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1. Introduction

   CNSL (Cashew Nut Shell Liquid) is the only naturally occurring renewable alkenyl phenol material in the world in large production level at 200,000MT per year with relatively low cost of 300$FOB per ton. (1) It is currently being used in CNSL aldehyde resin, composite additives, lacquers, paints, thermosetting resins etc.  It is known to add flexibility and adhesion to the polymer matrix and provide resistance to water, solvents, corrosion, bio-degradation, impact and extreme pH conditions. Difficulty arising from handling the oily material, high viscosity during resin formation, and lack of use in bulk quantities are some of the reason for limited use. Cardanol is the major constituent of technical CNSL (62%).  Cardanol has single hydroxyl group and C15 alkyl chain at 4 position.  The chain can be monoene (38.7%) diene (36.3%) and trienes (45.1%) at differing positions. (2) In this study, new types of polymers have been produced using enzymatic reaction of cardanol derivative in organic solvent media.

   Cardanol is very similar to urushiol in its chemical makeup. (Fig 1)  The only difference lies in urushiol’s extra hydroxyl side group at 2 position of the benzene ring. Urushiol is the main component for Chinese lacquer that has been used for thousands of years in Asia.  The polymerization is enzymatically driven by laccase and it results in polymer that has excellent aesthetic and physical qualities. (3) Urushiol causes severe allergic reactions and it is very expensive.  Due to the structural similarity cardanol is a good candidate for replacing urushiol but the low reactivity of cardanol made enzymatic polymerization of cardanol impossible.  However, recent study by Alva et al. has revealed that HRP (Horse Radish Peroxidase) can polymerize cardanol in organic solvent media. (4) The resulting hydrophilic polymer does not resemble urushiol polymer and the low reactivity of cardanol’s benzene ring region is thought to be the cause.  In order to remedy this problem, amine group was introduce to the 4 position. (Fig. 1) Wasserman and Dawson reported a method to introduce an amine group to 3-n-pentadecyl phenol, which is hydrogenated cardanol.(5)  The aminated cardanol has been polymerized in three different organic solvents using HRP.  Analysis of crosslinked polymer is difficult. In order to compare and better understand the reaction mechanism, 3-n-pentadecyl phenol also has been polymerized in same conditions.
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   Fig. 1 Cardanol drivatives and usrushiol is shown.  The alkyl chain of Cardanol, 

         urushiol and 4-aminated cardanol can be monoene diene or triene at different

         positions.

2. Material and methods

   Horseradish peroxidase (EC 1.1.117, 200 units/mg, RZ=20) was obtained from Sigma chemical company.  All other chemicals were purchased from Aldrich chemicals company unless specified. 

   Cashew nut shell liquid was donated by Samwha chemicals company, Seoul, Korea.  Cardanol was obtained by doubel vaccume distillation of CNSL at 3-4 mgHg, and the fraction distilled at 230-240 (C was collected.  Amine substitution was done according to the report by Wasserman et al. for 3-n-pentadecylphenol. ( )In the case of cardanol, same method was used except for purification. The product was precipitated and washed with 99% cold ethanol several times for purity.

   Under atomospheric conditions 50mM of cardanol and 500 units of HRP were dissolved in 200 ml of 70% v/v 1,4 dioxane, ethanol and DMSO.  Phosphate buffer of pH 7.0 was used and 0.4ml of hydrogen peroxide (30%) was added every 30 minutes for 12 times with vigorous stirring at room temperature.  The resulting dark brown polymers were obtained by vaccume evaporation of the solvent and washing several times with ice cold ethanol (99%).

   DSC and TGA experiments were done on V4 0B and V5 1A of Dupont 2000 respectively.
Spectrophotometric experiments were carried out using Unikon 930.  GPC (Gel Permeation  Chromatograpy) was done using C18 micro bondapack column in Tosoh RI-8000 series.  H-NMR was carried out on Jeol JNM-LA300, a 300MHz NMR.

3. Result and discussion

   The amine substiturion of the monomers were carried out.  In the case of 3-n-pentadecylophenol was as described by Wasserman et al. and was easy to obtain.  However, aminated cardanol was very difficult to purify.  It is first time this monomer was formed and it was clear that due to the differences in the double bond content and position of the alkyl chain resulted in monomers with slightly different chemical properties. The monomers formed nonhomogenous dark brown oily masses that clung to each other.  Viscosity was very high and some were free floating.  Due to the nonhomogenous nature of the reulting monomers, purification of the product using recristallation was difficult.  Repeated washing with ice cold ehtanol was used to purify the material.  The both products were tested with H-NMR to verify the amine substitutuion.  

   The monomers were used for polymerization reaction in organic solvents using HRP.  The products varied in composition and property depending on the condition.  They are summarized in the table (1).

Table 1. HRP(Horse Radish Peroxidase) polymerization phosphate buffer (pH7)


Solvent 

System
Solubility
Color and other

Aminated

Cardanol
70% Dioxane
Sol. In some

Organic solvents
Brown and crystal like polymer mixed

(
70% DMSO
Not very soluble in

Organic solvents
Light brown crystal

(
70%EtOH
Sol. In

Organic solvents


Sticky dark brown

Aminated 3-n-Penta-decylphenol
70% Dioxane
Slightly soluble in

Organic solvents
Light brown crystal

(
70% DMSO
Not very soluble in

Organic solvents
Light brown crystal

(
70%EtOH
Slightly soluble in

Organic solvents
Brown and crystal like polymer mixed

   Molecular weight determination using GPC was carried out.  However, due to the low solubility of the resulting polymers, only aminated cardanol polymers in dioxane and ethanol were verified.  The average molecular MW were 140000 and 8000 respectively, and it was very interesting that only these two were soluble when they showed such different properties themselves. As can be seen in Table 1, there are seem to be two basic products which are dark brown and purplish crystalline product. It appears that these two different polymers both formed in a single reaction system and this added to the problem in understanding the system. Only the polymerized aminated cardanol in ethanol was markedly different forming dark brown yet very sticky product. The DSC and TGA analysis was not conclusive due to the complexity of the system.  However, the existence of the two major products was observed by the analysis.  It seems that the ratio of the product seem to change slightly depending on the system.  There have been various attempts to separate the products but it was of no avail. However, DSC and TGA analysis did show the two basic types of polymer. Definite phase change was detected, signified by peaks at 115.99(C and at 261.23(C.  The polymers made showed generally high thermostability (only 20% decrease in wt. up to 600(C) except for the ethanol, which showed rapid degradation around 350(C.  It is very interesting that the monomer produces entirely different polymer depending on the organic solvent used.  Because the enzyme starts the polymerization by producing radicals and the reaction is carried on its own, polymerization path might differ due to the polarity of the solvent environment.  In general there seems to be two different products, which are dark brown and purple crystal like polymer. However, the degree of polymerization and the reaction path seem to be very sensitive to the environment. 

   A new type of polymer was created by addition of an amine group to 4 position of cardanol.  However, cardanol is a natural product and has different alkyl chains, which made the system very complex.  Enzymatic reaction in organic solvent media has been successful but the products were also not homogenous.  However, It was clear that slight difference in the system environment results in totally different polymers.  Various methods were attempted to analyze and understand the polymers but no definite results were possible.  The product from the aminated cardanol in ethanol to produces near singular product and it is the only product that physically resembles urushiol type of polymerization. This study is still in its infancy and more specific experiments are required based on varying the reaction environment such as pH and solvent concentration.
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