SAT 3 3 310 292 205 150 4.2/3.8/2.7/2 
890 3 65 55 15 10 6.5/5.5/1.5/1 

S-3 0.4 21 2 430 307 210 120 7.2/5.2/3.4/2 
200 2 450 295 185 132 7.8/9.9/2.8/2 

- 490 2 132 108 57 29 9.0/7.4/2.8/2 
S-6 SAT 3 2 508 601 298 197 5.2/6.0/3.0/2 

600 2 102 66 23 16 13 /8.4/3.0/2 
890 

,, 
2 53 50 21 11 9.8/9.2/3.8/2 

S-8 SAT 3 3 421 357 245 185 4.6/3.8/2.6/2 
890 3 60 60 25 20 6.0/6.0/2.5/2 

TABLE III. 
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TABLE IV. SURFACE ACIDITIES AND SURFACE AREAS OF CARBON ADSORBENT SAMPLES 

SAMPLE BASE CONSUMPTION, Meq/lOOg SURFACE GROUPS, meq/lOOg. BET(N2} 
NaOEt NaOH Na2C03 NaHC03 IV III II I m2/g 

LC325 59 48 28 30 11 20 30 1076 
LC325 o* 310 292 205 150 18 87 55 150 861 
LC325 OR 246 210 129 92 36 81 36 92 840 

! " LC325 OD 65 55 15 10 10 40 5 10 1015 i 
~ 

S51 108 71 48 40 37 23 8 40 586 
* S51 0 421 357 245 185 64 112 60 185 596 

\.,.) 
ex:, 

S51 OR 215 181 112 80 34 70 32 80 836 
S51 OD 60 60 25 20 35 5 20 725 

P607 ) 265 203 132 109 62 71 23 109 646 
/· 

P607 0 350 267 185 152 83 82 33 152 613 
P607 OR 298 223 142 107 75 81 35 107 640 

Note: The oxidized LC325 used here was the L-]2, and the oxidized S5] was the 
S-8. 
All the samples in this table are different from samples described in 
Table I, II and III. 
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TABLE V. PLATEAU VALUES FOR THE ADSORPTION OF PHENOL & BENZENESULFONATE 
SAMPLE BENZENESULFONATE,70 rnoljl. PHENOL, 250 rnol/l. SURFACE AREA 

rnoles/g rnoles/rn2 rnoles/g rnoles/rn2 BET (N2) rn2/g 

P607 100 0.155 646 
P607 0 33 0.054 613 
P607 OR 64 0.100 640 

LC325 229 0.213 1230 1.143 1076 ~-· 
~ LC325 01 20 0.023 460 0.534 861 '° 

LC325 OR 89 0.106 540 0.642 840 
LC325 OD 1160 1.142 1015 

S51 195 0.333 775 1.322 586 
S51 02 13 0.022 275 0.461 596 
S51 OR 26 Cl.031 530 0.634 836 
S51 OD 1090 1.507 725 

l-sarne as L-]2; 
2-sarne as S-8 
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TABLE VI I PERCENTAGE OF ADSORBENT SURFACE AREA CB. E.T. , Na) OCCUPIED 
BY BENZENESULFONATE AND BY PHENOL 

SAMPLE % OF SURFACE OCCUPIED % OF SURFACE OCCUPIED TOTAL 
BY BENZENESULFONATE BY PHENOL ACIDITY 

P607 2.08 265 
P607 0 0.73 350 
P607 OR 0.13 298 

LC325 2.86 28.35 59 I : .=-
0 LC325 0 0.31 13.24 310 I 

! . 

LC325 OR 1.42 15.92 246 
LC325 OD 28.40 65 

S51 4.48 32.78 108 
S51 0 0.30 11.43 421 
S51 OR 0.42 15.72 215 
S51 OD 37.40 60 

l 

' ;.· 
f '.t 
. ':J 
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TABLE VI I I SURFACE AREAS FROM THE LANGMUIR PLOT <PHENOL ISOTHERMS) 
CONCENTRA- S~------- SLOPE X SURFACE AREA*, M27G 

2 TION RANGE ·~-- --- -- - -- --- µmo:r/mg ~=18 A2 ~=41.2 A 

LC325 0.636 1.571 - 170 
above LC325 0 1.460 0.686 74.4 

70µmole/l. 
LC325 OR 1.333 0.750 81.3 

LC325 1.08 0.927 230 
below LC325 0 2.90 0.345 85.6 

~ 70µmole/l. ..... LC325 OR 2.81 0.356 88.3 

S51 0.942 1.061 115 
above 

l20µmol/l. S51 0 2.86 0.350 37.9 
S51 OR 1.357 0.736 79.8 
S51 OD 0.688 1.452 157.3 

S51 1.56 0.643 159 

below S51 0 5.56 0.180 44.6 
120µmol/l. S51 OR 2.60 0.385 95.5 

S51 OD 1.06 0.940 233 

Note: Surface areas are used on Xm, not on BET N2 adsorption 
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Fig. 4 R'3tes of Adsorption of Sodium Br2nzr2ne Su/fon'3te bn Activ'3t~d C'3rbon 
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Fig. 5 Adsorption Isotherms of Phenol on Activc1ted Cc1rbon "Columbicl LC325 11 

in Aqueous Solution, 30°C, 3 Dc1ys Equilibrium Time 
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! Fig. 6 Adsorption Isotherms of Phenol on Activc3"ted- Cc3rbon "Dc3rco S5/ '' 
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Fig, 7 Adsorp-tion /so-therms of Phenol on Ac-tivc:1-ted Cc:1rbon "Co/umbic:1 LC 325 11 

in Aqueous So/u-tion 30 C 3 Dc1ys Equilibrium Time 
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Fig, JO Adsorption Isotherms of Phenol on Activ,atoo C,arbon '
1
Columbi,a LC325• 

in Aqu<2ous Solution 30 C 3 D,ays Equilibrium Time 
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Adsorpt-ion Isotherms of Sodium BQnzene Sulfonc1te on Activc1ted Cc1rbon 
"Columbic1 LC325" in Aqueous Solution, 30°C, 3 Dclys Equilibrium Time 
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Adsorption _lsothf2rms of Sodium Bf2nzene Sulfonc1tf2 on Activc1tr2d Ccarbon 

"Dc1rco S51'' in Aqueous Solution, 3CfC, 3 Dc1ys Equilibrium Time 
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Adsorp-tion Isotherms of Sodium Banzrzne Sulfonote on Corbon Block 
''Block Peorl P607" in Aqueous Solution, 30°C, 3 Doys Equilibr:ium Time 
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Effect of Cc1 ... on the Adsortion of Sodium B<2nzene Sulfonc1te on Activc:3ted 
Carbon "Columbi.a LC325"in Aqueous So/ution,,30°C, 3 flays £qui/. Time 
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ADSORPTION OF PHENOL ON LC325 

c,µmol/1. x,µmol/g x'µmol/m 2 C/X, mg/1. 

27.5 1,250 1.162 220 
186 1,140 1.060 163.0 
106 940 .o. d70 112.8 

LC32.5 67 830 0.772 80.7 
J2 680 0.632 47.0 
20 .550 0.511 J6.4 
11 390 0.363 28.2 
2 230 0.214 8.7 

JOO 500 0 • .581 600 
21.5 • 42.5 o.4J4 .506 
129 352 o.409 367 

LCJ2.5 0 90 JOO 0.349 JOO 
50 250 0.290 200 
J4 205 0.238 166 
20 150 0.174 1JJ 
8 85 0.099 94 

289 555 0.660 521 
202 490 0.583 412 
120 ,f, 400 o.476 JOO 

LCJ25 OR 82 J40 o.405 241 
45 275 0.327 164 
27 240 0.286 112 
12 190 0.214 63 
4 105 0.125 38 

' 1 
285 1,150 1.133 248 
184 1,160 1.142 158 

LC32.5 OD 100 1,000 0.98.5 100 
63 870 0.857 72.4 
35 650 o.64o 54 
8 420 o.414 19 

Note: 0.050 g. of LCJ25 & LCJ25 OD in 500 ml. solution 
0.100 g. of LCJ25 0 & LCJ25 OR in 500 ml. solution. 
Conditions: 300c, J days equilibrium ~ime 

r,.. 
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ADSORPTION OF PHENOL ON S51 

c,µmol/1, x,µmol/g Xµmol/m2 C/X, mg/1. 

316 840 1.433 376 
{· 

228 730 1.245 311 
' 133 670 1.143 198 
', 

1' S51 92 580 0.989 158 
·i 49 510 0.870 96 

31 440 0.751 70.5 
13 370 0.631 35.0 

r' 250 o.427 
~' 

ii ,_) 341 296 0 .L~9 5 1156 
? 244 280 o.470 871 
:t 151 245 o.411 616 
•, ,· S51 0 116 170 0.285 682 
,,. 
i.: ',. ' 61 195 0.327 312 
' 44 155 0.260 284 

29 105 0.176 276 
. 6 95 0.159 63 

288 560 0.670 514 
199 505 0.604 394 

., 118 i10 o.490 288 
," ,, 
. I: .. ~ S51 OR 78 60 o.430 216 

.1 ·' ., ' 4J 285 0.341 151 ,.:, ; 
/i t 26 245 0.293 106 ,\i ' 
(·,r . 

16 170 0.203 94 ·1:I : 

I 
r J 110 0.132 27 
" ,. 
;i : 
' ! 

'J' .; 287 1,130 1.560 254 
t' : 200 1,000 1.380 200 
'i 

f 
S51 OD 117 8JO 1.145 141 

r 62 880 1.21.3 \70.5 
r .. 32 680 l 0.939 47 
{ ' 8 420 0.580 19 
i, ,! 

I 

'1 ' Note: S51, S51 OD - 0.050 g. in 500 ml. solution 
S51 0 & S51 OR - 0.100 g. in 500 ml. solution 

/ i Conditions: 30°c, J days equilibrium time ;.,, ,. 
:J 
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ADSORPTION OF BENZENESULFONATE ON LCJ25 

LC325 LC325 0 LC325 OR 
~mole .umole ~ole ~ole ~mole u.mole , I I 
liter g. liter g. liter g. 

i 

' 
76.5 235 92.7 24.3 75.0 100 

1 
57.5 223 73.7 21.0 63.2 74 

,-,: 38.8 212 54.5 18.3 45.3 73.5 
i: 
,,;; 29.0 210 45.2 16.0 36.6 67.0 
~ ,, 19.5 205 36.3 12.3 27.7 61.5 

~r 
10.7 193 27.4 e.6 19.0 55.0 
3.0 170 17.2 9.3 8.6 57.0 
2.0 80 7.7 7.6 50.0 

~ : 

ADSORPTION OF BENZENESULFONi~TE ON S51 

S51 S51 0 s51 OR 
}.fmole ffmole Mmole ~mole ).:fIDOle _µmole 

1: liter liter liter g. g. g. 
,, 

(, 
-.-
\' -· 82.0 180 90.0 17.5 97.0 JO 

ti 
59.3 207 75.0 7.5 57.5 25 
41.0 190 58.0 15.5 47.7 23 

'; j 32.5 175 47 • .3 10.5 .38.7 1.3 
,,' :, 

' 
22.2 178 .37.6 6.0 27.5 25 
14.4 156 28.8 .3. 0 18.0 20 
5.5 145 18.7 .3. 2 . 
o.B 92 8.0 3.8 

',1! 
°t' ' 

ADSORPTION OF BENZENESULFONATE ON P607 

P607 P607 0 P607 OR 
J&mole ~mole ).:fmole f-@Ole jimole ,gmole 
Liter g. liter g. liter g. 

89.5 105 84.8 50.6 85.0 150 
7.3.0 70 69.5 35.0 69.5 105 

'.{ 

54.8 52 55.0 26.6 51.5 85 
45.3 47 43.5 21.6 43.0 70 
38.5 15 34.8 17.3 34.8 52 

'.'I ;' 27.5 25 26.5 11.6 25.6 44 

\, 

18.6 14 16.6 11.3 16.7 33 
; ;i ... 9.7 3 8.2 6.0 7 .5 25 

Note: LC325, S51, S51 0, S51 OR, P607 & P607 OR - 0.050 g. 
in 500 ml. solution; LCJ25 O,& LCJ25 OR - 0.100 g. 

\ 
1n 500 ml. solution; P607 - 0.150 g. in 500 ml. 

',' 
solution. Conditions: 30°c, 3 days equil. time. 
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ADSORPTION OF PHENOL (HIGH CONCENTRATION) 
I 
I 

SAMPLES mmole mmole pole 
liter g. m2 

·, 

354 4.60 4.27 

i,• 
258 4.20 3.90 

' LCJ25 158.5 4.15 3.86 
64.5 3.55 3.'30 

,, 
364.5 3.55 4.12 

'• ,, 
267.0 3.30 3.37 

I : ,.• ,. 
' 

LC32.5 0 171.0 2.90 3.83 
T i 

\ 85.0 1.50 4.12 
:' 
i .. 

J', 
·1,. 376 2.40 2.86 

{.' 
; 

280 2.00 2.38 '-

:, ; LC325 OR 178 2.20 2.62 
" T ,. 77 2.30 2.74 
; 

'J I 

343 2.85 4V.41 
' .I 

f i f;1 > · 
248 2.60 3.87 

I 'l ~ I\ 
,T 

P607 157 2.15 3.33 
I ;1 · 
-:1.-: 

64 • .5 1.78 2.76 
},1 
ir'' 
.J I 
.d .j t 

354 2.30 3.75 
ii : 
) :i 

257 2.15 3.51 

~ i 
P607 0 165 1.75 2.85 

. I 72 1.40 2.28 
'' I 

·I 

·.' u 
I j 
) i 3.5.5 2.25 3 • .52 

;· . 

257 2.15 3.36 
~- I 
., T 

P607 OR 163 1.8.5 2.89 
o T 69 1.6.5 2.58 

. i 

. 'i 

i; 
,t · . 

. I ( i 
!II 
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~ 
/i 
1' ,, 
' 

·, 
r ,, 

~ . 
'" . l; 

i' i 

i, 

' 1: . 
,1, 

\ 

.1,. 
~~ 

): ' 
': 
j' 1 

,, I 

i,-. ,1 
\' i~1 , I 
_.,,\I 

:}1:: ! 
l ! i 

•i I ~-. ' 
~;1 ' 

t· 

J ,; 
1 i 

I 

EFFECTS OF ca++ ON THE ADSORPTION OF BENZENESULFONATE 

LC325 with 0.2mmole S51 OB with 0.2mmole 
CaCl2/100ml. soln. CaCl2/100ml. Soln. 

~mole flmole 14:mole ;&mole 
'Liter g. liter g. 

74.5 264 92.2 78 
5 .6 25 ., 74.o 60 ', 

37.1 229 ) 52.0 80 
28.5 215 42.J 77 
18.5 215 33.8 62 
10.0 200 25.0 50 
2.7 17) 14.2 58 

100 5.5 45 

P607 with o.2mmole LC325 with o.4 mmole 
CaCl2/lOOml. soln. Ce.Cl2/lOOml. soln. 

){mole ).!mole,; };!mole ;«mole 
liter e;. i1ter g. 

79.8 67.J 58.5 365 
64.5 51.6 42.0 360 
47.5 41.6 25.8 342 
40.0 33.3 17.2 328 
J2.J 26.3 7.6 324 
22.8 24.0 0.5 295 
14.1 19.6 

6.9 10.3 

EFFECT OF CALCIUM IONS ON THE ADSORPTION OF PHENOL 

LC325 with 0.2mmole 
CaC12/100ml. soln. 

).fmole µmole 
liter g. 

274 
180 
108 

70 
31 
21 
8 
2 

1,260 
1,200 

920 
800 
690 
540 
420 
230 
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