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Abstract

Adsorption of benzene derivatives of various chemical properties from dilute aqueous solutions on the Norit activated

carbons is investigated. The experimental systems are analyzed in terms of adsorption theory on energetically heterogeneous

solids. The relations between the optimization isotherm parameters, i.e. equilibrium constants and heterogeneity parameters,

and the solute properties, e.g. number, character and position of functional groups are discussed.
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1. Introduction

Adsorption from solution is a competitive process

with equilibrium determined by many factors resulting

from adsorbent, adsorbate and solvent properties

[1–8]. The porous structure of a solid, its energetic

heterogeneity (depending also on a solute) and surface

chemical properties (functional groups) are the main

factors influencing adsorption equilibria. The surface

of activated carbon contains many active chemical

groups, part of which are dissociable ones. The role

of various oxygen functional groups in the mechanism

of organics adsorption was discussed widely in order

to relate the adsorption uptake with the changes

of chemical character of carbon surface [2,9]. For

adsorbate and solvent the adsorption phenomenon

depends on the differences between their chemical

properties, structure and interactions (mutual and with

solid surface). The adsorption of various series of

different organic adsorbates was analyzed to find

some correlations between the sorption experimental

data and the properties of adsorbate and adsorbent

[4,10–19]. Many of benzene derivatives possess acidic

or basic functional groups. Behavior of such adsor-

bate–adsorbent systems may be controlled by the

solution pH—this phenomenon may be taken into

consideration by regarding both the adsorbent surface

and solute molecule as charged species [7,20,21].

Regarding the complexity of considered systems

one can state that the adsorption of organic solutes

on activated carbons may occur by various mechan-

isms that are very difficult to analyze.

In the present paper, the studies of adsorption of

several benzene derivatives from aqueous solutions on

activated carbons Norit RIC, RIB and RIAA are

presented. The adsorbates used are all the bi-func-

tional benzene derivatives. The type and position of

functional groups differentiate solute properties. The

experimental isotherms were measured over a wide

range of solute concentrations at fixed pH and ionic

strength of solution by applying the static method. The

adsorption data are compared and analyzed in terms of
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the theory of physical adsorption on energetically non-

homogeneous solids. In this approach, the effect of

structural heterogeneity is taken into account by its

effect on the adsorption energies of a solute–adsorbent

system. In this way, within the limits of this approx-

imation, the system may be regarded and studied as

one showing mainly the energetic non-homogeneity.

The relations between the adsorbate structure and

adsorption parameters are discussed.

2. Experimental and calculation procedures

The activated carbons RIC, RIB and RIAA (Norit

n.v., Amersfoort, The Netherlands) were chosen for

the adsorption experiment. From nitrogen adsorption/

desorption isotherms the characteristics of the studied

adsorbents were determined: the specific surface area

SBET (SBET;RIC ¼ 1450 m2/g, SBET;RIB ¼ 1190 m2/g,

SBET;RIAA ¼ 975 m2/g), the total pore amount, Vt

(V t;RIC ¼ 0:73 cm3/g, V t;RIB ¼ 0:64 cm3/g, V t;RIAA ¼
0:50 cm3/g), the micropore volume, Vmic (Vmic;RIC ¼
0:66 cm3/g, Vmic;RIB ¼ 0:53 cm3/g, Vmic;RIAA ¼ 0:45

cm3/g), and the external surface area, Sext (Sext;RIC ¼
43 m2/g, Sext;RIB ¼ 70 m2/g, Sext;RIAA ¼ 25 m2/g). The

adsorption capacity, am, was estimated from the specific

surface area and the average area occupied by a simple

aromatic molecule (0.35 nm2) (am;RIC ¼ 4:29 mmol/g,

am;RIB ¼ 4:97 mmol/g, am;RIAA ¼ 6:40 mmol/g) [22].

The adsorption from dilute aqueous solutions was

measured for the following organic adsorbates: 2-, 3-

and 4-nitrophenol; 2-, 3- and 4-nitroaniline; 2-, 3- and

4-nitrobenzoic acid and 2-, 3- and 4-chlorophenol.

The adsorption data of benzoic acid (on carbons

RIAA, RIB and RIC), as well as 4-nitroaniline and

2-, 3- and 4-nitrotoluene (on carbon RIC) were pub-

lished earlier [22,23]. The adsorbate properties are

summarized in Table 1 [24]. The liquid mixtures were

prepared with bi-distilled water and organic sub-

stances of commercially available quality (Merck,

Germany; Aldrich, USA). The known amount of

adsorbent was first contacted with 5 cm3 of water

and degassed under vacuum in Erlenmeyer flasks

and then the adsorbate solution was added. The ionic

strength (I ¼ 0:1 mol/dm3) and pH ¼ 2:2 were regu-

lated by adding NaCl and HCl, respectively. The

vessels were thermostated at 293 K and agitated until

the equilibrium was attained. Finally, the equilibrium

concentrations were measured by using UV–VIS

spectrophotometer Specord M40 (Carl Zeiss, Jena,

Germany). The adsorbed amount of organic substance

was calculated from the material balance. For plan-

ning the liquid adsorption experiments the equilibrium

simulation procedure was used [21].

In order to take into account a strong non-homo-

geneity of the studied experimental systems the

isotherm data for adsorption of solute from dilute

solution were analyzed in terms of the theory of

adsorption on energetically heterogeneous solids.

The global isotherm equation may be written in the

following form [5,6]:

y ¼ a

am

¼
Z
D
ylðc;EÞwðEÞ dE (1)

where y is the relative adsorption of organic solute

over the whole surface phase, a its adsorption, am the

adsorption capacity, yl the local relative adsorption, c

the solute concentration, E the difference of reduced

adsorption energies of solute and solvent, w(E) the

distribution function of differences of adsorption ener-

gies, DE is the integration range.

The global isotherm Eq. (1) generates a group of

isotherms, which can be presented in the form of

Table 1

The properties of various benzene derivatives [23]

Compound Code M (g/mol) cs (mmol/g) pKa

Nitrobenzene NB 137.14 87 –

2-Nitrotoluene 2-NT 137.14 4.74 –

3-Nitrotoluene 3-NT 137.14 3.65 –

4-Nitrotoluene 4-NT 137.14 3.21 –

Benzoic acid BA 122.12 24 4.2

2-Nitrobenzoic acid 2-NBA 167.12 38.9 2.17

3-Nitrobenzoic acid 3-NBA 167.12 18.55 3.45

4-Nitrobenzoic acid 4-NBA 167.12 1.45 3.44

2-Nitrophenol 2-NPh 139.11 14.6 7.23

3-Nitrophenol 3-NPh 139.11 78 8.4

4-Nitrophenol 4-NPh 139.11 84.8 7.15

2-Chlorophenol 2-CPh 128.56 221.69 8.48

3-Chlorophenol 3-CPh 128.56 202.24 9.02

4-Chlorophenol 4-CPh 128.56 210.02 9.38

2-Nitroaniline 2-NA 138.13 7.96 �0.7

3-Nitroaniline 3-NA 138.13 6.52 2.5

4-Nitroaniline 4-NA 138.13 4.13 1
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generalized Langmuir (GL) equation [25]:

y ¼ ðKcÞm�

1 þ ðKcÞm�

" #m=m�

(2)

where heterogeneity parameters m and m� characterize

the shape (width and asymmetry) of adsorption energy

distribution function, and the equilibrium constant, K,

describes the position of distribution function on

energy axis.

For the special values of heterogeneity parameters

m ¼ m� 2 ð0; 1Þ the isotherm (2) reduces to the known

Langmuir–Freundlich (LF) equation [5]:

y ¼ ðKcÞm

1 þ ðKcÞm (3)

This equation approximates very well the behavior of

most adsorption systems of quasi-Gaussian energy

distributions, for moderate adsorption values (e.g.

y 2 0:2–0.8)—even if the energy distribution function

is not entirely symmetrical (i.e. m 6¼ m�).
The experimental adsorption isotherms were ana-

lyzed by using the following linear form of LF Eq. (3):

ln
y

1 � y

� �
¼ m ln K þ m ln c (4)

3. Results and discussion

The adsorption of ortho-, meta- and para-benzene

derivatives: 2-, 3- and 4-chlorophenol 2-, 3- and

4-nitroaniline, 2-, 3- and 4-nitrobenzoic acid, and 2-,

3- and 4-nitrophenol from aqueous solutions on the

carbons RIC, RIB and RIAAwere studied. In Figs. 1–4

the experimental isotherms are drawn in the co-ordi-

nates log a versus log c. However, in Figs. 5–7 the

adsorption isotherms of various 2-, 3- and 4-benzene

bi-derivatives on RIB carbon are compared to illus-

trate the effect of group type and position on sorption

phenomenon. For a given adsorbate series the adsorp-

tion properties of different derivatives depend on var-

ious factors: solubility, acidity, interactions (especially

intramolecular or intermolecular hydrogen bonding),

steric effects [7]. Regarding the complexity of studied

adsorption systems it is very difficult to estimate the

shares of separate effects on adsorption equilibria.

Instead, we chose relatively simple parameters and

properties and tried to find their significance in adsorp-

tion process.

In order to determine the isotherm characteristics

for the studied experimental systems the simple linear

form of LF isotherm was used. These dependencies

are also presented in Figs. 1–4. One can state that quite

Fig. 1. The experimental data and the linear LF isotherms for adsorption of 2-, 3- and 4-chlorophenol from dilute aqueous solutions on the

activated carbon RIB at 293 K.
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a good correlation is observed for all isotherms. The

LF parameters are presented in Table 2. Additionally,

the parameters characterizing adsorption of 2-, 3- and

4-nitrotoluene, 4-nitroaniline [23] and benzoic acid

[22] are given in Table 2. All adsorption systems show

rather strong non-homogeneity effects; the heteroge-

neity parameter m is higher than 0.5 only in the case of

one system.

Fig. 2. The experimental data and the linear LF isotherms for adsorption of 2-, 3- and 4-nitroaniline from dilute aqueous solutions on the

activated carbon RIB at 293 K.

Fig. 3. The experimental data and the linear LF isotherms for adsorption of 2-, 3- and 4-nitrobenzoic acid from dilute aqueous solutions on the

activated carbon RIB at 293 K.
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Analyzing the presented dependencies and values

of adsorption parameters one can conclude that dis-

tinctly higher values of heterogeneity parameter m

(i.e. lower heterogeneity effects) are observed in the

case of ortho-derivatives. However, m is usually the

lowest (highest heterogeneity) for para-derivatives

with values of m for meta-compounds somewhere

in-between. The above differences may be explained

by the closeness of functional groups of ortho-deri-

vatives (this may be ‘‘sensed’’ by the surface as a

single, even as larger, functional group) and separation

of functional groups in meta- and para-positions for

other solutes. Bigger size and/or larger number of

groups of an adsorbate lead to a higher heterogeneity

(lower m) for the same surface [26].

For the RIB carbon and acidic adsorbates (chloro-

phenol, nitrobenzoic acid), log K increases from ortho-

through meta- to para-derivatives. This sequence is

just opposite in the case of basic nitroanilines. One

may conclude, that it must be a result of differences

Fig. 4. The experimental data and the linear LF isotherms for adsorption of 2-, 3- and 4-nitrophenol from dilute aqueous solutions on the

activated carbon RIAA at 293 K.

Fig. 5. Comparison of adsorption isotherms for various 2-benzene

derivatives on the activated carbon RIB at 293 K.

Fig. 6. Comparison of adsorption isotherms for various 3-benzene

derivatives on the activated carbon RIB at 293 K.
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in interactions with various types of surface groups

and changes of acidity (pKa is usually the lowest for

ortho) and solubility (usually the highest for ortho) of

adsorbates.

In Fig. 8 we compared the logarithms of adsorption

equilibrium constants log K with logarithms of their solubilities. Though the data scatter is not negligible

(R2 ¼ 0:71) it is at least in part due to varying carbon

types—it is best visible for adsorption of benzoic

acid on three carbons RIAA, RIB and RIC (black

circles and Table 2). On the other hand, the slope

of the regression line is �1.02, in perfect agreement

with the Traube’s rule [7] (theoretically it should

be equal to �1) i.e. for a given adsorbent Kcs ¼
constant. It means that the main cause of variation

of adsorption equilibrium constant is the varying

adsorbate solubility.

In order to find what are the other factors, we first

plotted the data of log K versus pKa–pH being equal to

log{[acid]/[base]} (Fig. 9). We chose this kind of plot,

because one must remember, that equilibrium constant

K determined in adsorption experiment of dissociable

solute may be in most cases considered as a composite

value which depends on solution pH, i.e. KðpHÞ ¼
ðKneutrcneutr þ KionfqðpHÞcionÞ=ðcneutr þ cionÞ, where

‘‘neutr’’ and ‘‘ion’’ denote respective solute forms

(cneutr þ cion ¼ c) [21,22] and fq(pH) is electrostatic

factor. This simple relationship is valid when the

adsorbent surface is homogeneous—or is heteroge-

neous, but the shapes of adsorption energy distribution

functions of both forms very are alike. Situation is

further complicated if both solute forms interact in a

Fig. 7. Comparison of adsorption isotherms for various 4-benzene

derivatives on the activated carbon RIB at 293 K.

Table 2

The values of parameters characterizing adsorption of organic

substances from dilute aqueous solutions on activated carbons at

293 K

Carbon Adsorbate log K m

RIB 2-Chlorophenol 0.12 0.36

3-Chlorophenol 0.32 0.37

4-Chlorophenol 0.29 0.31

RIB 2-Nitroaniline 1.01 0.52

3-Nitroaniline 0.39 0.39

4-Nitroaniline 0.91 0.40

RIB 2-Nitrobenzoic acid �0.31 0.33

3-Nitrobenzoic acid 0.59 0.34

4-Nitrobenzoic acid 0.77 0.31

RIAA 2-Nitrophenol 0.28 0.49

3-Nitrophenol �0.32 0.34

4-Nitrophenol �0.19 0.34

RIC 2-Nitrotoluene [23] 1.31 0.77

3-Nitrotoluene [23] 1.23 0.45

4-Nitrotoluene [23] 1.52 0.37

RIC 4-Nitroaniline [23] 0.83 0.36

RIAA Benzoic acid [22] �0.31 0.41

RIB Benzoic acid [22] �0.21 0.43

RIC Benzoic acid [22] 0.22 0.34

Fig. 8. Correlation between the adsorption equilibrium constant, K,

and solute solubility, cs, for various benzene derivatives on carbons

RIAA, RIB and RIC.
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different way with surface sites, e.g. acidic or basic

functional groups. For low pH values and weak acids,

pKa–pH ¼ log{[neutr]/[anion]} is high, however, for

weak bases (e.g. nitroanilines) we obtain low values of

pKa�pH ¼ log{[cation]/[neutr]}. Anions at low pH

are adsorbed moderately because usually Kanion are

smaller that Kneutr and Kionfq(pH) may be small despite

surface–anion electrostatic attraction (positive surface

charge). The adsorption of cationic forms of weak

bases is diminished by the same electrostatic factor.

Data analysis shows that there are strong correlations

for nitroanilines on RIB (R2 ¼ 0:83, negative slope),

for nitrobenzoic acids on RIB (R2 ¼ 0:97, positive

slope) as well as for chlorophenols on RIB (R2 ¼ 0:73,

positive slope). However, for nitrophenols on RIAA

(R2 ¼ 0:39, negative slope) and global dependence for

all systems shown (R2 ¼ 0:27, negative slope) such

correlation is quite weak.

Each of the plots shown in Figs. 8 and 9 exposes

only one of the possible factors. From comparison of

these plots, we can see that the main factor is solu-

bility. In order to find out the influence of solute

ionization on adsorption equilibrium constant, we

separated the solubility factor from adsorption para-

meters by calculating the products of equilibrium con-

stants and solubility, Kcs. This parameter may be called

a ‘‘reduced adsorption equilibrium constant’’ (by ana-

logy to c/cs being a ‘‘reduced solute concentration’’). In

Fig. 10 we compare the logarithms of Kcs with pKa–

pH. The overall regression for all systems (various

derivatives on various carbons) shows, that there is no

single general correlation (R2 ¼ 0:001). However,

some of the individual correlations found in Fig. 9

for ortho-, meta- and para-compounds are still quite

well visible. Strong correlations are present for nitroa-

nilines (R2 ¼ 1:00, negative slope) and for chlorophe-

nols (R2 ¼ 0:78, positive slope), whereas for

nitrobenzoic acids and nitrophenols this correlation

disappears (R2 ¼ 0:02).

Quite logically, the increase of pKa–pH for weak

acids (decrease of acidity and increase of concentra-

tion of non-ionized form) causes the increase of

reduced equilibrium adsorption constants, Kcs. How-

ever for weak bases the increase of pKa–pH (decrease

of acidity of conjugate cation, increase of concentra-

tion of cationic form) it causes the decrease of reduced

equilibrium adsorption constants, Kcs. The common

conclusion is that for ortho-, meta- and para-benzene

derivatives, the reduced adsorption equilibrium con-

stants Kcs usually increase with the increasing content

of neutral form of dissociable solute.

One should note, however, that we couldn’t find any

data on pH-dependencies of adsorbate solubility. In

fact, physicochemical tables [23] give often contra-

dictory values of solubility measured at ‘‘natural pH’’,

i.e. pH 	5–8 (even, e.g. densities of nitroanilines

Fig. 9. Correlations between the values of adsorption equilibrium constant, K, and solute ionization (pKa–pH ¼ log{[acid]/[base]}), for

various benzene derivatives on carbons RIAA, RIB and RIC. Individual correlations for ortho-, meta- and para-derivatives are drawn as solid

lines. A dashed line represents general correlation for all data.
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mentioned by CRC and The Merck Index and other

sources may be as different as 0.9 and 1.5 g/cm3).

For weak acids and our experimental conditions

(pH ¼ 2:2, NaCl 0.1 M), actual solubilities are only

a bit lower in result of this (sodium salts are well

soluble), whereas for weak bases, solubilities will be

higher. However, the solubility values reported in

Table 1 may still be used for comparisons of solute

properties.

4. Conclusions

The analysis of adsorption isotherms of several bi-

functional benzene derivatives (with varying type and

position of functional groups) from aqueous solutions

on activated carbons Norit RIC, RIB and RIAA is

presented. The adsorption data are discussed in terms

of the theory of physical adsorption on energetically

non-homogeneous solids. The relations between the

adsorbate properties and adsorption parameters are

studied. The values of adsorption equilibrium con-

stants are correlated with solute solubility and acidity.

The values of heterogeneity parameters are analyzed

by regarding the position of adsorbate functional

groups.
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