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Abstract 
 

 Water purification is of extreme importance to modern society. Organoclays 
through adsorption of recalcitrant organics provides one mechanism for the removal 
of these molecules.  The organoclay was synthesised through ion exchange with 
dimethyldioctadecylammonium bromide labeled as DDOAB of formula 
(CH3(CH2)17)2NBr(CH3)2.  Paranitrophenol was adsorbed on the organoclay at a range 
of concentrations according to the cation exchange capacity (CEC) of the host 
montmorillonite. The paranitrophenol in solution was analysed by a UV-260 
spectrophotometer at 317nm, with detection limits being 0.05mg/L. The expansion of 
the montmorillonite was studied by a combination of X-ray diffraction and 
transmission electron microscopy. Upon adsorption of the paranitrophenol the basal 
spacing decreased. The thermal stability of the organoclay was determined by a 
combination of thermogravimetry and infrared emission spectroscopy.  The surfactant 
molecule DDOAB combusts at 166, 244 and 304 °C and upon intercalation into Na-
montmorillonite is retained up to 389 °C thus showing the organoclay is stable to 
significantly high temperatures well above the combustion/decomposition 
temperature of the organoclay.   
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Introduction: 
 
 The production of potable water is of extreme importance world wide. Water 
may be contaminated with many organic molecules including hormones, pesticides 
and herbicides. Many of these molecules are recalcitrant and difficult to remove 
through oxidation or photocatalytic oxidation using for example hydrogen peroxide 
and intense UV radiation. One method for purifying water is to use organoclays [1-5].  
These organoclays are prepared by ion exchange of the cation in the swelling clay 
such as montmorillonite with a cation surfactant [6-9].  Organoclays may be 
synthesised by ion exchange of the mono or divalent cations (For example Na+, Mg2+ 
or Ca2+) with a large organic cation such as dimethyldioctadecylammonium bromide 
labeled as DDOAB of formula (CH3(CH2)17)2NBr(CH3)2.  These cationic surfactants 
may consist of single, double or triple long chain alkyl chains. The surface properties 
of these organoclays change significantly from hydrophilic to hydrophobic/lipophilic. 
These clays then have useful properties for example the removal of oil from potable 
water, and other toxic chemicals and humic materials from water [10-12].  These 
modified clay minerals, organo-clays, represent a family of materials which have 
many applications in a range of key areas, such as adsorbents for organic pollutants 
[13, 14], rheological control agents [15], reinforcing fillers for plastics  and electric 
materials [16-18].   
 

The influence of montmorillonite surfaces on the chemical and physical 
properties of adsorbed H2O molecules has been the subject of a number of recent 
studies using structural, thermodynamic, spectroscopic and computational methods.  
Generally, the position of the ν2 mode of H2O decreases and H2O stretching band 
shifts to higher wavenumber upon lowering the H2O content in cation-exchanged 
montmorillonite. At the same time, the cation type is determinative for total water 
content retained in clay minerals. However, to the best of our knowledge, there are 
few reports about the role of sorbed H2O molecules in organo-clays and it is very 
important for the application of organo-clays. Hence, the situation of the sorbed H2O 
molecules in organo-clays at different surfactant concentrations is discussed in this 
paper. Recently FTIR spectroscopy using ATR and KBr pressed disk techniques has 
been used to characterize sorbed water and HDTMA+ in organo-clay [19, 20]. It was 
found that sorbed water content decreases with the intercalation of HDTMA+. In this 
work we extend these studies to the changes in the surfactant upon intercalation and to 
the adsorption/absorption of a test molecule namely paranitrophenol on the 
organoclay.  Infrared emission spectroscopy (IES) technique is used to study the 
changes in structure of the organo-clay formed between a montmorillonitic clay and 
dimethyldioctadecylammonium bromide and the adsorbed paranitrophenol.   
 

Montmorillonites are widely used in a range of applications because of their high 
cation exchange capacity, swelling capacity, high surface areas, and consequential 
strong adsorption and absorption capacities [21-24]. These clay properties can be 
enhanced by converting the montmorillonite to an organoclay by ion exchange of the 
cation with a surfactant molecule [21, 25-27].  The hydration of inorganic cations on 
the exchange sites causes the clay mineral surface to be hydrophilic. Natural clays are 
thus ineffective sorbents for organic compounds. Modification of the montmorillonite 
clay with surfactant molecules changes the properties of the clay. The intercalation of 
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a cationic surfactant not only changes the surface properties from hydrophilic to 
hydrophobic but also greatly increases the basal spacing of the layers [21, 25-28].  

 
Such surface property changes will effect the applications of the organoclay. In 

particular, the hydrophobic nature of the organoclay implies that the material can be 
used as a filter material for water purification through for example the removal of 
hydrocarbons and pesticides.  Studies have shown that replacing the inorganic 
exchangeable cations of clay minerals with organic cations can result in a greatly 
enhanced capacity of these materials to remove organic contaminants [29, 30]. The 
adsorption properties of the organoclay strongly depend on the structure and 
molecular arrangements of the surfactant molecules within the organoclays . 
Understanding the structure and properties of synthesised organoclays is essential for 
their adsorption/absorption applications [8, 31-33].   

 
Recently studies of organoclays with single alkyl chain surfactant molecules has 

been published [34]. The objective of this work is the study of the adsorption of the 
paranitrophenol on an organoclay synthesised by using a surfactant molecule with two 
alkyl chains. This study is of great importance for understanding the structure, 
properties, and potential applications of these types of organoclays, especially in 
water purification [1-5, 7, 35, 36]. 
 
Experimental: 
 
Materials 
 

Montmorillonite (Na0.053Ca0.176Mg0.1•nH2O)[Al1.58Fe0.03Mg0.39][Si3.77Al0.23]O10(OH)2 
used was primarily Ca-Mt from Neimeng, China. The montmorillonite was cation 
exchanged with sodium ions by repeated reaction with sodium carbonate. Its cation 
exchange capacity (CEC) is 90.8meq/100g. The paranitrophenol and DDOAB used 
were of analytical grade chemical reagents. The aqueous solubility of paranitrophenol 
is 1.6×104 mg/L at 25 °C.  The surfactant used was dimethyldioctadecylammonium 
bromide labeled as DDOAB of formula (CH3(CH2)17)2NBr(CH3)2. 

 
Preparation of the organoclay 
 

The syntheses of surfactant-clay hybrids were undertaken by each of the 
following procedure: The pure Ca-Mt was added into Na2CO3 solution, stirred for 3h 
with 800rpm. Drops of HCl were then added into the suspension to remove the excess 
CO3

2-. Then the suspension was washed several times with deionized water until it 
was chloride free and dried at 108°C. Such a treated montmorillonite is designated as 
Na-Mt.  This procedure is similar to the preparation of HDTMA+ organoclay [37]. 
The clarifying surfactant solution was obtained when certain amounts DDOAB were 
added into hot distilled water. Then certain amounts Na-Mt were added into the above 
mentioned solution and the mixtures were stirred slightly in order to avoid the yield of 
spume in an 80 °C water bath for 2h. The water/ Na-Mt mass ratio is 10. Then the 
suspension was subsequently washed with distilled water for 4 times. The moist solid 
material was dried at 60°C and ground with a mortar. The different amounts of 
[DDOA]+ pillared montmorillonites were identified by 0.5CEC-D, 0.7CEC- D, 
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1.5CEC- D, 2.5CEC- D. The figures mean the proportions of the montmorillonite 
total ion exchange capacity that is [DDOA]+.   

 
Adsorption of the paranitrophenol on the organoclay 

 
 
A total of 0.2g of different type montmorillonites were combined with 30mL 

of a range of concentrations of paranitrophenol solution whose initial pH value is 
about 5.0 in 50mL Erlenmeyer flasks with glass caps.  A range of concentrations from 
100 mg/L to 8000 mg/L were used for the adsorption of paranitrophenol. The flasks 
were shaken for 6 hours at 150rpm at 25 °C. After being centrifuged at 3500rpm for 
10 minutes, the paranitrophenol concentration in the aqueous phase was determined 
by a UV-260 spectrophotometer at 317nm, the detection limits being 0.05mg/L. The 
losses of the paranitrophenol by both photochemical decomposition and volatilization 
were found to be negligible during adsorption [38]. 
 
Characterization methods 
 
Thermogravimetric analysis 

 
Thermogravimetric analyses of the surfactant modified montmorillonite hybrids 

were obtained using a TA Instruments Inc. Q500 high-resolution TGA operating at 
ramp 10 °C /min with resolution 6.0 from room temperature to 1000 °C in a high-
purity flowing nitrogen atmosphere (60 cm3/min). Approximately 50 mg of finely 
ground sample was heated in an open platinum crucible. For the thermogravimetric 
analyses 4000 mg/L of paranitrophenol was used for the adsorption prior to TG 
analysis. This concentration was chosen as it is in the mid range of the concentrations 
used. The samples were identified by 0.5CEC-D-4000, 0.7CEC- D-4000, 1.5CEC- D-
4000, 2.5CEC- D-4000. 

 
 
X-ray diffraction 
 

The Neimeng montmorillonite and surfactant montmorillonite hybrids were 
pressed in stainless steel sample holders. X-ray diffraction (XRD) patterns were 
recorded using CuKα radiation (n = 1.5418Ǻ) on a Philips PANalytical X’ Pert PRO 
diffractometer operating at 40 kV and 40 mA with 0.25° divergence slit, 0.5° anti-
scattter slit, between 1.5 and 20° (2θ) at a step size of 0.0167°. For XRD at low angle 
section, it was between 1 and 5° (2θ) at a step size of 0.0167° with variable 
divergence slit and 0.125° antiscatter. For the XRD analyses 4000 mg/L of 
paranitrophenol was used for the adsorption on the organoclays prior to powder XRD 
analysis. 
 
Transmission Electron Microscopy 
 

 A Philips CM 200 transmission electron microscopy (TEM) at 200KV is used 
to investigate the microstructural of organo-clays. All samples were dispersed in 50% 
ethanol solution and then dropped on carbon coated films, dried in an oven at 50°C 
for 10 mins for TEM studies without using any resin. 
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Infrared spectroscopy 
 

Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer 
with a smart endurance single bounce diamond ATR cell. Spectra over the 4000−550 
cm-1 range were obtained by the co-addition of 64 scans with a resolution of 4 cm-1 
and a mirror velocity of 0.6329 cm/s. Spectral manipulation such as baseline 
adjustment, smoothing and normalization was performed using the GRAMS® 
software package (Galactic Industries Corporation, Salem, NH, USA). 
 
Infrared emission spectroscopy 
 

FTIR emission spectroscopy was carried out on a Nicolet Nexus 870 FTIR 
spectrometer, which was modified by replacing the IR source with an emission cell. A 
description of the cell and principles of the emission experiment have been published 
elsewhere . Approximately 0.2 mg of the sample was spread as a thin layer on a 6 mm 
diameter platinum surface and held in an inert atmosphere within a nitrogen-purged 
cell during heating. The infrared emission cell consists of a modified atomic 
absorption graphite rod furnace, which is driven by a thyristor-controlled AC power 
supply capable of delivering up to 150 amps at 12 volts.  A platinum disk acts as a hot 
plate to heat the sample and is placed on the graphite rod.  An insulated 125-μm type 
R thermocouple was embedded inside the platinum plate in such a way that the 
thermocouple junction was <0.2 mm below the surface of the platinum.  Temperature 
control of ± 2°C at the operating temperature of the sample was achieved by using a 
Eurotherm Model 808 proportional temperature controller, coupled to the 
thermocouple. 

 
The design of the IES facility is based on an off axis paraboloidal mirror with 

a focal length of 25 mm mounted above the heater captures the infrared radiation and 
directs the radiation into the spectrometer. The assembly of the heating block, and 
platinum hot plate is located such that the surface of the platinum is slightly above the 
focal point of the off axis paraboloidal mirror.  By this means the geometry is such 
that approximately 3 mm diameter area is sampled by the spectrometer.  The 
spectrometer was modified by the removal of the source assembly and mounting a 
gold coated mirror, which was drilled through the centre to allow the passage of the 
laser beam.  The mirror was mounted at 45°, which enables the IR radiation to be 
directed into the FTIR spectrometer.  

 
In the normal course of events, three sets of spectra are obtained: firstly the 

black body radiation over the temperature range selected at the various temperatures, 
secondly the platinum plate radiation is obtained at the same temperatures and thirdly 
the spectra from the platinum plate covered with the sample.  Normally only one set 
of black body and platinum radiation is required. The emittance spectrum at a 
particular temperature was calculated by subtraction of the single beam spectrum of 
the platinum backplate from that of the platinum + sample, and the result ratioed to 
the single beam spectrum of an approximate blackbody (graphite).  This spectral 
manipulation is carried out after all the spectral data has been collected. 

 
The emission spectra were collected at intervals of 50°C over the range 100 – 

700 °C. The time between scans (while the temperature was raised to the next hold 
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point) was approximately 100 seconds.  It was considered that this was sufficient time 
for the heating block and the powdered sample to reach temperature equilibrium.  The 
spectra were acquired by coaddition of 64 scans for the whole temperature range 
(approximate scanning time 45 seconds), with a nominal resolution of 4 cm-1. The 
number of scans varied with the sample and temperature and was selected to give high 
quality spectra and varied from 64 to 1024.  Good quality spectra can be obtained 
providing the sample thickness is not too large.  Spectral manipulation such as 
baseline adjustment, smoothing and normalisation was performed using the 
Spectracalc software package (Galactic Industries Corporation, NH, USA).  
 
 
 
Results and Discussion 
 
X-ray diffraction 
 

Expansion of the montmorillonite layers occurs with the cation exchange of 
the sodium ion for the cationic surfactant and is easily measured by X-ray diffraction.  

The powder XRD patterns of the Na montmorillonite and the organoclays with 
0.5, 1.5 and 2.5 CEC surfactant concentrations with and without adsorbed 
paranitrophenol are shown in Figure 1.  The Na montmorillonite originally with a 
d(001) spacing of 1.24 nm expands after ion exchange with DDOAB at the 0.5CEC 
level, to 1.46, 1.94 and 3.35 nm.  The reason for the three spacings is attributed to the 
arrangement of the DDOAB surfactant molecule in the clay layers. The d(001) 
spacing of 1.46 nm is a similar space to the Na montmorillonite. This spacing is 
attributed to Na-Mt. Upon adsorption of the paranitrophenol on the montmorillonite 
(Na-4000)  a small expansion of the clay layers from 1.24 nm to 1.49 nm is observed. 
This increase proves that the paranitrophenol penetrated the siloxane layers. The 
spacing of 1.94 nm is ascribed to the montmorillonite expanded with the surfactant 
molecule with the molecule lying parallel to the siloxane surfaces (0.5CEC-D).  The 
3.35 nm spacing is attributed to the surfactant molecules at right angles to the clay 
surface (0.5CEC-D).    Upon adsorption of paranitrophenol on the organoclay surfaces 
structural rearrangement of the surfactant molecules between the clay layers occurs 
(0.5CEC-D-4000).   For the 0.5 CEC organoclay with adsorbed paranitrophenol, two 
expansions of 1.47 and 1.83 nm were found. No large expansion as for the 0.5CEC-D 
organoclay was found. These values suggest that the pnp has penetrated the clay 
layers and has bonded to the surfactant molecule within the clay layers.  

 
When the surfactant loading is increased to 1.5 CEC, three d(001) spacings are 

observed at 1.18 nm attributed to Na-Mt, 1.80 nm assigned to a molecular 
arrangement with the surfactant molecules laying flat to the surface and 3.59 nm 
attributed to the surfactant molecules at 90° to the siloxane surface. Upon increasing 
the surfactant loading to 2.5 CEC, d(001) spacings of 1.93 and 4.96 nm are observed. 
This latter large d(001) spacing is described in terms of overlapping surfactant 
molecules in a paraffin-like arrangement between the clay layers. For the 1.5 CEC 
organoclay with adsorbed paranitrophenol, spacings of 1.0, 1.34, 1.99 and 3.91 nm 
are observed. The 1.00 nm spacing is ascribed to montmorillonite with a collapsed 
structure in which the surfactant molecule has not been intercalated and has not been 
replaced with water. The 1.34 nm spacing is ascribed to the organoclay with minimal 
paranitrophenol adsorption. The 1.99 and 3.91 nm expanded layers is attributed to 
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surfactant molecules with adsorbed pnp between the clay layers.  These two 
expansions may be compared with the 1.8 and 3.59 nm expansions of the 1.5 CEC 
organoclay without adsorbed paranitrophenol. The difference in the values (3.91-3.59 
nm) and (1.99-1.80 nm) is attributed to the size of the paranitrophenol molecule. This 
proves that the paranitrophenol is intercalated into the montmorillonite clay and is 
part of the molecular arrangement within the clay interlayer.  Similar values were 
obtained for the 2.5 CEC organoclay with adsorbed paranitrophenol. Here expansions 
of 1.00, 1.33, 1.98 and 3.81 nm are observed. It is proposed that these results prove 
that the paranitrophenol molecules are intercalated into the clay layers.   
 
TEM 
 
 Often the results of the powder X-ray diffraction basal spacings can be 
confirmed by the use of TEM measurements.  The TEM images of 1.5CEC-D and 
1.5CEC-D-4000 organoclay are shown in Figure 2.    Two spacings for the 1.5CEC-D 
organoclay are observed at 1.17 and 1.85 nm.  These spacings are in good agreement 
with the XRD data.  For the 1.5 CEC-D-4000 organoclay spacings are observed at 
1.02, 1.36, 2.0 and 3.96 nm. In the XRD patterns for the 1.5CEC-D-4000 d(001) 
spacings at 1.0, 1.34, 1.99 and 3.91 nm. The correspondence between the XRD results 
and the TEM data is excellent. The d(001) spacings for the 2.5 CEC organoclay with 
adsorbed pnp as illustrated in are 1.37 and 1.98 nm (not shown).  These values 
correspond to the d(001) spacings in the XRD patterns of 1.33 and 1.98 nm.  Two 
spacings are observed in the TEM image of the 2.5CEC-D-4000 organoclay at 0.95 
and 3.8 nm.  These correspond to the d(001) spacings of 1.0 and 3.81 nm.   
 
 
Thermogravimetric analysis 
 
 The TG and DTG patterns of the paranitrophenol and the surfactant molecule 
DDOAB are shown in Figure 3.  Paranitrophenol sublimes at 131 °C with a total mass 
loss of 99.20 %.  The DDOAB shows thermal decomposition steps at 166, 244 and 
304 °C attributed to decomposition/combustion of the surfactant molecules with a 
mass loss of 99.77 %. This value is a good indication of the purity of the surfactant. 
 

The TG/DTG patterns for Na-Mt, Na-Mt-4000, 0.5CEC-D, 0.5CEC-D-4000, 
1.5CEC-D and 1.5CEC-D-4000 are shown in Figure 4.  The montmorillonite shows 
thermal decomposition steps at 485 and 617 °C.  These are attributed to the 
dehydroxylation of the montmorillonite.  The DTG patterns for Na-Mt-4000  shows 
decomposition steps at 179, 285, 625 and 797 °C. The first DTG step at 179 °C is 
assigned to the sublimation of surface adsorbed pnp, the second step at 285 °C is to 
intercalated pnp, the third step at 625 °C is attributed to the clay dehydroxylation. The 
higher temperature decomposition at 797 °C may be attributed to the dehydroxylation 
of the montmorillonite where no simple mechanism of dehydroxylation is available 
for this process and so an increased temperature is observed.   

 
The 0.5 CEC-D differential thermogravimetric pattern shows peaks at 300, 

389 and 590 °C. A slight decrease in the dehydroxylation of the clay is observed (590 
compared with 617 °C).  The peaks at 389 and 300 °C are higher than is observed for 
the surfactant. This suggests that the surfactant molecule is bonded to the clay 
surfaces and more heat is required to remove the surfactant molecules from the clay 



 8

surfaces. The DTG pattern for the 0.5 CEC-D-4000 (organoclay with adsorbed pnp) is 
quite different to that of the 0.5 CEC organoclay. Three decomposition temperatures 
are observed at 189, 286, and 382°C. A higher temperature decomposition at 544 °C is 
observed. Interestingly the dehydroxylation temperature of 590 °C for the clay is not 
observed. This suggests the reaction of the clay siloxane surfaces with pnp occurs 
through the OH units of the montmorillonite and the dehydroxylation temperature is 
reduced to 544 °C. The temperature of 382 °C represents the combustion of the 
surfactant.  The two peaks at 286 and 189 °C are attributed to the combustion of the 
surfactant and as no DTG peaks attributable to the pnp are observed, it is proposed 
that the pnp is removed simultaneously with the surfactant.   
 
 The thermal decomposition steps for the 0.7 CEC organoclay (not shown) are 
similar to that for the 0.5 CEC organoclay with DTG peaks observed at 293, 396 and 
590 °C. The latter is due to the montmorillonite and the first two steps to the loss of 
the surfactant.  For the 0.7 CEC organoclay with adsorbed pnp, DTG peaks are 
observed at 193, 283 and 385 °C. No peak is found at 590 °C. This suggests that the 
pnp results in the lowering of the clay dehydroxylation temperature. For the 1.5CEC-
D, DTG peaks are observed at 229, 341, 392 and 590 °C (Figure 4).  The first three 
peaks are ascribed to the combustion of the surfactant and the latter to the 
dehydroxylation of the montmorillonite. It is noted that the three temperatures (229, 
341, 392 °C) are significantly higher than for the DTG peaks of the surfactant (166, 
244, and 304 °C. This difference in temperatures is attributed to the bonding of the 
surfactant molecules to the montmorillonite surfaces. Heating the organoclay to 
higher temperatures is required before the surfactant molecules are removed. Thermal 
decomposition of 1.5CEC-D-4000 shows thermal decomposition steps at 195, 232, 
288, 328 and 409 °C. The first step is attributed to the loss of surface adsorbed pnp, 
the second to the loss of intercalated pnp, the third and fourth steps to the loss of 
surfactant.  The last step is probably the dehydroxylation of the montmorillonite.   
Thermal decomposition peaks are observed at 178, 241, 295, 346 and 600 °C for the 
2.5CEC-D organoclay. The first three peaks correspond to the three thermal 
decomposition steps of DDOAB at 166, 244 and 304 °C and are attributed to the loss 
of surfactant molecules. This temperature correspondence indicates that at 2.5CEC the 
surfactant molecules are not only intercalated within the montmorillonite layers but 
also are adsorbed on the external surfaces of the clay. The temperature of 
dehydroxylation of the montmorillonite is now observed at 600 °C. For the 2.5CEC-
D-4000, thermal decomposition steps are observed at 180, 231, 285, 336 and 412 °C.  
The first three decomposition steps are assigned to the loss of surfactant. The 
decomposition steps at 336 and 412 are attributed to the loss of intercalated surfactant 
molecules and the dehydroxylation of the montmorillonite. It is assumed that the loss 
of the pnp occurs simultaneously with the surfactant.  
 
 
Infrared emission spectroscopy 
 
OH stretching region 
 
 The infrared emission spectra in the OH stretching region of (a) 
montmorillonite with adsorbed paranitrophenol (b) 0.5CEC-D-4000 (c) 1.5CEC-D-
4000 (d) 2.5CEC-D-4000 are shown in Figures 5a-d.    
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The infrared spectrum of Na-Mt at room temperature displays a band at 3612 
cm-1 attributed to the inner hydroxyl units within the clay structure. Bands at 3394 and 
3235 are attributed to adsorbed water. The less intense band observed at 3235 cm-1 is 
ascribed to water hydrogen bonded to other water molecules within the interlayer of 
the montmorillonite.  These molecules are involved with the structure of the hydration 
sphere of the cation within the montmorillonite interlayer.  The infrared spectrum 
sodium montmorillonite with adsorbed paranitrophenol shows peaks in similar 
positions to that of montmorillonite (Figure 5a). Infrared bands are observed in the IE 
spectra at 3623 and 3521 cm-1 and shift to 3650 and 3529 cm-1 with an additional 
band at 3735 cm-1 observed in the higher temperature spectra. The infrared spectrum 
of the paranitrophenol displays peaks at 3400 and 3318 cm-1. These bands are 
assigned to OH stretching vibrations of the phenol unit. The first band is assigned to 
non-hydrogen bonded phenol OH units and the second to hydrogen bonded OH units. 
The intensity of this second band is greater than that of the first band. Two types of 
hydrogen bonding are possible (a) hydrogen bonding of pnp with itself and (b) 
hydrogen bonding of the pnp with water. This latter bonding is proposed as a 
mechanism for the adsorption of pnp on montmorillonite.  No bands for 
paranitrophenol are observed in this spectral region. 
 
 The IE spectra of 0.5CEC-D-4000 are shown in Figure 5b.  No bands ascribed 
to either the surfactant molecules or the paranitrophenol are observed in this spectral 
region. All of the labeled bands are due to hydroxyl units of the Na-Mt.  The band at 
3625 cm-1 is attributed to the inner hydroxyl units. The band shifts to higher 
wavenumbers with thermal treatment. A second band is found at 3681 cm-1 and may 
be ascribed to sheet end hydroxyl units. This band is not observed at higher 
temperatures indicating these OH units are more easily lost.  An additional band is 
observed at 3521 cm-1.  This band is not observed at all in the 1.5CEC-D-4000 
spectrum. The two bands at 3617 and 3662 cm-1 are now more clearly resolved.  The 
latter band shifts to 3689 cm-1 at 450 °C.  This band appears to be related to the 
influence of the surfactant molecules and one possible assignment is to OH units 
which are interacting with the surfactant molecules.  A similar set of spectra are 
observed for the 2.5CEC-D-4000 spectra.  
 
CH stretching region 
 
 The IE spectra of the Na-4000 clay are shown in Figure 6a.  Two bands are 
observed at 2856 and 2929 cm-1 attributed to the symmetric and antisymmetric CH 
stretching vibrations of the paranitrophenol.  These bands are lost by 300 °C. This 
temperature corresponds to the sublimation of the paranitrophenol.  Some low 
intensity bands are observed at 2223 and 2350 cm-1. These are ascribed to overtone 
bands. No bands which are due to the clay are observed in this spectral region.  For 
the 0.5CEC-D-4000 strong IE bands are observed at 2858 and 2931 cm-1.  Intensity in 
these bands is quite strong up to 450 °C. At higher temperatures the surfactant is lost 
through combustion. A similar set of spectra is observed for 1.5CEC-D-4000 and 
2.5CEC-D-4000. The peak at 2350 cm-1 is due to self absorption probably by 
atmospheric carbon dioxide. 
 
HCH and HOH bending vibrations 
 
 The IE spectra of Na-4000 are displayed in Figure 7a. Bands in this spectral 
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region can only be attributed to pnp vibrations or to the montmorillonite. Pnp infrared 
spectrum shows a number of bands at 1623 assigned to HOH deformation 
modes;1599 ascribed to C=C aromatic stretching vibrations, 1523 attributed to 
antisymmetric NO2 stretching vibrations;  1485 described as C-H in-plane bending 
vibrations; 1332 and 1296 cm-1 described by symmetric NO2 stretching vibrations + 
C-O stretching vibrations [39].  When the pnp is adsorbed on the montmorillonite 
shifts in the position of the bands are observed. The band at 1599 shifts to 1593 cm-1; 
1523 shifts to 1510 cm-1; 1332 to 1340 cm-1; 1296 to 1281 cm-1.  The shifts in these 
bands provide strong indication that the pnp has reacted with the montmorillonite clay 
surfaces. The band at 1629 cm-1 is assigned to water bending modes of the water in 
the hydration sphere within the clay interlayer. The intensity of this band decreases 
with surfactant loading.  The band also shifts to higher wavenumber (~1640 cm-1) in 
the organoclays.  It is noted that the intensity of the bands attributed to 
paranitrophenol decrease in intensity until a temperature of 400 °C.  This temperature 
is significantly higher than the temperature of sublimation of paranitrophenol at 131 
°C.  This provides evidence for the bonding of the paranitrophenol to the surface of 
the montmorillonite surfaces. It is suggested that the paranitrophenol molecule 
interacts with the inner OH units of the montmorillonite and possibly forms a 
chemical bond. This then results in the retention of the paranitrophenol molecules to 
quite elevated temperatures and also provides a mechanism for the dehydroxylation of 
the montmorillonite inner OH units. This results in a significant decrease in the 
dehydroxylation temperatures 
 
 The IE spectra of the 0.5CEC-S-4000 organoclay with adsorbed pnp are 
shown in Figure 7b. Any additional peaks over and above those shown in Figure 5a 
must be attributed to the surfactant molecules.   Thus bands at 1593, 1516, 1467, 
1384, 1336 and 1292 cm-1 may be at least in part attributed to vibrations of the 
DDOAB surfactant molecules.   Importantly the band at 1467 cm-1 is retained at 400 
°C, thus giving an indication of the retention of the surfactant at this temperature. The 
implication is that the organoclay is stable up to 400 °C. Such a concept is confirmed 
by the IE spectra of the 1.5CEC-S-4000 and 1.5CEC-S-4000 samples (Figure 7c,d). 
The ~1462 cm-1 band is retained up to 400 °C.   
 
 
SiO stretching bands 
 
 The IE spectra of the Na-4000 sample are shown in Figure 8a. The infrared 
spectrum of paranitrophenol shows a number of strong absorptions at 1178, 1122, 
850, 754 and 625 cm-1. The first two bands are attributed to C-H in-plane bending 
vibrations. The band at 754 cm-1 is assigned to the NO2 wagging vibration.  Small 
shifts in these band positions are observed when the pnp is adsorbed on the 
montmorillonite (Figure 8b). The 1178 cm-1 band shifts to 1170; 1122 to 1111 cm-1; ~ 
852 cm-1; 754 to 756 cm-1 and 625 to 669 cm-1.   The intensity in these bands is lost 
by 300 °C indicating the pnp molecules have sublimed by this temperature.  The 
broad bands which remain after this sublimation are attributed to SiO stretching and 
bending vibrations.  For the 1.5CEC-D-4000 infrared bands are observed as shown in 
Figure 8c.  A significant number of bands which may be attributed to the surfactant 
molecules are observed at 1163, 1134, 1102 cm-1 the intensity of which is lost by 300 
°C.  The infrared emission spectra of the 2.5CEC-D-4000 infrared bands are observed 
as shown in Figure 8d.   
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Conclusions: 
  

The current study of sorption of paranitrophenol from aqueous solutions 
provides useful application of montmorillonite and a series of organoclays. The 
surfactant molecules are retained on the clay surfaces up to 400 °C significantly above 
the temperature of combustion of the surfactant molecules which is evidenced by IES 
data. The paranitrophenol is adsorbed on the mentioned sorbents and the sorption of 
paranitrophenol results in the rearrangement of the interlayer surfactant and the 
lowering of the dehydroxylation temperature of the montmorillonite which is 
evidenced by X-ray diffraction and TEM and TG. The thermogravimetric data indicate 
the behavior of the organic compounds which included the paranitrophenol and 
surfactant (DDOAB).  
 
 
This work has shown that 

a) Paranitrophenol is adsorbed and is probably chemically bonded to the 
montmorillonite.  

b) The paranitrophenol is not lost until temperatures significantly above the 
normal sublimation temperature of paranitrophenol 

c) The surfactant DDOAB of formula (CH3(CH2)17)2NBr(CH3)2. is bonded to the 
siloxane surfaces of the montmorillonite. 

d) The surfactant molecules are retained on the clay surfaces up to 400 °C 
significantly above the temperature of combustion/decomposition of the 
DDOAB surfactant molecules. 

e) The adsorption of paranitrophenol is greater on the DDOAB organoclay than 
the Na-montmorillonite 

f) The adsorption of the paranitrophenol depends upon the CEC concentration 
and consequently upon the arrangement of the surfactant molecules in the clay 
interlayer 

g) The adsorption of the paranitrophenol results in the lowering of the 
dehydroxylation temperature of the montmorillonite 

h) The organoclays based upon DDOAB are stable up to ~400 °C 
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Figure 5a Montmorillonite with adsorbed pnp 
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Figure 6a  Mt-4000 
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Figure 7a  Mt-4000 
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Figure 8a Mt-4000 
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