Abstract

The Australian continent has huge deposit of clay minerals that are commonly used as clay liners or exported. However, naturally occurring clay minerals could be value added by modifying the surface properties so as to enhance their capacity to remediate environmental contaminants. Such modified materials include organoclays prepared by introducing organic molecules into the clay mineral structure. To this end, this thesis focuses on the (a) preparation of novel organoclays using a range of natural clay minerals and various organic molecules, (b) characterisation of the organoclays using state of the art techniques and (c) elucidation of the atomic scale interaction of organoclays with contaminants. Two different naturally occurring clays namely palygorskite and bentonite were used in this study. Both these clays are abundant in Australia, inexpensive, have high surface area, high adsorptive and ion exchange properties.

Quaternary ammonium compounds (QACs) are the most widely used chemical agents to prepare organoclays. In order to develop an eco-friendly remediation technology using organoclays, this thesis considers assessing the level of toxicity of QACs to native microbial communities and functions in the environment as a prerequisite. Therefore, prior to modification of the clay minerals, three most commonly used QACs namely hexadecyltrimethyl ammonium bromide (HDTMA), octadecyltrimethyl ammonium bromide (ODTMA) and Arquad® 2HT-75 were tested for their toxicity to soil biological indicators such as dehydrogenase and potential nitrification activities. The toxicity followed the order HDTMA>ODTMA>Arquad on the microbial parameters. A major finding of this investigation is that the toxic effects of QACs on soil microbial activities was influenced largely by relative release of QACs in soil, not by the total quantity of QACs adsorbed.

Following microbial toxicity assessment, ODTMA and Arquad were prioritised along with several other QACs for preparing organoclays using palygorskite and bentonite. Firstly, an Australian palygorskite was modified with ODTMA, dioctadecyl dimethylammonium bromide (DODMA) and cetylpyridinium chloride (CP) at different concentrations. Modification with the QACs reduced the specific surface area of organopalygorskites by blocking the micropores. The infrared (IR) bands due to symmetric and asymmetric stretching of ‘–CH2’ group in organopalygorskites shifted towards lower frequencies with increasing QAC concentration and conformation of the organic molecules became more regular, ordered and solid-like with an increase in QAC loading. Thermo gravimetric analysis (TGA) of the modified clays showed a step wise weight loss of the organopalygorskites; first at 77oC due to desorption of water, second at 315oC due to decomposition of the surfactants bound to their adjacent molecules, third at 507oC due to loss of surfactants bound to the silica surface and fourth at 750oC due to dehydroxylation of palygorskite.  Further investigations using scanning electron microscopy (SEM) revealed that the modification caused fragmentation of the clustered palygorskite fibres resulting into fewer numbers of less entangled bundles. The organopalygorskite prepared with DODMA equivalent to 200% cation exchange capacity (CEC) of the palygorskite contained positive zeta potential (ζ) values as high as 31 mV. The ζ values decreased consistently with increasing pH of the reaction system.

Organoclays were also prepared from bentonite using one of the least toxic and inexpensive QACs, namely Arquad. A QAC-clay ratio of 2.38:1 (w/w) produced an expansion of the basal spacing (d) up to 30 Å reflecting paraffin type monolayer arrangement of Arquad and a ratio of 4.75:1 (w/w) produced more flattened paraffin type bilayer arrangement with d value of 35 Å. The IR band shifts of organobentonites due to ‘–CH2’ group vibration were similar to that of the organopalygorskites. Also, the organobentonites showed less aggregated SEM morphology with large amount of flakes with curled and crumpled structure. Similar to the organopalygorskites, the four weight loss steps of organobentonites appeared at 50o, 320o, 431o and 713oC during thermo gravimetric analysis. The positive ζ on the surface of organobentonites was greater than organopalygorskites reaching the maximum value up to 51 mV at a QAC-clay ratio of 4.75:1 (w/w).

Following adequate characterisation, the two groups of organoclays were used to remediate a range of contaminants in water and soil; for example, industrial dye such as orange II, ionisable organic pollutants such as phenol and p-nitrophenol (PNP), and heavy metal chromium (Cr) and metalloids such as arsenic (As). In batch process, the organopalygorskites could adsorb as high as 92 mg orange II and 42 mg PNP g-1 of adsorbent from aqueous phase. The organopalygorskites remediated PNP also in flow-through reactor system with exceptional performance. The maximum adsorption capacity of phenol and PNP by organobentonites was 99 mg g-1 and 100 mg g-1. The organobentonites also adsorbed hexavalent Cr (Cr2O72-) and arsenate as high as 13.6 mg g-1 and 4 mg g-1.
Contaminant such as Cr frequently exists in both cationic (Cr3+) and anionic (Cr2O72-) forms. Therefore, a single adsorbent with capacity to adsorb both the forms of Cr was developed by mixing organobentonites prepared with HDTMA and sodium dodecyl sulphate (SDS) at 200% CEC equivalent organic loadings. An equal proportion mixture (1:1) of these two organoclays efficiently adsorbed Cr3+ and Cr2O72- simultaneously. Although successful modification of the individual organoclays was revealed through IR study, the d value of organobentonite mixture was not up to the extent of pure organoclays. 

Partitioning and van der Waals interaction were the main mechanisms of orange II adsorption by the organopalygorskites, whereas PNP adsorption was controlled by multiple mechanisms of partitioning, physio-sorption and chemisorption. Similarly, the adsorption of phenol and PNP by organobentonites with QAC contents up to the CEC of the bentonite involved both surface adsorption and partitioning, whereas the adsorption with surfactant contents in excess to the CEC involved only partitioning. Arsenic and Cr were adsorbed by complex mechanism of physio-sorption and chemisorption. Desorption of adsorbed contaminants from the adsorbents was negligible demonstrating a large portion of specific adsorption. Adsorption of contaminants by the organoclays was reasonably well under different levels of pH, contaminant concentration, temperature, ionic strength and dissolved organic matter concentration generally prevailing in the environment.

Organoclays were also able to reduce the solubility and mobility of contaminants in soil. The extent of stabilisation was studied using arsenic as a model inorganic contaminant. When applied to contaminated soils, Arquad-modified bentonite reduced the bioavailability of As by 81%. Arquad-modified bentonite performed better than HDTMA-modified bentonite in soil arsenic stabilisation.

The organoclay adsorbents developed in this thesis were proved highly efficient in remediating ionisable organic contaminants and heavy metals and metalloids in water and soil. The research described in this thesis delivered new knowledge on some novel adsorbents for the development of an environmental friendly, risk based and cost effective environmental remediation technology.
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