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Abstract Natural clay being locally abundant and cheap

material in Algeria can be easily activated to become a

promising adsorbent for phenol removal from aqueous

solution. The natural clay before and after activation was

characterized using XRD and IR techniques. The effects of

various experimental parameters, such as initial phenol

concentration, temperature, pH, contact time, and adsor-

bent dose on the adsorption extent were investigated.

Langmuir adsorption model was used for the mathematical

description of the adsorption equilibrium and the equilib-

rium data fixed very well with this model. The activated

natural clay had the monolayer adsorption capacity equal to

15 mg/g at pH value of 5.0 and 23�C; adsorption mea-

surements show that the process is very fast and physical in

nature. The extent of the phenol removal increased with

decrease in the initial concentration of the phenol and

contact time of solution. The results showed that as the

amount of the adsorbent was increased, the percentage of

phenol removal increased accordingly. Thermodynamic

parameters showed that the adsorption of phenol on acti-

vated natural clay was exothermic.

Keywords Phenol � Activated clay �Adsorption isotherm �
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Introduction

Many wastewaters contain significant levels of organic

contaminants, which are toxic or otherwise undesirable

because they create odor, unsightly color, foaming, etc.

(Aygiin et al. 2003).Among the different organic pollutants

of aquatic ecosystems, phenols, especially the chlorinated

ones, are considered as priority pollutants since they are

harmful to plants, animals, and human, even at low con-

centrations (Apha et al. 2006).

For the removal of aqueous dissolved organic pollutants

the advanced water treatment process like adsorption onto

natural clay is considered to be the most effective and

reliable method. Natural clay either in granules or powder

form has good capacity for the adsorption of organic

molecules (Hassani et al. 2008; Aghamohammadi et al.

2007). They have ability to attract to their surface soluble

materials such as phenol from solution.

Literature shows the use of natural clay made from various

low-cost materials like straw,automobile tyres, fly ash, coal

reject, sewage sludge, begasse, fertilizer waste, saw dust, etc.

for phenol adsorption. (Rengaraj et al. 2002a, b) used activated

carbon prepared from rubber seed coat for phenol adsorption.

Different porous materials like activated carbon cloth, acti-

vated carbon fiber, Ca-alginate beads, diatomaceous earth,

denatured biomass, chitosan material (Annadurai et al., 2000),

Na- Alginate, ion exchange resin, clay, etc. have been used for

adsorption. In designing adsorption system it is necessary to

know the adsorption capacity of an adsorbent which is char-

acterized by the isotherm study. There is continuous diffusion

of solute from the liquid into the solid surface and back dif-

fusion of solute into the liquid. At equilibrium the solute

remaining in solution are in dynamic equilibrium with that of

the surface. (Kumar et al. 2007) have conducted detailed lit-

erature survey of the various adsorption isotherms.
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They are some literature references concerning the

phenol adsorption on organobentonite (Juang et al. 2002;

Vianna et al. 2004), but in our opinion they need further

verification, especially in respect to the pH influence on the

phenol uptake by adsorbent.

The prime objectives of the present investigation were to

conduct the batch sorption tests, which include determi-

nation of sorption kinetics and isothermal adsorption

capacity of the sorbent and to assess the effect of (pH was

5.0) on the removal of phenol from synthetic waste water

(Hall et al. 1996; Alkaram et al. 2009).

Materials and methods

Samples

The clay used in this study was an Algerian montmoril-

lonite, a bentonite type from Roussel in Maghnia, N.W.

Algeria. It was supplied by ENOF Chemical Ltd., Research

Company of ‘‘non ferreux’’, Algeria. For these materials

the cation exchange capacity (CEC) = 90 was assumed.

Treatment and purification procedure

The natural clays were washed several times with distilled

and deionised water and were completely dispersed in

water. After 7 h at rest, the dispersion was centrifuged for

1 h at 2,400 rpm. The size of the clay particles obtained

was \2 lm.

Preparation of Na-montmorillonite

These clay particles were dispersed in water and heated at

75�C in the presence of a solution composed of the sodium

salts of bicarbonate (1 M), citrate (0.3 M), and chloride

(2 M) (Pusino et al. 1989; Robert and Tessier 1974). The

purpose of this operation was to eliminate inorganic and

organic compounds, aluminium found in the inter-layer

spaces and various free cations. Carbonates were removed

by treatment with HCl (0.5 M) and chloride was eliminated

after several washings. The organic matter was eliminated

completely by treatment with H2O2 (30% v/v) at 70�C. The

purified clay was dried at 110�C, and then saturated with

sodium (Na?). To ensure complete transformation into the

sodium form, all samples were washed several times with a

NaOH solution (1 M).

Preparation of Na-montmorillonite

Total CEC and the external CEC (ECEC) were measured

according to Haggerty and Bowman method (Haggerty and

Bowman 1994).

The dried natural clay and activated clay were charac-

terized for CEC by ammonium acetate method. The

experiment have been carried out minimum ten times to

ascertain the values and these are reproducible. The com-

positions of these clays were determined by chemical

method. The TG analysis of natural clay and activated clay

was done with METTLER TG50, up to 900�C with a

heating rate of 20�C/min in air.

One gram of \2 lm purified montmorillonite fraction,

sodium form, was treated with the required amount of

complex according to the following derived equation:

x g of complex needed

¼ meq of clay=100 g � wt kgð Þ of clay used � RMM

Activity of the RMM � Valency of RMM

x g of complex needed = meq of clay/100g 9 wt (kg)

of clay used 9 RMM of the

complex.

where the activity of the complex is the % purity of

complex; valency of the complex is the charge on the salt

and meq of montmorillonite = 90.

Purity of the natural clay samples before and after activation

was tested by IR spectral analysis. An IR transmittance spec-

trum of the ground samples was obtained in the 4,000–400

cm-1 range with Perkin-Elmer FT 1720 spectrometer.

Purity of the natural clay samples before and after

activation was determined by the analysis of the X-ray

diffraction (XRD) spectra, which involved the identifica-

tion and semiquantification of the peak characterstics of the

minerals present. A Philips diffractometer with D5000

Ni-filtered CuKa radiation was used 1,5406 Å. Natural

clay samples before and after activation both randomly and

with preferred orientation were scanned over the interval

5–80� 2h at scanning speeds of 0.03�/5 s.

Results and discussion

Natural clay characterization

X-ray diffraction

X-ray diffraction patterns were obtained using a Philips

PW 1730 diffractometer equipped with Cu-Ka radiation

(40kV, 30 mA). The X-ray diffraction patterns of the

sample clay confirms the characteristics of montmorillonite

type. It shows quartz impurities, residues of ‘‘feldspath’’.

The iron is present both as divalent and trivalent cations

and it is believed that the presence of iron hinders the

exchange of cation as well as expansion of d-spacing upon

organophilization. Therefore, the amount of iron was

reduced both in natural clay and activated clay was treated
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to remove excess iron, which is present as cations between

the clay platelets. The characteristic properties of natural

clay and activated clay for CEC increased to 65–81 meq/

100 g from 81–100.7 meq/100 g. This proves the above

fact that upon removal of iron from clay, the total cation

exchange capacity of clay increases.

This result is also supported by the TGA analysis of

organoclay from natural clay and activated clay. The TG

analysis of natural clay, after being submitted to above

treatment indicated a mass loss of 1.2% up to 200�C, due to

dehydration and a mass loss of 6% from 200 to 800�C,

which can be attributed to dehydroxylation (Fig. 1).

The differential thermal curve of activated clay shows

three peaks (Fig. 2), viz., (a) the free water region in the

temperature below 200�C; (b) the region where organic

substances evolve in the temperature range 200–500�C, and

the structural water in the temperature range 500–800�C.

The TG curves for activated clay with different con-

centrations of the alkyl ammonium salt is shown in Fig. 3.

The comparison of thermograms of natural clay (a) with

that of activated clay by sodium reveals the removal of

incorporated organic compounds. The loss is more in curve

(b), because of high salt concentration CEC of clay, which

is optimum amount of alkyl ammonium salt adsorption

between intergalleries of clay.

Results of the X-ray diffraction analysis for natural and

activated clay are shown in Fig. 4. Figure 4 clearly shows

that the d-spacing of clay increased from 10.27 to 12.11 Å,

which could be attributed to the activated clay. Quartz

(reflection at d = 2.89 Å, 2h = 35.97�) and calcite

(reflection at d = 2.89 Å, 2h = 35.97�) are the major

impurities. The purified sample with Na-exchange shows

the position of the 001 (reflection at 12.11 Å, 2h = 5.37�)
characterstics of sodium and kaolinite (reflection at

d = 5.41 Å, 2h = 19.03�).

Infrared spectroscopy study

The IR spectra of the clay samples were recorded over the

spectral range 400–4,000 cm-1. In fact, IR techniques have

been used by many researchers for identification of natural

clay minerals (Hajjaji et al. 2001).The obtained character-

istic bands of kaolinite appeared at 3,618.67, 3,641.59,

1,100.39, 907.602, 830.38, 758.355, 521.24, and

456.84 cm-1 (Madejova 2003).The high intensity of the

peak appearing at 1,100.78 cm-1 is an indication of the

large amount of this mineral in the sample. The band at

1,100.78 cm-1 is attributed to Si–O stretching. The bands at

830.38 cm-1 and 521.24, 456.84 cm-1 are assigned to

Si–O–Al and Si–O–Mg, Si–O–Fe and bending vibrations,

respectively. This indicated that most part of the layer

charge resulted from trivalent (Al3?, Fe3?) to bivalent

(Mg2?) ion substitution in the octahedral sheet. These

functional groups are present in silicate minerals such as

kaolinite and montmorillonite. The band observed at

3,412.41 cm-1 is assigned to stretching vibrations of

adsorbed water molecules. Another characteristic band for

bending vibrations of adsorbed water usually appears at

1,650–1,600 cm-1 as a medium band. The stretching
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vibrations of the surface hydroxyl groups (Si–Si–OH, or

Al–Al–OH) are found at 3,618.67 and 3,641.59 cm-1.The

characteristic bands of montmorillonite-Na were observed

at 1,036.39 and 456.20 cm-1 (Madejova 2003). The high

intensity of the peak appearing at 1,036.39 cm-1 is an

indication of the large amount of this mineral in the sample.

The band at 1,036.39 cm-1 is attributed to Si–O stretching.

The band at 456.20 cm-1 is assigned to Si–O–Si bending

vibrations (Gadsden 1975).

Figures 5, 6 present the spectra IR of natural and acti-

vated clay. The examination of these spectra reveals fol-

lowing characteristic absorption bands.

Experimental procedure

Adsorption experiments were carried out by agitating

100 mg of natural clay with 100 mL of phenol solution of

desired concentration and pH at 180 rpm, 23�C in a

thermostated mechanical shaker (ORBITEK, Chennai).

Concentration of phenol was estimated spectrophotomet-

rically by monitoring the absorbance at 270 nm using

UV–Vis spectrophotometer (Hitachi, model 8543).

The (pH was 5.0) measured using pH meter (3151

MWT, Germany). The samples were withdrawn from the

shaker at predetermined time intervals and the phenol

solution was separated from the adsorbent by centrifuga-

tion at 1,000 rpm for 15 min. The absorbance of superna-

tant solution was measured. Effect of pH was studied by

adjusting the pH of phenol solutions using dilute HCl and

NaOH solutions. Effect of adsorbent dosage was studied by

agitating 100 mL of 5 mg/L phenol solutions with different

adsorbent doses (1–5 mg) at equilibrium time.

The amounts of phenol sorbed by the adsorbent were

calculated using the following equation (Denizli et al.

2005; Freundlich 1926).

Fig. 4 X-ray diffraction

patterns of the natural clay and

the activated clay
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Q ¼ Ci � Ceð ÞV=M ð1Þ

where Q (mg/g) is the amount of phenol sorbed by natural

clay, C0 and Ce (mg/L) are the initial and equilibrium

liquid-phase concentration of phenol, respectively, V(L) the

initial volume of phenol solution and M (g) the weight of the

natural clay.

The adsorption (the percentage) with the Ci and Ce was

calculated as the following equation:

%Adsorption ¼ Ci � Ceð Þ=C0½ � � 100% ð2Þ

Adsorption isotherm

Freundlich isotherm model

There are several models that have been reported in the

literature to describe experimental data as adsorption iso-

therms. Analysis of the isotherm data is important in order

to develop equations that represent the results which could

be used for design purposes. In this study two models

(Freundlich and Langmuir) were used to describe the

relationship between the amount of phenol adsorbed and its

equilibrium concentration for all adsorbents.

Freundlich isotherm is expressed as follow:

Qe ¼ KF

ffiffiffiffiffiffiffiffiffi

Ceð Þn
p

ð3Þ

where, Qe is the amount adsorbed at equilibrium (mg/g),

Ce is equilibrium concentration of the adsorbate (mg/L),

and K and 1/n are the Freundlich constants related to

adsorption capacity and adsorption intensity, respectively of

the adsorbent. The values of k and 1/n can be obtained from

the intercept and slope respectively of the linear plot of lnQe

versus lnCe (Langmuir 1918; Ibrahim and Abushina 2008).

The linear form of the Freundlich isotherm model is given

by the following relation:

lnQe ¼ ln KF þ 1=n ln Ce ð4Þ

Langmuir isotherm model

Langmuir isotherm is expressed as follow :

Qe ¼
QmKCe

1 þ KCe

ð5Þ

where, Qe is the amount adsorbed at equilibrium (mg/g), Ce

is equilibrium concentration of the adsorbate (mg/L), and

Qm (mg/g) and K (L/mg) are the Langmuir constants

related to the maximum adsorption capacity and the energy

of adsorption, respectively. These constants can be evalu-

ated from the intercept and slope of the linear plot exper-

imental data of 1/Qe (g/mg) versus 1/Ce (L/mg) (Giles and

Nakhwa 1962; Lin and Cheng 2002).

The linear form of the Langmuir isotherm model can be

represented by the following relation:

1

Qe

¼ 1

Qm

þ 1

KQm

� 1

Ce

ð6Þ

The linearized Freundlich and Langmuir adsorption

isotherms of each adsorbent for phenol are shown in

Figs. 7, 8, respectively. The Langmuir and Freundlich

constants are listed in Table 1.

Based on values of correlation coefficient, R2 summa-

rized in Table 1, the adsorption of phenol on activated and

natural clay was described well by both Langmuir and

Freundlich models. Both homogeneous and heterogeneous

adsorption energy took place during the process. On the

other hand, the, Freundlich and Langmuir models was the

best model to explain the adsorption behavior phenol on

activated and natural clay.

The Freundlich model was the best to describe the

adsorption equilibrium data at low concentrations and at

different temperatures with R2 = 0.991 (Eq. 3), implying

Fig. 5 FTIR spectra of activated clay

Fig. 6 FTIR spectra of natural clay
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the presence of high energetic sites were the molecules of

phenol were adsorbed (Bras et al. 2005). After the point of

inflection of the experimental data, the Freundlich isotherm

predicted that the equilibrium adsorption capacity should

keep increasing exponentially with increasing equilib-

rium concentration in the liquid phase. However, the

experimental adsorption isotherm for phenol presented a

long plateau at higher equilibrium concentrations, implying

the presence of a monolayer. Thus, Freundlich model

should not be used for extrapolation of this data to higher

concentrations.

Langmuir model (Eq. 5) gave a better fit at higher con-

centrations (Fig. 7) with a determination coefficient of

R2 = 0.994, implying the formation of a monolayer at higher

concentrations, however, the deviation of this model at low

equilibrium concentrations implies that the sites of adsorp-

tion on the surface of the adsorbent are heterogeneous.

For comparison, the parameter constants for adsorption

of phenol on activated clay are also listed in Table 2. Based

on values of correlation coefficient, R2, the adsorption of

phenol was best fitted by Langmuir model. In addition, it is

clearly seen that the adsorption capacity, Qmax (mg/g) for

adsorption of phenol on activated clay was significantly

higher than adsorption on natural clay.

Besides, the values of Freundlich constant KF which has

been taken as an indicator of adsorption capacity, was also

greater for adsorption of phenol on activated clay as

compared to the adsorption on natural clay.

However, natural clay still shows its feasibility and is a

promising adsorbent since it is abundantly available and

cheaper than commercial activated carbon. Basically, a good

adsorption by activated natural clay could be explained by its

high surface area additionally (Wu et al. 2001).

Adsorption equilibrium

Effect of contact time

The results show that the equilibrium time required for the

adsorption of phenol on all samples is about 5 h as
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Table 1 Langmuir and FreundHch constants for adsorption of phenol

on activated and natural clay at different temperatures

Lungmuir constants Freundlich constants

Qmax

(mg/g)

KL

(L/mg)

R2 KF

(L/mg)

1/n R2

Natural clay at PH5

T = 296 K 11.095 1.170 0.9291 0.589 0.4 0.9481

T = 301 K 9.107 0.849 0.98 0.381 0.73 0.9679

T = 306 K 7.630 0.508 0.9843 0.271 0.98 0.9791

Activated clay at PH5

T = 296 K 18.86 1.710 0.9863 0.703 0.266 0.9759

T = 301 K 15.47 0.970 0.9804 0.574 0.420 0.9914

T = 306 K 12.51 0.568 0.9945 0.456 0.594 0.9581

Table 2 Chemical analyses of material clays of Roussel from

Maghnia, N. W. Algeria

Samples Clay of

Roussel

from Maghnia

Maghnia

R.M.

Norda

Montmorillonite

familyb

SiO2 54.10–54.98 55 50.04–57.49

Al2O3 18.04–19.02 24.3 17.15–20.27

TiO2 0.14–0.16 0.10 0.12–0.48

P2O5 \0.05 0.02 –

Fe2O3 1.98–2.94 2 0.5–5.65

CaO 1.05–2.95 0.98 0.23–4.9

MgO 0.11–2.65 3.58 0.23–7.2

MnO 2.49 – –

Na2O 0.86–2.40 0.70 Tr–1.32

SO3 0.1 0.10 –

K2O 1.14–1.21 1.06 0.28–1.27
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illustrated in Fig. 9. The result also indicates that used

adsorbents would require less residence time for the com-

plete removal of phenol (Halouli and Drawish 1995).

Natural and activated clay were considered fast because

of a rapid increase of adsorbates adsorbed were occurred at

the 180 min. Previous findings on the adsorption of phe-

nolic compounds by various clay-based adsorbents have

shown a wide range of adsorption time (Song and Sandi

2001).

Therefore, the result in this present study is in agreement

with the other reported findings. Up to 70 and 60% of

phenol, was successfully adsorbed by activated and natural

clay from the aqueous solution. This proves the feasibility

of activated natural clay as an effective adsorbent. (Tahani

et al. 1999; Giles et al. 1960).

Values of Freundlich constants are depicted in Table 1.

Since the value of 1/n is less than 1, it indicates favorable

adsorption. A smaller value of 1/n indicates better

adsorption mechanism and formation of relatively stronger

bond between adsorbate and adsorbent (Patil et al. 2006).

Isotherm data reveal that the adsorption process follows

both Freundlich and Langmuir isotherm and that the

adsorption is favorable. The Langmuir equation and Fre-

undlich model described the isotherm phenol sorption with

high correlation coefficient (R2 [ 0.98). According to

Langmuir equation the maximum capacity of phenol

sorption (Qm) was obtained as 18.86 and 11.09 mg/g. The

applicability of the Langmuir isotherm indicates good

monolayer coverage of on the surface of the activated and

natural clay (Goyne et al. 2002). The decrease in

K (Langmuir constant) values for Langmuir with the rise in

temperature indicates weakening of adsorbate–adsorbent

interactions at high temperature. It reveals that the

adsorption affinity of phenol decreases with the rise in

temperature. So adsorption is less favorable at high

temperature.

Figure 10 shows an expanded view of the adsorption

isotherm of phenol in the range of 0–5 ppm, to show in

detail the initial section of the isotherm. This figure shows

a sigmoidal (S-shape) that reached a long plateau as the

concentration increased. This isotherm can be classified as

an S isotherm under the Giles et al. classification system

(Rengaraj et al. 2002a, b) (cooperative adsorption) based

on the initial shape of the isotherm. According to this

classification, in S isotherms the more molecules of

adsorbate are already adsorbed, the easier it is for addi-

tional amounts of adsorbate to become fixed to the surface

of the adsorbent. This implies a side-by-side association

between adsorbed molecules, helping to hold them to the

surface and consequently making more stable the adsorbed

layer. Molecules of adsorbate that show an S-shape iso-

therm (as in the case of phenol), are considered mono-

functional, where the attraction towards the surface of the

adsorbent arises from its OH group, giving an arrangement

of adsorbed molecules oriented perpendicularly to the

surface. Under the experimental adsorption conditions, the

pH was in the range of 5–6, below the pKa of phenol

(pKa = 9.89) (Tables 2, 3) and below the pKa for silica

(pKa = 9.42), therefore the phenol and the silanol groups

of the surface of the adsorbent, were in a protonated form,

making possible that the molecules of phenol were adsor-

bed onto the surface silanol groups through hydrogen

bonds as illustrated in the Fig. 8. This mechanism is similar

0

10

20

30

40

50

60

70

80

0           10           20           30           40           50           60
Time in hrs

(C
0
-C

e)
/C

0
 (

%
)

T=296°k

T= 301°K

T= 306°K
T= 296°K

T= 301°K

T= 306°K

Activated clay

Natural clay

Fig. 9 Effect of time on phenol adsorption

0

2

4

6

8

10

12

14

0             1             2             3            4             5             6
Ce (mg/L)

Q
e 

(m
g/

g)

T=296°K

T=301°K

T=306°K

T=296°K

T=301°K

T=306°K

Activated clay

Natural clay
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Table 3 Characteristic of the selected adsorbate

Name Formula Molecular

weight

Henry’s constant

(bar m3/mol)�
Water solubility

at 25�C (g/L)

Log Kow Observations

Phenol C6H6O 94 4.0 9 10-7 87 1.5 Aromatic semivolatile

weak acid, pKa = 9.98

Kow Octanol/water partition coefficient
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to that reported for the adsorption of phenol onto the sur-

face of silica (Khalid et al. 2000) (Fig. 11).

Effect of pH on phenol adsorption

Since phenol sorption has been reported to be affected by

the pH of the adsorbate (Singh et al. 1994), the adsorption

of phenol by natural and activated clay were studied at

various pH values of the phenol solution (100 mL, 5 mg/L).

The amount of phenol adsorbed shows a declining trend

with higher as well as with lower pH, with maximum

removal of phenol (up to almost 100% by both the adsor-

bents) at pH 5 (Fig. 12). This reduction of phenol sorption

may be because of the suppression by hydrogen ions (at

lower pH), and hydroxyl ions (at higher pH).

Adsorption thermodynamics

Thermodynamic parameters

The thermodynamic parameters for the adsorption of phe-

nol by natural and activated clay such as the enthalpy

change (DH0), the Gibbs free energy change (DG0) and the

entropy change (DS0) can be calculated from the variation

of maximum adsorption with temperature (T) using the

following basic thermodynamic relations (Seki and Yur-

dakoç 2006; Al-kaim 2005).

ln Ke ¼
DS0

R
� DH0

RT
ð7Þ

ln Ke ¼ �DG0

RT
ð8Þ

DS
� ¼ DH0 � DG0

T

� �

ð9Þ

According to Eq. 7, the mean value of the enthalpy

change due do the adsorption of phenol by natural and

activated clay over the temperature range studied can be

determined graphically by the linear plotting of ln Ke

against 1/T using the least squares analysis shown in Fig. 5.

Fig. 11 Proposed adsorption mechanism of phenol molecules onto

the surface of natural clay, through hydrogen bonds between OH

group of the phenol and the silanol groups of the clay surface

Fig. 12 Effect of pH on phenol adsorption

Table 4 The thermodynamic parameters for the adsorption of phenol

on natural and activated clay

Thermodynamic parameters

DH0 (kJ/mole)

mean value

DG0

(kj/mole)

DS0 (J/K mole)

mean value

Natural clay at PH5

T = 296 K -1.666 3.293 5.510

T = 301 K -3.31]

T = 306 K -3.340

Activated clay at PH5

T = 296 K -1.331 -2.1611 4.339

T = 301 K -2.632

T = 306 K -2.652

Fig. 13 Van’t Hott equation for adsorption of phenol on activated

and natural clay at different temperatures
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The mean enthalpy change can be determined from the

slope of the straight line. The variation of Gibbs free

energy and entropy change with temperature can be

calculated using Eqs. 8 and 9, respectively, the results

are arranged in Table 4.

An important result can be obtained from Table 4 is that

the Gibbs free energy (DG0) is small and negative with its

value decreasing with increasing temperature. This indi-

cates that the adsorption processes of phenol by natural and

activated clay can be enhanced by decreasing temperature.

The values of entropy change (DS0) are positive and

remain almost constant with temperature. This gives an

evidence that structural changes in phenol and natural and

activated clay occur during the adsorption process (Fig. 13)

The negative values of enthalpy change (DH0) for the

adsorption is lower than 80 kJ mol-1, suggesting the

physical nature of the sorption, i.e., physisorption con-

ducted with van der Waals forces.

The enthalpy change (DH0) of the adsorption is -1.666

and -1.333 kJ/mol indicating physical adsorption of phe-

nol on to natural and activated clay (Seki and Yurdakoç

2006). The overall adsorption process seems to be

exothermic.

The TEM micrograph of purified clay is shown in

Fig. 14 It shows the laminated clay layers and the average

thickness of pristine layers varies from 20 to 100 nm, a

characteristic property of nanoclay. These micrographs

show the formation of nanoclays. The TEM images also

support the XRD results.

The difference between activated clay and the natural

clay was most clearly seen when the clays were examined

by TEM. Figure 12 shows electron micrographs of a

sample of natural and activated clay. At low magnification

(Fig. 14a), two types of particles, small dark rectangular

particles embedded in much more numerous large fibrous

particles, can be seen. TEM analysis showed that the small

dark rectangular particles were silicate impurities.

Figure 14b shows a high magnification picture of one of

the fibers. The edges of the clay layers are very clearly seen.

The spacings between the layers were of the order of 12.11 Å
´

.

Conclusion

Natural clay was a potential and promising adsorbent for

removal of phenolic compounds from aqueous solution.

The results were compared with activated clay. The

adsorption of phenol on activated clay was higher than

adsorption on natural clay. However, Natural clay stands as

low-cost adsorbent and it shows the feasibility to remove

up to 60% of phenol, for initial concentration.

The Langmuir equation agrees very well with the

equilibrium isotherm also Freundlich equation give

accepted linearity. Finally, the adsorption of phenol on the

natural clay surface is exothermic. The results revealed that

the natural clay can be employed as adsorbent for treatment

of aqueous waste streams.
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