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ABSTRACT:  

This study aims at better understanding the interaction between an 

ammonium smectite and carboxylic acids. The SWy-2 (Wyoming smectites) 

has been exchanged with NH4
+ and then batched with carboxylic acids 

(acetic, formic, chloroacetic and oxalic) in concentrations between 0,01M 

and 1M. The obtained solid phases have been chemically analyzed and 

characterized by infrared absorption spectroscopy and X-ray powder 

diffraction. The ionic chromatography has been used for the quantitative 

measurement of ammonium in the solution after interaction. For the four 

acids, the interaction is characterized by a cationic exchange of NH4
+ to 

H3O+. A partial exchange to Al3+ due to a partial dissolution of the sample 

in strong acidic medium is observed with chloroacetic and oxalic acids. For 

these two last acids, the adsorption of molecules on the clay sample occurs, 

mainly through H-bonding with the cation. Moreover, the intercalation of 

oxalic acid in the interlayer space has been highlighted. 

 

KEYWORDS:  

Ammonium ; Montmorillonite ; SWy-2 ; Carboxylic acids ; Acetic acid ; 

Formic acid ; Chloroacetic acid ; Oxalic acid ; Waste landfill ; Leachate. 
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INTRODUCTION 

 

The percolation of water through waste landfills produces leachates with 

high amount of pollutants. Clay barriers are used in the bottom of these sites 

to limit soil and underground water pollution. Smectites are mainly chosen 

because of their low permeability after compaction, their expansion ability, 

their molecule fixation property and their high Cation Exchange Capacity 

(CEC). Landfill leachates are characterized by a very high variety of 

cations. Among these cations, ammonium is in large excess in leachates, as 

mentioned by several authors (Leikam & Stegmann, 1996; Lo, 1996; 

Kruempelbeck & Ehrig, 1999; Christensen et al., 2001; Oman & Junestedt, 

2007). Kjeldsen et al. (2002) even describe ammonium as the major long-

term pollutant. The presence of ammonium is principally explained as 

resulting from bacteria degradation. Consequently, a natural cationic 

exchange can be predicted in clay barrier between starting exchangeable 

cation (mainly Na+, Ca2+ and K+) and +
4NH . Previous studies mainly 

characterized ammonium smectites by FTIR spectroscopy  (Chourabi & 

Fripiat, 1981; Petit et al., 1998, 1999; Bishop et al., 2002; Pironon et al., 

2003). 

 

For the first years after the disposal of the waste in the landfill, which 

mainly corresponds to the anaerobic acid phase, leachates are composed of 
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several carboxylic and volatile fatty acids. Harmsen (1983) estimated that 

95% of the total organic carbon comes from these acids. Interactions 

between carboxylic acids and Na- or Ca-clays are well described in the 

literature (Brindley & Moll, 1965; Yariv & Shoval, 1982; Kubicki et al., 

1999; Yariv & Lapides, 2005). Yariv et al. (1966) performed an infrared 

study of benzoic acid adsorbed onto NH4-montmorillonite but generally no 

detailed paper of interaction between organic acids and NH4-clays are 

available. Except the specific infrared study of benzoic acid adsorbed onto 

NH4-montmorillonite (Yariv et al., 1966), no other data concerning the 

interaction between organic acids and NH4-clays are available in the 

literature. The purpose of this paper is to study the behaviour of four short 

carboxylic acids (acetic, CH3COOH, formic, HCOOH, chloroacetic, 

ClCH2COOH and oxalic acids, (COOH)2) on smectite previously exchanged 

with ammonium ions. 
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MATERIALS AND METHODS 

 

Materials 

The smectite sample used for this study is the SWy-2 montmorillonite from 

the Source Clays Repository of The Clay Minerals Society. The structural 

formula of the < 2 µm fraction, calculated from the chemical composition 

given in Table 1, is 

(Ca0.13Na0.34K0.03)[Al3.04Fe(III)0.41Mg0.49Ti0.01][Si7.98Al0.02]O20(OH)4. A 5% 

silicon content correction (presence of quartz mainly) was applied as 

described by Chipera & Bish (2001). The corrected structural formula is the 

following: 

 (Ca0.14Na0.36K0.03)[Al3.05Fe(III)0.42Mg0.51Ti0.01][Si7.86Al0.14]O20(OH)4. 

Approximately 2 g of the Wyoming montmorillonite were poured into a 

Nalgene centrifuge tube and mixed with 50 mL of a 1M ammonium 

chloride solution. The sample rotated on a SRT1 Stuart Scientific roller 

mixer for 12h. The supernatant chloride solution was then drained and the 

tube was refilled with a fresh 1M NH4Cl solution. This process was repeated 

five times. The sample was then put in a dialysis membrane tubing and 

placed in deionized water to remove chlorine. The water was daily changed 

until the disappearance of chlorine (AgNO3 test). After dialyze and 

decantation, the <2 µm size fraction of NH4-samples that mainly 
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corresponds to the clay fraction was extracted, dried and finely hand ground 

in an agate mortar. 

The organic acid solutions were prepared from mixtures of reagent grade 

organic acids in deionized water (milli-Q/18.2 MΩ.cm-1). The 

concentrations of organic acids were 0.01, 0.1 and 1 M. These 

concentrations were chosen higher than those in waste landfill leachates, in 

order to promote the reactions. 

A mass of 200 mg of finely dispersed <2 µm NH4-sample was placed in 

centrifuge tubes and shaken at room temperature in 20 mL of distilled water, 

0.01, 0.1 and 1M solutions of these organic acids, respectively. After seven 

days, each solution was recovered by centrifugation and the pH value was 

measured with a pH-microelectrode (Mettler Toledo, InLab 423). The 

suspension aliquots were filtered through a Millipore filter (0.2 µm) and 

stored at 4°C before ICP-AES and ionic chromatography analyses. Then the 

treated NH4-samples were recovered for analyses, rinsed softly for 1 hour 

with 20 mL of deionized water (milli-Q/18.2 MΩ cm-1) and dried at 40°C. 

 

Sample characterization 

ICP-AES 

The chemical composition of the clay samples was checked by ICP-AES 

analysis using a Jobin-Yvon Ultima spectrometer. Approximately 100 mg 
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precisely weighted of samples were dissolved by alkaline fusion (LiBO2) 

and the Si, Al, Fe, Ti, Mn, Mg, Li, Ca, Na, K concentrations were measured. 

Infrared spectroscopy 

Fourier Transform Infrared (FTIR) spectra were recorded using a NICOLET 

Magna-IR 760 Fourier transform spectrometer. To avoid K+-clay cations  

exchange within sample during analysis (Pelletier et al., 1999) and to 

eliminate the contribution of the water absorbed by the KBr pellets in the 

stretching O-H band, a NICOLET Nic-Plan microscope was used. The 

spectrometer and the microscope were purged with dry air to remove most 

of the atmospheric H2O and CO2. The powder sample was spread over the 

NaCl window of the microscope stage. The analysed sample area was a 100 

µm diameter circle chosen under the microscope 15X Cassegrainian 

objective. The operating conditions were 128 scans and 2 cm-1 resolution 

with no ambient CO2-H2O corrections. The studied wavenumber range was 

650 cm-1 – 4000 cm-1 according to the spectrometer beamsplitter and the 

microscope detector (Nicolet MCT-A). 

Carbon and nitrogen analyses 

Total carbon and nitrogen contents were quantified by combustion at 

1300°C using an elemental analyser CNS 2000 LECO. About 40 mg of 

sample were analysed. The combustion process converts any elemental 

carbon into CO2 which is quantified with an infrared spectroscopy cell. 
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Nitrogen sample is converted into oxidized forms then reduced into N2 and 

quantified by conductivity measurement.    

A LECO analyser is not classically used in clay science to quantify carbon 

and nitrogen. However, it is a direct method for the quantification of the 

nitrogen content, and then the ammonium content of the studied minerals 

can be deduced. Moreover, this technique allows us to show the presence or 

the absence of adsorption of organic molecules on clay mineral by the 

carbon content measurement. To validate the method, a set of 16 

measurements has been realized on the SWy-2 sample exchanged with the 

ammonium cations (Table 2). These results allow to evaluate N , the mean 

value of the nitrogen content in ammonium smectites, and NΔ , the 

sensibility of this technique: N  = 8.8 mg/g with NΔ = ± 0.8 mg/g. 

On the other hand, the sensibility of this technique is not adapted to the 

determination of the small residual carbon content in purified clay minerals. 

Indeed, we obtain C  = 0.8 mg / g with CΔ = ± 0.5 mg / g. The carbon 

content is however a reliable indicator of the organic molecules adsorption. 

For example, in the case of the glycolated NH4-SWy-2 smectite, the 

measurement of the carbon concentration is C = 64,6 mg / g in comparison 

with 0,9 mg / g obtained without ethylene glycol molecules intercalation. 

Ionic chromatography 
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Cations in the solution were quantified after interaction with the smectites 

by an ionic chromatography equipped with a cation column. Only the 

contents of ammonium are showed in Tab. 3.   

X-Ray Diffraction 

X-Ray Diffraction (XRD) patterns were recorded using a Thermo Electron 

ARL’XTRA diffractometer equipped with a Si(Li) solid detector. The 

vertical θ:θ goniometer supports two Sollers slits. A VTI RH 200 Relative 

Humidity generator device coupled to an Anton Paar HTK 1200R chamber 

allows having variable environmental conditions. Experimental 

measurement parameters were 10s counting time per 0.05°2θ step. The 

divergence slit, the incident beam scatter slit, the diffracted beam scatter slit 

and the receiving slit are 1.0, 1.5, 0.45 and 0.30 mm wide, respectively. 

Between 30 and 60 mg of powder sample are necessary for XRD analysis. 

Data collection was performed at 30°C and 50% relative humidity (RH) 

after an equilibrium period of 1 hour before the measurement. 

Cationic Exchange Capacity and measurements of the interlayer cations 

content  

The Cation Exchange Capacity (CEC) was measured using the 

triethylenetetramino copper-II complex method (Meier & Kahr, 1999; 

Ammann et al., 2005) for which about 50 mg of the sample precisely 

weighted were suspended for 1 hour in 10 mL of 0.004 M 

triethylenetetramino copper-II complex [Cu(trien)Cl2] solution. After 
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centrifugation, the Cu concentration in solution was measured using a 905-

GBC atomic absorption spectrophotometer from GBC Scientific Equipment 

to determine the CEC value.  

Because of a partial dissolution of the clay in our acid solutions and an 

eventual cationic exchange, Si, Al, Fe, Mn, Mg, Ca, Na and K 

concentrations were also measured, after total Cu exchange, to quantify the 

part of each element as compensating cation . 

 

RESULTS 

 

The NH4-sample 

The chemical composition of the NH4-sample is showed in Table 1 and the 

nitrogen content of Table 2. We can notice the decrease of the Ca and Na 

concentrations in comparison with the initial SWy-2 montmorillonite. After 

exchange, the structural formula of the NH4-sample is:  

(NH4)0.49Ca0.02Na0.04K0.03[Al3.08Fe(III)0.41Mg0.47Ti0.01][Si7.97Al0.03]O20(OH)4. 

The FTIR spectrum of NH4-sample is presented in Fig. 1w. The N-H main 

stretching band is observed at 3270 cm-1 and two very small bands exist 

around 3080 and 2830 cm-1 as observed by Petit et al. (1998). The ν4 +
4NH -

bending vibration is centred at 1431 cm-1 (Petit et al., 1998, 1999; Pironon 

et al., 2003). The relative intensity of the H-O-H bending band of water at 
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1630 cm-1, assigned to the sample water content, is very low in this NH4-

sample.  

The XRD diagram obtained at 30°C and 50% RH (Fig. 3) shows a classical 

pattern of smectite. The basal distance d001 is equal to 1.19 nm. A few 

amount of quartz was detected and no calcite phase was observed. 

The relative low interlayer hydration property of the NH4-sample is 

characterized by the evolution of the basal distance with relative humidity 

(Fig. 4). It can be decomposed in two domains. For P/P0 ≤ 0.15, the d001 

spacing sharply increases to reach a value around 1.19 nm. For P/P0 > 0.15, 

the interlayer distance slightly increases to reach a final value of 1.24 nm at 

P/P0≈0.90. These results are in concordance with those of Pironon et al. 

(2003). 

 

Fixation ability 

Acetic and formic acid treatments 

The chemical analyses of +
4NH -samples treated with acetic and formic acids 

(Table 1) do not reveal any dramatic changes after interaction in comparison 

with the NH4-sample. Fig. 1 w, a, b shows the FTIR spectra for the NH4-

SWy-2 interacted with water, 1M acetic and 1M formic acids, respectively. 

No characteristic bands characteristic of acid molecules or of bonds between 

the clay and the acid molecules were detected. The 1431 cm-1 H-N-H 

bending band relative intensity weakly decreases after the treatments. This 
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can be assigned to a decrease of the clay +
4NH  content. In the same way the 

relative intensity of the 1630 cm-1 H-O-H bending band of water increases. 

The carbon and nitrogen concentrations after treatments and the pH of the 

solutions have been measured and presented in Table 3. The small and 

almost constant value of carbon content indicates the absence of molecular 

fixation on clay. The nitrogen concentrations decrease with the increase of 

acid concentration and confirm the FTIR results. The ionic chromatography 

analyses of the solution show that the ammonium concentration released 

from clay increases with the increase of acid concentration (Table 3). The 

pH of the solutions was relatively low (between 1.8 and 3.9) and logically 

decreased with the increase of acid concentration (Table 3). Then, we can 

assume that a cationic exchange of the initially +
4NH  to H3O+ cations seems 

to be the main effect of the interaction between NH4-sample and acetic and 

formic acids.  

Chloroacetic acid treatment 

The nitrogen analyses of the reacted solid samples show an ammonium 

cation content decreasing trend with the acid concentration (Table 3). In the 

same way, the pH value of the solution decreases with the acid 

concentration. So, a cationic exchange of the initially +
4NH  to H3O+ cations 

is highlighted, as in the case of acetic and formic acids. However, the FTIR 

spectrum shows a molecular fixation (Figs 1c and 2a). The NH4-sample 

treated with chloroacetic acid exhibits a very weak band at 2960 cm-1 
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assigned to υCH, a broad band at 1722 cm-1 due to a C=O stretching and a 

wide broad band near 1625 cm-1. Another broad band is observed at 1428 

cm-1 with an important shoulder at 1460 cm-1. We can note that in this 1410 

cm-1 - 1470 cm-1 frequencies range several bands can overlap, corresponding 

to +
4NH  bending, CH2 scissoring, a combination band between C-O 

stretching and H-O-C in plane angle bending and υsymCO of carboxylate ion 

(CO2)- (Lin-Vien et al., 1991). For example, (Max & Chapados, 2004) give 

a mean value of 1397 cm-1 with a 35 cm-1 standard deviation for the CH2 

scissoring, δsc(CH2) and 1406 cm-1 with a 12 cm-1 standard deviation for the 

(CO2)- symmetric stretching νsym (CO2)- of nine carboxylic acids and their 

sodium salts in aqueous solutions. Because of this overlap, the decrease of 

the +
4NH  content in clay can not be confirmed by FTIR analyses. A medium 

band at 1260 cm-1 is also observed and can be attributed to a H-C-H wag 

vibration of a –CH2X terminal group (Lin-Vien et al., 1991). The acid 

sorption is confirmed by carbon concentration measurements (Table 3). At 

0.01M acid concentration, the carbon concentration remains identical to that 

of water treated sample. The increase of the clay carbon content is 

significant for 0.1M and 1M concentrations, with 9.3 mg/g and 14.7 mg/g, 

respectively. 

 

Oxalic acid treatment 
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As previously seen with chloroacetic interaction, a strong decrease of the 

nitrogen concentration in treated sample and a decrease of the pH of the 

solution (Table 3) are due to a cationic exchange of the initial +
4NH . 

Moreover, the increase of the carbon content, especially for 0.1M and 1M, 

with the acid concentration (Table 3) indicates a fixation of oxalic acid onto 

the clay. The FTIR spectrum of the NH4-SWy-2 sample interacted with 1M 

oxalic acid (Figs 1d) show a very broad band around 1700 cm-1. This band 

is composed of three contributions at 1718 cm-1, 1702 cm-1 and 1689 cm-1; 

of two weak shoulders at 1748 cm-1 and 1660 cm-1 and of a very weak one 

at 1626 cm-1 (Fig. 2b). Moreover, the spectrum presents two new bands in 

comparison with the initial NH4-SWy2 sample: one in the 1500 cm-1 - 1350 

cm-1 range with components at 1463 cm-1, 1429 cm-1 and 1415 cm-1. These 

additional bands prove that new molecular bonds exist after the treatment. 

Because of overlaps in this region (Fig. 2b) and the high exchange rate after 

1M oxalic acid treatment (Table 3), the 1431 cm-1 H-N-H bending band is 

not visible in the FTIR spectrum. Another band between 1350 cm-1 and 

1250 cm-1 with two contributions at 1293 cm-1 and 1280 cm-1 also confirms 

the oxalic acid fixation (Bellamy & Pace, 1963). 

 

 

 

Basal spacing variation 
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X-Ray Diffraction patterns are shown in Fig. 3. The NH4-SWy-2 interacted 

for seven days with water is used as a reference. The basal distance of 

ammonium smectites interacted with acetic acid (pKa=4.76) shifts from 

1.19 to 1.24 nm with acid concentration increase (Fig. 3a). The expansion of 

the basal distance is due to the partial interlayer cationic exchange. 

Concerning formic acid (pKa = 3.74), the shift of the 001 reflexion is more 

important, from 1.19 to 1.33 nm (Fig. 3b). In spite of acid fixation, X-ray 

diffraction patterns of the NH4-SWy-2 interacted with chloroacetic acid 

(pKa = 2.87) show the same evolution (Fig. 3c), with a shift from 1.19 to 

1.49 nm. X-ray diffraction patterns of the NH4-SWy-2 interacted with oxalic 

acid (pKa1 = 1.27, pKa2 = 4.27) show a different behaviour (Fig. 3d). As 

concentration increases, the 001 reflexion becomes sharper, and the shift 

towards lower angle is smaller (from 1.19 to 1.26 nm) than with other acids. 

 

Evolution of the exchange rate versus pH 

The exchange rate is obtained from the nitrogen concentration in solid phase 

after interaction with acids in different concentrations divided by the content 

of nitrogen in the starting NH4-SWy-2 sample. Whatever the studied acid, 

the cationic exchange rate in clay increases as the pH value of the solution 

decreases (Fig. 5). The comparison with chlorhydric acid shows that the 

exchange with organic acids is directly linked to the pH of the solution and 

that the fixation has no influence on the exchange rate. For the same acid 
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concentration, the cationic exchange rate is different because of the acidity 

of the solution. For example, with the 1M concentration, the exchange rate 

reaches 43% in the case of acetic acid (pH=2.5), 70% for formic acid 

(pH=1.8), 85% for chloroacetic acid (pH=1.4) and 91% for oxalic acid 

(pH=1.1). 

 

DISCUSSION 

 

Nature of the compensating cation after acid treatment 

Under acidic medium, the destruction of octahedral and tetrahedral sheets 

can occur (Huang & Keller, 1971; Metz et al., 2005). Clay dissolution 

induces cations in solution which can move to the interlayer space and 

participate to an exchange process. The Al/Si ratio in NH4-SWy-2 solid 

phase is initially equal to 0.37 (Table 1). Concerning formic, acetic and 

chloroacetic acids interactions, the Al/Si ratio is quite constant after 

interaction with 1M acid solution. In the case of oxalic acid interaction, the 

Al/Si ratio decreases to 0.32 for 1M concentration, which indicates an 

octahedral sheet destruction. In an acid medium, the presence of hydrated 

protons in the interfoliar space is doubtless (Balek et al., 2002; Ferrage et 

al., 2005). During the treatment, the interlayer +
4NH  cation was firstly 

exchanged by H3O+. Secondly, due to the partial clay dissolution, other 

cations (Al and Mg in our study) can occupy interlayer sites. Finally, 
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because of the acid attack of layers by protons, these H-montmorillonites 

are unstable materials and are partially converted to (H, Al, Mg)-

montmorillonite (Glaeser et al., 1960; Coleman & Craig, 1961; Eeckman & 

Laudelout, 1961; Davis et al., 1962; Miller, 1965; Janek & Komadel, 1993; 

Komadel, 2003). To determine precisely the nature of compensating cations 

after acid treatment, the concentrations of Si, Al, Fe, Mn, Mg, Ca, Na and K 

were measured in the solution after total exchange with triethylenetetramino 

copper complex. The quantity of ammonium as compensating cation was 

deduced from nitrogen analyses (LECO).  

Fig. 6 shows the fraction of each cation in the exchange sites for different 

pH values. Whatever the pH value, potassium, sodium and silicium contents 

were very low, below 1 meq/100g and were not shown. The magnesium, 

calcium and iron contents were very weak and did not exceed 10 meq/100g. 

Below pH 2, no calcium was detected but a small quantity of iron cations 

was measured.  

In the 7 – 2.4 pH range, the quantity of ammonium cation slightly decreases 

due to a gradual cationic exchange between ammonium and hydronium. In 

more acidic medium (pH<3) aluminium cations were present in interlayer 

sites. The Al quantity strongly increases as the pH decreases and this is 

accompanied by an important drop of the ammonium quantity. 

To summarize, different types of montmorillonites were obtained during the 

increasing of the acidity which depends on the exchange rate and the nature 
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of the compensating cation: in the original state (NH4-montmorillonite at pH 

6.4) and down to pH 2.4, the montmorillonite is still mainly composed of 

ammonium and hydronium as compensating cations. Between pH 2.4 and 

pH 1.5, three principally compensating cations coexist: +
4NH , H3O+ and 

Al3+. Below pH 1.5, the montmorillonite becomes an aluminous 

montmorillonite with aluminium as major compensating cations. Coleman 

& Craig (1961) and Eeckman & Laudelout (1961) also highlight that the 

autotransformation of H-montmorillonite is favoured by a temperature 

increase above 30°C. The drying at 40°C of our samples may have increased 

their instability. 

 

Acetic and formic acids interactions 

Fig. 7 presents the value of the d001 basal spacing versus the cationic 

exchange rate. This graph can be divided in different domains. In case of 

interaction with acetic acid the d001 spacing is quite constant up to 40% 

exchange rate, around 1.19 nm (initial value of the basal distance of an 

ammonium smectites) then increases to 1.25 nm. Concerning formic acid   

interaction, the d001 value slightly increases from 1.20 nm at 41% exchange 

rate to 1.33 nm at 71% exchange rate. This evolution of the d001 value is 

correlated with the content and nature of cations in the interlayer space. Fig. 

8 shows the evolution of Al3
+ and +

4NH  compensating cation versus the 

exchange rate. Below 40% of the exchange rate, the increase of the d001 
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spacing is due to the partial NH4-SWy-2 exchange to H3O-SWy-2. Above 

40%, aluminium cations appear as compensating cations and there is 

coexistence of mainly ammonium, hydronium and aluminium in the 

interlayer space. 

In addition to the basal distance increase, the full width at half maximum of 

the (001) reflexion also slightly increases (Fig. 3a, b), confirming the 

evolution to a less organised interstratified sample with mainly +
4NH , H3O+ 

or Al3+ in the interlayer site.  

In the experimental conditions of this study (concentration ≤ 1M), the main 

consequence of the interaction between acetic and formic acids with the 

NH4-SWy-2 sample is a cationic exchange.    

 

Chloroacetic acid interactions 

The behaviour of the d001 basal spacing after interaction with chloroacetic 

acid is similar to this obtained with acetic or formic acid. At around 43 % of 

exchange rate (0.01M concentration, pH=2.7), the d001 spacing is equal to 

1.21 nm and continually increases to reach 1.39 nm at 85% of exchange rate 

(Fig. 7). This result can be correlated with the progressive exchange of 

interfoliar cations ( +
4NH  and H3O+) to Al3+ produced by the sample 

dissolution in strong acid conditions (Fig. 6). We can notice that the 

standard d001 spacing obtained with a totally exchanged Al-montmorillonite 

is 1.50 nm. The broad 001 reflexion at 1.39 nm observed after 1M acid 



 20

treatment (Fig. 3c) corresponds to an interstratified sample in which 

dominant layers are constituted with aluminium in interlayer sites (Figs 7 

and 8).  

The FTIR spectra allow us to propose an adsorption model based on the 

study of Yariv & Shoval (1982).  These authors worked on the association 

between fatty acids and montmorillonite and they identified two distinct 

cases of interaction. In the first situation the molecule is in neutral form, 

RCOOH, characterized by an absorption band between 1660 and 1725 cm-1. 

In the other case, the molecule is in anionic form, RCOO-, characterized by 

two absorption bands between 1420 and 1610 cm-1. These two cases are 

identified in our FTIR spectrum (Fig. 1c, 2a). The band observed at 1722 

cm-1 is characteristic of the COOH group. The linkage is realized with an 

hydrogen bond between an oxygen of the carbonic group and a water 

hydrogen or between hydrogen of carboxylate group and an oxygen from 

water or silicate layer (Yariv & Shoval, 1982; Yariv, 1996). The 

characteristic bands of the RCOO- anion are present at 1600 cm-1 and 1453 

cm-1 (Fig. 2a). This absorption can be attributed to a linkage of a COO- 

group with hydroxyl group of octahedral sheets on broken-bonds surface or 

with an exchangeable cation of clay surface, with the possibility of a water 

bridge formation (Yariv & Shoval, 1982).  

 

Oxalic acid interactions 
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Fig. 7 shows that below 50% exchange rate, the d001 value slightly increases 

as previously described, but above 50%, contrary to other acids, the d001 

does not strongly increase but reaches 1.25 nm at 79% and remains constant 

after this value. At the same time, with the increase of the concentration, the 

001 reflexion becomes sharper (Fig. 3d). This behaviour implies that 

adsorption exists in the interlayer space. Moreover, Table 3 shows that this 

fixation strongly increases with acid concentration.  

The pH value after interaction (1.1, Table 3) is very near to the pKa1 of the 

oxalic acid.  For this pH value, the oxalic acid can act as one or two acid 

function. These situations have been studied by Yariv & Shoval (1982) for 

the two species RCOOH and RCOO-. In our case, R corresponds to one 

COOH group.  In the neutral form, the COOH group links to the layer and 

to the interlayer water through hydrogen bonds or through direct linkage to 

the exchangeable cation. For the deprotonated form, a bonding between 

carboxylate group and interlayer water or cation is mainly assumed (Yariv 

& Shoval, 1982). As in chloroacetic acid case, a linkage of a COO- group 

with hydroxyl group of octahedral sheets on broken-bonds surface can also 

occur. 

Specht & Frimmel (2001) studied the interaction between oxalic acid and 

kaolinite in suspension at pH 1.2. In the same way, Yoon et al. (2004) 

worked on oxalate adsorption at boehmite/water and corundum/water 

interfaces. Our FTIR spectrum (Fig. 1d, 2b) can be compared to their results 
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obtained by ATR-FTIR. The 1718 cm-1 band can be attributed to the 

stretching vibration νC=O of the acid carbonyl group of the neutral acid 

molecule (Specht & Frimmel, 2001). The very weak shoulder at 1626 cm-1 

can be attributed to the stretching antisymetric νas(CO2
-) of the carboxylate 

group of the deprotonated acid (Specht & Frimmel, 2001). These two bands 

are always present after an additional rinsing (Fig. 2c) but the 1718 cm-1 

band intensity decreases in comparison with the 1626 cm-1 one, the intensity 

of this band which remains practically unchanged. These results indicate 

that among the linkages some are weaker than others. 

 

CONCLUSION 

 

The interaction between ammonium smectites of Wyoming and 

acetic, formic, chloroacetic and oxalic acids is characterized by a partial 

cationic exchange, dependent on the pH of the solution. Ammonium cations 

were progressively replaced by hydronium cation under acid condition. A 

dissolution of the sample also occurs and in strong acid medium (pH <2) 

aluminium is present in the interlayer space. 

In the used conditions (batch interaction, stirring, soft rinsing and 

drying at 40°C) during one week, acetic and formic acids are not absorbed 

on ammonium clay. Chloroacetic acid is fixed on clay particle surface and 

on broken-bonds surface and two modes of bonding are envisaged: a 
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hydrogen bonding and/or a direct linking on cation (possibly by a water 

bridge). Fixation of oxalic acid also occurs thanks to hydrogen bonding 

and/or direct linking on cation. Oxalic acid is composed of two carboxylic 

groups and strong bondings are observed. 

For chloroacetic acid interaction, the basal spacing increases as well 

as in acetic and formic acid interaction. In these cases, the interlayer space is 

only controlled by the partial cationic exchange. Limited chloroacetic acid 

fixation occurs on clay particle and does not affect the interlayer. On the 

contrary, after oxalic acid interaction the limited basal spacing expansion at 

1.26 nm and the decreasing of the width of the 001 reflexion indicates that 

the oxalic acid molecule is mainly intercalated. 

The ammonium smectite has a limited fixation ability with 

carboxylic acids. Only very reactive carboxylic acids (chloroacetic and 

oxalic acids) seem to be strongly absorded on the ammonium clay. It is 

necessary to investigate more in details these ammonium smectite with 

other organic molecules to extend the study of the fixation ability. 

The aim of this paper was to investigate the interaction between an 

ammonium montmorillonite and low molecular weight carboxylic acids. 

Ammonium is the most abundant cation in landfill leachate; so it can 

occupy the interlayer sites of the smectite and the organic acids act a source 

of incoming pollutant. To conclude in waste landfill context, this study 

highlights that acetic and formic acids can percolate through the clay barrier 
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and could be found in soil and groundwater. For the first years after the 

disposal of the waste in the landfill, the clay barrier tends to become a 

H3O+/Al3+-montmorillonite. Moreover, the small clay dissolution under this 

acidic medium could damage the barrier. These evolutions question the 

long-term durability of the clay barrier and also the prevention of any 

pollution. However the pH values observed in the study (1.1<pH<3.9, see 

Table 3) are lower than those of landfill leachates from 4.5 to 9 (Christensen 

et al., 2001). In order to clearly understand the behaviour of these molecules 

in the landfill environment it would be interesting to buffer the organic 

solutions with NH4OH to adjust the pH to the value commonly found in 

landfill.  
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FIGURE CAPTIONS 
 
 
FIG. 1: FTIR spectra of NH4–SWy-2 interacted with water (w) used as 
reference, acetic acid (a), formic acid (b), chloroacetic acid (c) and oxalic 
acid (d) recorded at room temperature with the IR microscope. All acids are 
in 1M concentration. 
 
FIG. 2: Zoom on 1200-2000 cm-1 FTIR spectra of NH4–SWy-2 interacted 
with chloroacetic acid (a) and oxalic acid (b) recorded at room temperature 
with the IR microscope. Both acids are in 1M concentration. NH4–SWy-2 
interacted with oxalic acid sample after 1 hour water rinsing is shown on c 
curve. 
 
FIG. 3: XRD patterns of NH4 smectite interacted with water used as 
reference, acetic acid (a), formic acid (b), chloroacetic acid (c) and oxalic 
acid (d). Acids are in 0.01. 0.1 and 1M concentration. Qz indicates the 
presence of quartz. 
 
FIG. 4:  Variation of the d001 versus the partial pressure of water. Black 
circles: NH4-SWy-2; open triangles: Na-SWy-2. 
 
FIG. 5: Evolution of the exchange rate as a function of the pH in the 
solution (final N content/initial N content*100) in the NH4-SWy-2 after 7 
days interaction with water (black square), acetic acid (open diamond), 
formic acid (black triangle), chloroacetic acid (cross), oxalic acid (black 
circle) and chlorhydric acid (open square) as reference. 
 
FIG. 6: Evolution of the fraction of each cation in the exchange sites versus 
pH. Open diamonds: aluminium; open triangles: iron; crosses: magnesium; 
open circles: calcium; black diamonds: ammonium. 
 
FIG. 7: Variation of the d001 basal spacing at 50% of relative humidity of 
the NH4-SWy-2 sample after 7 days interaction with water (black rectangle), 
acetic acid (open diamond), formic acid (black triangle), chloroacetic acid 
(cross) and oxalic acid (black circle) versus the cationic exchange rate 
calculated from +

4NH  concentration. Lines are trends for the eyes. 
 
FIG. 8: Evolution of the part of +

4NH  and Al3+ cations in the exchange site 
with general cationic exchange rate in %. Open diamonds: Al3+; black 
diamonds: +

4NH . 



FIG. 1: FTIR spectra of NH4–SWy-2 interacted with water (w) used as 
reference, acetic acid (a), formic acid (b), chloroacetic acid (c) and oxalic 
acid (d) recorded at room temperature with the IR microscope. All acids are 
in 1M concentration. 
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FIG. 2: Zoom on 1200-2000 cm-1 FTIR spectra of NH4–SWy-2 interacted 
with chloroacetic acid (a) and oxalic acid (b) recorded at room temperature 
with the IR microscope. Both acids are in 1M concentration. NH4–SWy-2 
interacted with oxalic acid sample after 1 hour water rinsing is shown on c 
curve. 
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FIG. 3: XRD patterns of NH4 smectite interacted with water used as 
reference, acetic acid (a), formic acid (b), chloroacetic acid (c) and oxalic 
acid (d). Acids are in 0.01. 0.1 and 1M concentration. Qz indicates the 
presence of quartz. 
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FIG. 4:  Variation of the d001 versus the partial pressure of water. Black 
circles: NH4-SWy-2; open triangles: Na-SWy-2. 
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FIG. 5: Evolution of the exchange rate as a function of the pH in the 
solution (final N content/initial N content*100) in the NH4-SWy-2 after 7 
days interaction with water (black square), acetic acid (open diamond), 
formic acid (black triangle), chloroacetic acid (cross), oxalic acid (black 
circle) and chlorhydric acid (open square) as reference. 
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FIG. 6: Evolution of the fraction of each cation in the exchange sites versus 
pH. Open diamonds: aluminium; open triangles: iron; crosses: magnesium; 
open circles: calcium; black diamonds: ammonium. 
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FIG. 7: Variation of the d001 basal spacing at 50% of relative humidity of 
the NH4-SWy-2 sample after 7 days interaction with water (black rectangle), 
acetic acid (open diamond), formic acid (black triangle), chloroacetic acid 
(cross) and oxalic acid (black circle) versus the cationic exchange rate 
calculated from +

4NH  concentration. Lines are trends for the eyes. 
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FIG. 8: Evolution of the part of +
4NH  and Al3+ cations in the exchange site 

with general cationic exchange rate in %. Open diamonds: Al3+; black 
diamonds: +

4NH . 
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TABLE 
 
 
Table 1: Chemical composition reported in oxide weight percentages of 
calcined samples measured by ICP-AES. Cationic Exchange Capacity CEC 
is expressed in meq/100 g of calcined clay. Al/Si is the solid ratio measured 
thanks to Al2O3 and SiO2 concentrations. 
 
Table 2: Series of carbon and nitrogen concentrations measurements for the 
NH4-SWy-2 reference sample. 
 
Table 3: Carbon and nitrogen concentration in treated samples measured by 
elemental analyzer CNS 2000 LECO® and ammonium concentration in 
solution measured by ionic chromatography. The molar concentration of the 
initial acid solutions and the pH of the solution after interaction are 
indicated. The d001 basal spacings obtained from Fig. 3 are reported. 



Table 1: Chemical composition reported in oxide weight percentages of 
calcined samples measured by ICP-AES. Cationic Exchange Capacity CEC 
is expressed in meq/100 g of calcined clay. Al/Si is the solid ratio measured 
thanks to Al2O3 and SiO2 concentrations. 

 

 
u: undetermined 

 SiO2 Al2O3 Fe2O3 MnO MgO TiO2 CaO Na2O K2O CEC Al/Si 

SWy-2 < 2 µm 67.65 22.06 4.61 0.01 2.80 0.11 1.06 1.50 0.20 83.3 0.37 

NH4- SWy-2 69.09 22.81 4.71 0.01 2.66 0.12 0.17 0.18 0.20 79.3 0.37 

NH4- SWy-2 / 1M 
Acetic acid 

69.69 22.27 4.56 0.01 2.69 0.12 0.28 0.12 0.22 66.8 0.36 

NH4- SWy-2 / 1M 
Formic acid 

68.76 23.12 4.64 0.01 2.79 0.12 0.26 0.14 0.17 68.8 0.38 

NH4- SWy-2 / 1M 
Chloroacetic acid 

69.05 22.48 4.77 0.01 2.62 0.12 0.49 0.25 0.20 56.5 0.37 

NH4- SWy-2 / 1M 
Oxalic acid 

72.16 20.32 3.94 0.01 2.33 0.15 0.61 0.23 0.26 u 0.32 



Table 2: Series of carbon and nitrogen concentrations measurements for the 
NH4-SWy-2 reference sample. 
 
 

 
Concentration 

(mg/g) 
 Carbon Nitrogen 
 u. 9.50 
 0.98 8.66 
 0.72 8.59 
 1.06 9.18 
 0.76 8.27 
 1.18 8.02 
 0.27 8.26 
 0.36 8.01 
 0.75 8.77 
 0.97 8.85 
 0.47 9.38 
 0.70 9.39 
 0.70 9.03 
 0.47 8.96 
 1.27 8.93 
 1.28 8.45 

M  0.80 8.76 
∆M  0.50 0.80 

 
M : average; ∆M : incertitude; u: undetermined 

 



Table 3: Carbon and nitrogen concentration in treated samples measured by 
elemental analyzer CNS 2000 LECO® and ammonium concentration in 
solution measured by ionic chromatography. The molar concentration of the 
initial acid solutions and the pH of the solution after interaction are 
indicated. The d001 basal spacings obtained from Fig. 3 are reported. 
 

 

 
u: undetermined 

   
 

 Solid phase  Solution  
 

NH4- SWy-2 
interacted with: 

Acid 
concentration 

(mol/L) 
pH 

d001  
(nm) 

 
Carbon 
(mg/g) 

Nitrogen 
(mg/g) 

 
Ammonium 

(mg/L) 

Released 
nitrogen  
(mg/g) 

 

Sum of nitrogen 
in the solid 

phase and the  
released 

nitrogen in 
solution (mg/g) 

Water - 6.4 1.19  2.9 7.8  4.9 0.4  8.2 

Acetic Acid 0.01 3.9 1.19  2.5 6.6  26.3 2.0  8.6 

pKa = 4.76 0.1 3.1 1.20  2.2 5.5  40.5 3.2  8.7 

 1 2.5 1.24  2.3 5.0  42.1 3.3  8.3 

Formic Acid 0.01 3.1 1.19  2.0 5.2  28.1 2.2  7.4 

pKa = 3.74 0.1 2.4 1.21  2.0 4.2  51.3 4  8.2 

 1 1.8 1.32  2.2 2.6  72.6 5.6  8.2 

Chloroacetic Acid 0.01 2.7 1.21  2.8 5.0  37.9 3.0  8.0 

pKa = 2.87 0.1 1.8 1.27  9.3 3.5  66.3 5.2  8.7 

 1 1.4 1.39  14.7 1.4  80.6 6.3  7.7 

Oxalic Acid 0.01 2.3 1.21  2.8 4.6  u -  - 

pKa1 = 1.27 0.1 1.6 1.25  7.7 1.8  u -  - 

pKa2 = 4.27 1 1.1 1.26  36.4 0.8  u -  - 


