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  Chemicals from agricultural biomass: 
chemoenzymatic approach for production of 
vinylphenols and polyvinylphenols from phenolic 
acids1)    

  Abstract:   A two-   step chemoenzymatic process for the 

preparation of polyvinylphenols from phenolic acids (PAs), 

being abundant aromatic constituents found in agricul-

tural biomass, was developed. In the first step, conversion 

of 4-hydroxycinnamic acid derivatives to the corresponding 

vinylphenols, mediated by a recombinant phenolic acid 

decarboxylase, was evaluated using a variety of bioprocess-

ing technologies that include biphasic whole cell and cell 

free extract biotransformations, a combination of biocata-

lyst with adsorbent resins for  in situ  product recovery, and 

fixed bed reactors using immobilized whole cells. The best 

yield (90%) with a high space time yield of 4.83 g/l/h was 

the result of a combination of crude enzyme extracts of the 

recombinant  Escherichia coli  ( E. coli ) with water immiscible 

organic solvents such as toluene. In the second step, cati-

onic and radical polymerizations were tested to produce pol-

yvinylguaiacol (PVG) from vinyl phenols. Characterization 

of PVG by thermogravimetric analysis (TGA), differential 

scanning calorimetry (DSC) and nanoindentation test are 

reported here for the first time. The feasibility of the chemo-

enzymatic process for the production of aromatic poly mers 

from biomass was demonstrated by the production of poly-

mers from a mixture of ferulic acid (FA) and  p -coumaric acid 

( p CA), obtained from alkaline hydrolysis of corn bran. Inter-

estingly, nanoindentation tests showed that both PVG and 

 “ mixed ”  PVG polymers showed significantly higher perfor-

mances than a commercial polystyrene polymer.  

   Keywords:     biorefinery;   biotransformation;   chemoenzy-

matic synthesis;   green polymers;   phenolic acids.  

   1)Supplementary material to this article can be found at: http://www.

degruyter.com/view/j/gps.  
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1     Introduction 

 In the last few years, commercial and ecological interests 

by government agencies and the chemical industry have 

initiated multifaceted research on the use of biomass for 

the production of biofuels and chemicals [ 1 ,  2 ]. Through 

advances in numerous disciplines including biotechno-

logy, molecular biology, and metabolic engineering, great 

progress has been made in the development and imple-

mentations of technologies for the preparation of a wide 

array of small aliphatic carbon building blocks and pro-

duction of biobased products from carbohydrates [ 3  –  7 ]. 

 In a biorefinery setting, lignin is considered to be the 

primary source of aromatic chemicals [ 4  –  8 ]. However, 

current technologies have not yet satisfied the needs for 

the economical production of aromatic platform chemi-

cals in acceptable purities, mainly due to the complex 

nature of the lignin material [ 3 ,  4 ,  6 ]. Phenolic acids (PAs) 

which are covalently bound to polysaccharides in plant 

cell walls, mostly through ester linkages, represent an 

alternative and valuable source of renewable oxygenated 

aromatic compounds from biomass feedstock ( Figure 1 ) 

[ 7  –  15 ]. Suffice it to say, this is a path  “ less travelled by ”  

vis- à -vis the high road of the lignocellulosic feedstock.  

 Most abundant among PAs in graminaceous cell 

walls, are ferulic acid (FA) and  p -coumaric acid ( p CA), the 

former identified as one of the two top aromatic building 

blocks from lignocellulosic materials and biomass [ 6 ]. 

The content of FA varies from 5 g kg  − 1  in wheat bran to 

9 g kg  − 1  in sugar-beet pulp and 50 g kg  − 1  in corn kernel [ 16 ]. 
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8      H. Leisch et al.: Phenolics and polyvinylphenols from agricultural biomass

Functionally, FA is a multi-faceted molecule, mostly used 

as a food preservative due to its antioxidant properties 

and as an active ingredient in sunscreens [ 16  –  18 ]. In addi-

tion, processes have been developed for the production 

of  vanillin from FA [ 19  –  21 ], and several research groups 

including our own, have reported on either chemical 

 [ 22  –  25 ] or enzymatic [ 26  –  32 ] conversion of FA into vinyl-

guaiacol (VG) [ 33 ], a compound of industrial importance 

in the food industry as a flavoring substance. Interestingly, 

two reports on the preparation of polyvinylguaiacol (PVG) 

from VG as simplified models for softwood lignins were 

published in the 1980s and revealed that PVG obtained by 

radical polymerization is biodegradable [ 34 ,  35 ]. 

 The potential high availability of PAs from biomass 

prompted this study to explore various bioprocessing 

conditions, in order to optimize the enzymatic decarboxy-

lation of FA to VG, using a previously cloned phenolic 

acid decarboxylase (PAD) derived from  Bacillus pumilus  

strain UI-670 [ 32 ,  36 ]. A chemoenzymatic route for an effi-

cient extraction of FA from corn bran was established. In 

addition, we reinvestigated the application of VG in poly-

merization to produce PVG as a potential biodegradable 

alternative to polyvinylstyrene. Characteristics of PVG by 

TGA, DSC and nanoindentation tests are described for the 

first time.  

2    Materials and methods 

2.1    Chemicals and methods 

 All chemicals and reagents were purchased from Sigma 

Aldrich (Mississauga, ON, Canada), Alfar Aesar (Ward Hill, 

MA, USA), TCI America (Portland, OR, USA) or Thermo 

Fisher Scientific (Waltham, MA, USA) and were used 

without further purification. Corn bran was generously 

provided by Bunge Milling Inc. (Danville, IL, USA). For the 

determination of the content of PAs and vinyl derivatives, 

appropriate calibration curves and response factors for 

product/substrate mixtures were prepared [ 37 ]. H and  31 P 

nuclear magnetic resonance (NMR) analysis was performed 

on a Bruker (500 MHz) spectrometer (Milton, ON, Canada).  

2.2     Preparation of whole cells and crude 
cell free extracts of PAD 

  Escherichia coli  ( E. coli ) JM109 harboring the PAD-containing 

plasmid was maintained on LB medium containing glycerol 

(50%, vol/vol) at -80 ° C. For biotransformation experiments, 

a fresh LB agar plate (1.5% agar) containing ampicillin 

(100  µ g/ml) was prepared from the stock culture, and one 

colony was transferred to a preculture (10 ml) containing 

LB medium supplemented with ampicillin (100  µ g/ml) and 

grown at 30 ° C at 200 rpm on an orbital shaker overnight. An 

aliquot of the suspension (10 ml) was used to inoculate 1 l of 

Terrific Broth (TB) medium in a 2 l fermenter (DASGIP, Julich, 

Germany). The temperature was set to 30 ° C and the pH was 

controlled at 7.2, by the addition of concentrated ammonium 

hydroxide. The cell broth was aerated at 1.0 vvm and stirred 

at 400 – 900 rpm, to maintain 30% dissolved oxygen. If nec-

essary, the airflow was supplemented with oxygen. After 7 h 

of growth (OD 
600

  of ~8) glucose (33% w/w aqueous solution) 

was fed at an initial rate of 3 ml/h and gradually increased to 

6 ml/h. After 24 h of growth (OD 
600

  of ~8) the cells were har-

vested by centrifugation (6300  ×   g , 4 ° C, 20 min) and washed 

with 100 m m  sodium phosphate buffer pH 7 followed by 

centrifugation. Whole cells were resuspended in the appro-

priate amount of buffer, and used for either immobilization 

studies or the preparation of cell free extracts as follows; the 

centrifuged and washed cells were resuspended in 20 m m  
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 Figure 1      Integration of phenolic acid product stream in a traditional biorefinery model.    
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sodium phosphate buffer (OD 
600

 ~70) and broken using a 

French press cell operating at 20,000 psi. The crude extract 

was obtained by centrifugation (20,000  ×   g , 45 min) followed 

by sterile filtration using a 0.22  μ m membrane. Protein con-

centration was determined by Bradford assay [ 38 ] and the 

activity was determined as described below.  

2.3     Immobilization of recombinant whole 
cells overexpressing PAD with alginate 

 Immobilization of recombinant  E. coli  cells overexpressing 

PAD with alginate was performed by a modified procedure 

from the literature [ 39 ]. Resuspended cells (55 ml, OD 
600

  

60, equivalent to 100 ml cell suspension obtained from 

DASGIP fermentation) in an aqueous solution of sodium 

chloride (0.9%) were mixed with an aqueous solution of 

alginate (2.4%, 275 ml) and the suspension was added 

dropwise to a solution of CaCl 
2
  (2%, 3 l)  via  a syringe 

pump. Beads were formed with a diameter of 2.2 – 2.6 mm 

and cured in CaCl 
2
  solution at 4 ° C for 16 h. The beads were 

washed and resuspended in the reaction buffer used for 

further experiments.  

2.4     Continuous reaction for the 
decarboxylation of FA using 
alginate beads 

 Alginate beads (240 ml, equivalent to 75 ml of whole cells 

obtained by DASGIP fermentation) were packed into a 

Pharmacia XK50/30 column and a solution of FA (2 g/l) in 

25 m m  MOPS buffer supplemented with 5 m m  Ca(OAc) 
2
  was 

pumped through the immobilized cells at a continuous flow 

of 0.35 ml/min, using a Waters 600 controller and Waters 

610 fluid unit (Mississauga, ON, Canada). Aliquots of the 

product stream were used to analyze the conversion of FA 

to VG by HPLC at defined time points. Quantitative analysis 

of the reaction was carried out by addition of the aqueous 

stream to a vessel containing EtOAc (300 ml). Every 24 h, this 

vessel was replaced by another containing EtOAc (300 ml) 

and the layers of the obtained biphasic mixtures were sepa-

rated. The pH of the aqueous layer was adjusted to 3, using 

1N HCl. The acidified aqueous layer was extracted three 

times with EtOAc and the organic layers were combined, 

washed with 100 m m  phosphate buffer (pH 8) and brine. 

The organic layer was dried over anhydrous sodium sulfate, 

filtered and the solvent was evaporated under reduced pres-

sure to give a VG. This extraction procedure was repeated for 

the other three biphasic mixtures collected over the follow-

ing reaction time, to give an overall isolated yield of 49% of 

VG (1.53 g). Analytical data of the product were in agreement 

with data obtained from a commercial sample.  

2.5     Optimized procedure for the 
transformation of cell free extract 
transformation of FA in biphasic 
reaction medium 

 FA (3.00 g, 15.5 mmol) was suspended in 100 m m  phos-

phate buffer (pH 7, 45 ml) and the free acid was dissolved 

by the addition of 6  m  NaOH, until all FA was dissolved and 

the pH of the solution was 7 (total volume 47 ml). Toluene 

(50 ml) was added and the reaction mixture was warmed 

to 30 ° C. The reaction was started by the addition of a 

cell free extract of PAD (25 U/ml, 3 ml) and was stirred at 

30 ° C for 16 h. The layers were separated and the pH of the 

aqueous layer was adjusted to 3, using 1N HCl. The acidi-

fied aqueous layer was extracted three times with EtOAc 

and the organic layers were combined, washed with 100 

m m  phosphate buffer (pH 8) and brine. The organic layer 

was dried over anhydrous sodium sulfate, filtered and the 

solvent was evaporated under reduced pressure to give VG 

(2.03 g) as a slightly yellow oil in 88% yield. Analytical 

data of the product were in agreement with data obtained 

from a commercial sample.  

2.6     Radical polymerization of VG using 
azobisisobutyronitrile (AIBN) 

 A solution of AIBN in toluene (0.2  m , 0.15 ml, 5 mg, 

0.03 mmol) was added to a degassed (N 
2
 ) solution of VG 

(500 mg, 3.33 mmol) in toluene (0.49 ml) and the reaction 

mixture was placed in a preheated oil bath at 100 ° C and 

heated for 18 h, before it was cooled down to room temper-

ature and an aliquot of reaction was used for HPLC analy-

sis. The solvent was evaporated under reduced pressure 

and the residue was dissolved in the minimum amount of 

MeOH (0.7 ml). This solution was added dropwise to water 

(100 ml) and the resulting suspension was centrifuged. 

The supernatant was decanted and the white residue was 

freeze dried to give PVG (452 mg) as a slightly yellow solid 

in 90% yield. Mn = 8415, Mw = 18,658; T 
g
  = 86 – 92 ° C.  

2.7     Cationic polymerization of VG 
using BF 

3
  · (Et 

2
 O) 

2
  

 VG (8.00 g, 53.3 mmol) was dissolved in dichloromethane  

(DCM) (54 ml, 72 g) in a flame dried flask and the solution 
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was cooled to -40 ° C. BF 
3
  · (Et 

2
 O) 

2
  (0.08 g, 0.6 mmol) dis-

solved in DCM (100  μ l) was added dropwise over 3 min. 

The reaction mixture was allowed to stir at the same 

temperature for 1 h, before it was quenched by the addi-

tion of methanol (10 ml). The solvent was evaporated 

under reduced pressure and the residue dissolved in the 

minimum amount of MeOH (60 ml). This solution was 

added dropwise to water (1.5 l) and the resulting suspen-

sion was centrifuged. The supernatant was decanted and 

the white residue was freeze dried to give PVG (7.75 g) as 

an off-white solid, in 97% yield. Mn = 12,077, Mw = 27,149; 

Tg = 106 – 111 ° C; FTIR (KBr)  ν  
max

 : 3418, 3012, 2999, 2918, 

2841, 1609, 1512, 1454, 1450, 1431, 1362, 1267, 1229, 1120, 

1032, 853, 816, 787 cm -1 ;  1 H NMR (MeOH-d4, 500 MHz)  δ : 

7.53 (bs, 1H), 6.05 – 7.10 (m, 3H), 3.75 – 4.12 (m, 3H); 2.11 – 2.65 

(m, 1H), 1.48 – 2.00 (m, 2H);  31 P NMR: 139.8 (bs).  

2.8     Preparation of polyvinyl phenol from 
corn bran 

 Milled corn bran (100 g) was suspended in 2N NaOH (2 l) 

and the reaction mixture was shaken at 30 ° C at 200 rpm 

on an orbital shaker for 16 h. The suspension was centri-

fuged (9000  ×   g , 20 min) and the pH of the supernatant 

was adjusted to 8, using concentrated HCl and centrifuged 

again. Then, the pH of the supernatant was acidified to 3 

and extracted three times with EtOAc. The organic layers 

were combined, dried over anhydrous sodium sulfate, 

 filtered, and the solvent was evaporated under reduced 

pressure to give a brown semi-solid (2.9 g). The residue 

was suspended in 100 m m  phosphate buffer (pH 8, 300 ml) 

and 5  m  NaOH was added to readjust the pH to 8. The 

aqueous layer was extracted three times with a mixture of 

hexanes and EtOAc (1:1) and the aqueous layer was acidi-

fied to pH 3 and again extracted three times with EtOAc. 

The organic layers were combined, dried over anhydrous 

sodium sulfate, filtered and the solvent was evaporated to 

yield a brownish solid (2.2 g). Trituration of the residue 

with EtOAc and hexanes yielded a slightly yellow solid 

[1.9 g, 88% FA (w/w), 8% pCA (w/w), trace amounts of cin-

namic acid] corresponding to a recovery of 72% of total 

alkali extractable phenolic acids. 

 The obtained mixture of phenolic acids [1.70 g; FA: 

 p CA, (10:1)] was suspended in 100 m m  phosphate buffer 

(pH 7, 34 ml) and dissolved by the addition of 2N NaOH. 

Toluene (34 ml) was added and the reaction was carried 

out as described before, using a cell free extract of PAD 

(25 U/ml, 2.1 ml) to give 0.99 g (75%) of a mixture of VG to 

4-hydroxystyrene in a ratio of 10:1 in   >  95% purity, as ana-

lyzed by HPLC and  1 H NMR. This sample of vinyl phenols 

was used for cationic polymerization without further 

purification. This mixture of vinyl phenols (900 mg) was 

applied to cationic polymerization using DCM (9.1  ml, 

12.15 g) and BF 
3
  · (Et 

2
 O) 

2
  (9 mg, 0.06 mmol) at -20 ° C, as 

described before, to yield 872 mg of an off-white solid 

(97%). The ratio of VG units to 4-hydroxystyrene units was 

determined by derivatization of an aliquot of the polymer 

(14  mg) with 2-chloro-4,4,5,5-tetramethyldioxaphospho-

lane, as described in the literature (guaiacol:4-hydroxy 

phenol; 9:1).  25 Mn = 10,543, Mw = 22,670; FTIR (KBr)  ν  
max

 : 

3413, 3040, 3019, 2917, 2841, 1611, 1510, 1454, 1449, 1430, 

1360, 1264, 1227, 1121, 1033, 851, 816, 787 cm -1 ;  1 H NMR 

(MeOH-d4, 500 MHz)  δ : 9.7 (bs, 0.3H), 9.08 – 9.51 (m, 2H), 

6.17 – 7.64 (m, 7 H), 4.22 (bs, 6H), 1.60 – 2.97 (m, 7H);  31 P NMR: 

139.8 (bs, 9P), 137.0 (bs, 1P).  

2.9    Size exclusion chromatography 

 Size exclusion chromatography (SEC) was performed using 

a multi-detection system from Viscotek (Houston, TX, USA) 

consisting of a Model 302 Triple Detector Platform, includ-

ing a refractive index detector, a four capillary viscom-

eter and a two angles laser light scattering detector, and 

a GPCmax integrated pump, autosampler, and degasser. 

Molar masses of the samples were determined with univer-

sal calibration with the refractive index detector and the vis-

cosity detector. The universal calibration curve was based 

on polystyrene standards [Polymer Laboratories (Amherst, 

MA, USA) and Aldrich (Oakville, ON, Canada)] using the 

molar masses determined by the manufacturer and the 

intrinsic viscosities measured by the apparatus. The soft-

ware OmniSEC software from Viscotek was used for data 

collection and calibration. Separation in tetrahydrofuran 

(THF) was performed by injecting 100  µ l of 1.5 – 2 mg/ml 

solutions of standards or samples into thermostatically 

controlled SupeRes columns [35 ° C; PAS-102, PAS-102.5, 

PAS-103-L, each 300 mm  ×  8 mm; PolyAnalytik (London, 

ON, Canada)]. The flow rate was 1 ml/min.  

2.10    Solid-state properties characterization 

 The thermal properties of PVG were characterized by TGA 

and DSC. TGA measurements were performed with a Metler 

Toledo (Mississauga, ON, Canada) TGA SF model analyzer 

in a nitrogen atmosphere at a heating rate of 20 ° C/min in 

the temperature range of 30 ° C – 800 ° C. The glass transi-

tion temperature, T 
g
 , of the samples was measured using 

a TA Q200 differential scanning calorimeter (Brossard, 

Quebec, Canada). The DSC runs were conducted over 
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the temperature range of -70 ° C – 230 ° C, with a three part 

sequence that included heating, cooling and reheating. The 

underlying heating rate and cooling rate was 20 ° C/min. 

The second heat curve was used for the T 
g
  determination. 

Precise T 
g
  values were obtained by measuring peaks on 

the derivative graph of the enthalpy vs. temperature curve.  

2.11    Nanoindentation test 

 Polymer powders were compressed at 150 ° C. The result-

ing samples were embedded in epoxy and polished with 

a colloidal silica suspension of 0.04  µ m. The equipment 

used was an indenter G200 (Agilent/MTS, Mississauga, 

ON, Canada) with the XP head and a Berkovich tip. The 

continuous stiffness measurement (CSM) method was 

employed, using standard conditions (harmonic fre-

quency target of 45 Hz; harmonic displacement target of 

2 nm; and strain rate target of 0.05/s). Ten indents were 

done to a maximum depth of 2000 nm. 

 The reported values of the modulus (E) and hardness 

(H) are an average of the values taken between 800 and 

2000 nm.   

3    Results and discussion 

3.1     Optimization of the enzymatic 
decarboxylation of FA 

 Based on previous reports on the enzymatic decarboxyla-

tion of FA to VG, and  p CA to 4-hydroxystyrene [ 27 ,  28 ], as 

well as on our work on the recombinant whole cell medi-

ated decarboxylation of FA (25 g/l) in a biphasic bioreactor 

[ 32 ], which allowed for the recovery of VG in 70% isolated 

yield and a productivity of 6.9 g/l reaction volume, we 

investigated a variety of bioprocesses in order to increase 

the productivity, as well as the overall isolated yield. Bacte-

rial cells were grown in TB medium with additional glucose 

feed at pH 7 in a DASGIP Parallel Bioreactor system for 24 h 

[ 40 ] and the recombinant cells were harvested at an OD 
600

  

of 35 after 24 h and further used in different applications. 

 At first, various immobilization, matrices [ 41 ] using 

alginate [ 39 ], chitosan [ 42 ], and polyacrylamide [ 43 ] were 

investigated to assess the potential benefits of the immo-

bilized recombinant whole cells (for experimental details, 

please refer to the Supplementary Information). Alginate 

immobilized whole cells (OD 
600 

 10) in a 3-(N-morpholino)

propanesulfonic acid (MOPS) buffer supplemented with 

calcium acetate were shown to be the superior biocatalyst 

system (Supplementary Table 1). After six reaction cycles, 

we observed full conversion of FA (2.5 g/l initial concen-

tration) after 18 h of biotransformation. 

 The alginate immobilized cells (OD 
600

  10) were further 

applied to the design of a continuous reactor on a prepara-

tive scale. FA (2 g/l), dissolved in buffer system consisting 

of MOPS and calcium acetate, was continuously pumped 

through a Pharmacia XK column (26/15) loaded with algi-

nate beads (240 ml) ( Figure 2 ). The conversion of FA was 

acceptable (~80%) for the first 48 h, but then dropped sig-

nificantly. The overall productivity of 1 l recombinant cells 

was estimated to yield 40.3 g of VG/l of recombinant cells, 

a significant improvement to the use of whole cells in the 

biphasic reactor (13.8 g/l) [ 32 ].  

 Crude enzyme extracts of PAD were then considered 

as an option for the decarboxylation of PA to VG. This, 

however, led to a low % yield or space time yield. Inhi-

bition of the enzyme at even low concentrations of VG 

(0.25  g/l) appeared to present a major problem, as seen 

previously with whole cells system [ 32 ]. It was also estab-

lished that PAD works most efficiently at high concentra-

tions of FA (  >  10 g/l) (Supplementary  Figure 1 ). 

 We revisited the use of a biphasic bioreactor system 

for  in-situ  extraction of the water-insoluble VG, except this 

time crude enzyme extracts were used instead of whole 

cells. Long chain aliphatic hydrocarbons and toluene 

enhanced the activity of PAD considerably and acted as 

sinks for the produced vinyl derivative, whereas chlorin-

ated solvents such as dichloromethane and chloroform, 

as well as ethyl acetate, inhibited the efficiency of PAD 

when compared to experiments run in conventional buffer 

(Supplementary Table 2). Preparative scale experiments 

(100 ml scale) with the best performing solvents from the 

biphasic enzyme assay (toluene, decane and ethyl acetate 

as  “ green ”  solvent) were then carried out with defined 

amounts of enzyme and FA concentrations of 25 g/l, 

shown in  Table 1 . To showcase the beneficial effects of the 

co-solvents used, one reaction was carried out in aqueous 

buffer and listed for comparison.  

 The best results for these preparative scale experi-

ments (100 – 200 ml total reaction volume) were obtained 

with toluene as a second layer ( Table 2 ). In contrast, decane 

and heptane, which performed best in the activity assay 

(Supplementary Table 2), gave considerably lower conver-

sions of VG to FA. The use of ethyl acetate did not have any 

beneficial effect on the outcome of the reaction and the 

conversion of FA to VG was similar to the use of cell free 

extract in buffer. In the presence of toluene, complete con-

version of starting material was observed for up to 33 g/l 

FA, enzyme loadings of 0.75 U/ml, and a reaction time of 

4 h, and the product was easily isolated after extraction in 
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high yield and purity ( Table 1 ). Even at a concentration of 

40 g/l FA, we observed 98% conversion within 16 h. The 

use of toluene in a ratio of 1:2 with aqueous buffer still 

gave complete conversion of FA (33 g/l) after 4 h, however, 

minor amounts of impurities were detected in the crude 

reaction mixture. In addition to the conversion of FA to 

VG, we applied the biphasic process to the conversion of 

the structurally closely related  p CA and 4-hydroxystyrene 

was isolated in good yield (73%) using 0.75 U/ml of PAD 

(based on FA consumption) and 20 g/l of  p CA. Although 

biochemical data suggested that  p CA has a higher affin-

ity to PAD than FA [Km ( p CA) = 3.6 m m ; Km (FA) = 6.5 m m ] 

only 90% conversion of  p CA (20 g/l) was observed after 16 

h. Nevertheless, the vinyl derivative was easily separated 

from its corresponding acid by extraction of the organic 

layer with an aqueous solution of pH 8.  

 In terms of space time yield and productivity/l of cells, 

these were established to be respectively, 4.83 g (VG)/l h 

Alginate beads

OH

OMe

COOH

OH

OMe

0.35 ml/h

2 g/l
in situ

extraction

0

10

20

30

40

50

60

70

80

90

100

0 10 20 30 40 50 60 70 80 90

Time (h)

C
o

n
v
e

rs
io

n
 F

A
 (

%
)

0.00

5.00

10.00

15.00

20.00

25.00

V
G

 a
n

d
 F

A
 (m

m
o

l)

 Figure 2      Design of a continuous reactor for the decarboxylation of ferulic acid (FA) to vinylguaiacol (VG) using alginate beads. Graph 

illustrates the amount of FA added (triangles), conversion of FA as determined by HPLC (diamonds) and isolated yield of VG (rectangle) over 

4 days.    

 Table 1      Optimization of the crude enzyme mediated decarboxylation of ferulic acid (FA) to vinylguaiacol (VG) in biphasic media.  

 Co-solvent a   PAD (U/ml) b   PA (g/l) c   Time (h)  Conversion (%) d   Isolated yield (%) e  

 Toluene  0.25  10 (FA)  1  85  72 

 Toluene  0.38  10 (FA)  1  100  90 

 Toluene  0.75  25 (FA)  4  100  93 

 Decane  0.75  25 (FA)  4  85  55 

 Heptane  0.75  25 (FA)  4  60  n.d. 

 Ethyl acetate  0.75  25 (FA)  4  10  n.d. 

 None  0.75  25 (FA)  4  10  n.d. 

 None  2  25 (FA)  16  55  35 

 Toluene (33% v/v)  1  33 (FA)  4  100  76 

 Toluene  0.75  30 (FA)  16  100  88 

 Toluene  0.75  40 (FA)  16  98  67 

 Toluene  0.75  25 ( p CA)  4  85  69 

 Toluene  0.75  20 ( p CA)  16  90  73 

   a Ratio of co-solvent to buffer was 1:1 (v:v) unless otherwise stated;  b PAD was used as crude enzyme extract;  c concentration of phenolic acid 

in reaction;  d determined by HPLC;  e product purity   >  95% as determined by HPLC and  1 H NMR.  
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and 224 g (VG)/l of cell suspension produced in the DASGIP 

fermentation system ( Table 2 ). The use of cell free extract 

in a toluene biphasic system turned out to be most pro-

ductive among the various processes examined, including 

the possible use of resins, in an attempt to circumvent the 

use of organic solvents ( Table 2 ; Supplementary Table 3). 

In brief, non-ionic resins such as Sepabeads SP850 gave 

the highest yield of VG (72%), followed by Lewatit VPOC 

1163 of 68%. Amberlite XAD 4 and 8 rendered between 

51% and 54% yield (Supplementary Table 3). Nonetheless, 

among the processes examined, the use of resins as a pos-

sible green alternative to the use of toluene in a biphasic 

system came out second in terms of productivity/l cells 

( Table 2 ).  

3.2     Polymerization of VG and 
characterization of PVG 

 The easy access to large amounts of VG from FA led us to 

explore potential industrial applications of VG, besides 

the use as a flavor substance or as a starting material 

for the production of vanillin. Encouraged by previous 

reports on the biodegradability of PVG and the industrial 

applications of the structurally closely related polyvinyl 

phenol in lithographic applications [ 44 ,  45 ], we tested the 

polymerization of VG under radical or cationic conditions 

using conventional proven chemistry shown in  Table 3.   

 The tendency of VG to polymerize without the addi-

tion of an initiator was shown by a blank experiment, 

where a solution of VG in toluene (50% w/w) was heated 

to 100 ° C. After a reaction time of 2 days, only 38% of the 

initial concentration of the hydroxystyrene derivative was 

detected in the reaction mixture by HPLC and SEC showed 

the formation of a polymer with a number average molec-

ular weight (Mn) of 4469 and a polydispersity of 1.5. The 

use of the sulfide radical generating initiator tetraethyl-

thiuram disulfide (TETD) led to shorter polymer chains as 

determined by SEC, with 90% conversion of the starting 

material. Benzoylperoxide induced polymerization gave 

similar chain lengths to experiments without any initiator 

and the highest Mn values were obtained with the two 

carbon radical generating initiators AIBN and 1,1 ′ -azobis

(cyclohexanecarbonitrile). Thermal analysis of the AIBN 

catalyzed polymer (PVG 
rad

 ) revealed a T 
g
  of 86 ° C – 92 ° C, as 

determined by DSC and a thermal stability of up to 350 ° C. 

In addition, we wanted to investigate Lewis acids as cata-

lysts in the cationic polymerization of VG [ 46 ]. Titanium 

tetrachloride and aluminum trichloride appeared to be 

unsuitable catalysts, whereas as boron trifluoride gave 

a smooth conversion of VG to PVG. We found that lower 

reaction temperatures allowed for the preparation of poly-

mers with higher molecular weights (Mn = 12,077). Since 

boron trifluoride etherate-catalyzed reactions yielded 

polymers with the highest Mn values, we subjected the 

obtained samples (PVG 
cat

 ) to thermal analysis and pre-

liminary mechanical testing. DSC showed a T 
g
  in the range 

of 106 ° C – 111 ° C, with a similar thermal stability to samples 

obtained by radical polymerization. 

 Preliminary investigations of the structure of the 

obtained polymers was performed by  31 P-NMR after deri-

vatization with an excess of 2-chloro-4,4,5,5-tetramethyl-

dioxaphospholane, following a literature procedure 

[ 47 ]. The spectrum of PVG showed one broad signal at 

139.8 ppm, indicating that polymerization of VG proceeded 

through the expected vinyl mechanism and no additional 

cross linking between the phenol units had occurred. For 

comparison, a commercially available sample of poly-

vinylphenol gave a peak at 137.0 ppm after derivatization.  

3.3    Preparation of polymers from biomass 

 In order to showcase the usability of both, the optimized 

enzymatic decarboxylation of phenolic acids using PAD, 

and our studies on the polymerization of VG, we wanted 

to apply our technologies to the preparation of poly-

vinylphenol derivatives from biomass directly. Corn bran 

was chosen as a starting material, due to its large content 

of FA and  p CA [ 16 ,  48 ]. First, we investigated the action 

of PAD in a biphasic reaction mixture on hydrolysates of 

corn bran prepared by alkaline hydrolysis (for economic 

 Table 2      Comparison of different bioprocesses for their efficiencies.  

 Bioprocess  Concentration 

ferulic acid (g/l) 

 Time 

(h) 

 Yield 

(%) 

 Space time 

yield (g/l h) 

 Productivity/l cells 

OD 
600

  35 (g/l) 

 Whole cells  –  biphasic (toluene)  12.5  2  70  3.39  13.8 

 Alginate immobilized cells  –  continuous reactor  8  96  49  0.03  40.3 

 Cell free extract (2.0 U/ml)  20  4  36  1.39  24.2 

 Cell free extract (0.75 U/ml)  –  biphasic toluene (4 h)  25  4  93  4.83  224.1 

 Cell free extract (2.0 U/ml)  –  resin  20  4  72  2.78  48.3 

 - 10.1515/gps-2012-0082

Downloaded from PubFactory at 07/25/2016 08:01:10PM

via National Research Council Canada-CISTI



14      H. Leisch et al.: Phenolics and polyvinylphenols from agricultural biomass

reasons) followed by adjustment of the pH, since this 

process would avoid the isolation of phenolic acids and 

therefore simplifying the reaction setup considerably. We 

observed quantitative conversion of phenolic acids (1 g/l 

initial concentration), however the vinyl derivatives were 

isolated in low purity, due to contamination with fatty 

acids from the biomass and the purification of the desired 

vinyl phenols was arduous. Therefore, we considered a 

more classical approach and the biomass was treated 

with diluted sodium hydroxide, centrifuged, extracted 

with ethyl acetate, acid-base washed and recrystallized 

from ethyl acetate and hexanes to give a mixture of FA 

and  p CA in a ratio of 10:1 in high purity. Starting from 

100 g of milled corn bran, we were able to isolate 1.90 g 

of a mixture of phenolic acids, which accounts for 72% of 

total alkali extractable phenolic acids (2.65 g/100 g corn 

bran). Decarboxylation of the mixture of phenolic acids 

was achieved by applying the optimized conditions for the 

enzymatic decarboxylation using a cell free extract of PAD 

(0.75 U/ml) in combination with toluene for  in-situ  product 

recovery. After a reaction time of 4 h, a mixture of VG and 

4-hydroxy vinyl phenol in a ratio of 10:1 was recovered in 

good yield (0.99 g, 75%) and in high purity (  <  95%). This 

mixture was further subjected to cationic polymerization 

at a low temperature, to yield a mixed polymer consist-

ing of VG and 4-hydroxystyrene in 97% isolated yield. The 

ratio of monomer units in the polymer was determined by 

 31 P-NMR and was in close agreement with the ratio of the 

applied mixture, indicating that the copolymerization of 

VG and 4-hydroxystyrene proceeded smoothly. SEC con-

firmed the existence of a polymer with an Mn of 10,543 and 

a polydispersity of 2.15. 

    From TGA analysis, it can be observed that degradation 

of the two PVG polymers and the mixed PVG polymer began 

at around 350 ° C, which is a good thermal characteristic, 

but slightly lower than polystyrene [ 49 ]. The three PVG pol-

ymers have additional OMe and OH groups, which show 

higher reactivity, hence less thermal stability is expected. 

DSC analysis showed that these polymers are amorphous 

with T 
g
  of 86 ° C for PVG 

rad
 , 112 ° C for PVG 

cat
 , and 123 ° C for 

PVG 
mixed

 . This T 
g
  temperature range is similar to that of the 

high molecular weight polystyrene and poly (methyl meth-

acrylate), PMMA. The PVG 
cat

  and PVG 
mixed

  poly mers are 

similar in Mn and polydispersity, however the 9:1 ratio of 

guaiacol:4-hydroxy phenol monomer units in the  PVG 
mixed

  

polymer has contributed to a higher T 
g
 .       As presented in 

 Table 4 , nanoindentation characterization of the two PVG 

polymers performed on polymer films compressed at 150 ° C 

 Table 3      Comparison of cationic and radical polymerization conditions of vinylguaiacol (VG) and mixtures of VG and 4-hydroxystyrene. 

  
OH

R

H
C

H2
C

OH

R

n   

 Solvent  Monomer 

concentration 

(%) 

 Initiator a   Temperature 

( ° C) 

 Time 

(h) 

 Conversion b  

(%) 

 Number average 

molecular weight 

(Mw) c  

 Weight average 

molecular weight 

(Mn) c  

 Polydispersity 

(Mw/Mn) 

 Toluene  50  None  100  48  62  4469  6810  1.5 

 Toluene  50  AIBN d   100  48  95  8415  18,658  2.2 

 Toluene  50  ABCN e   100  48  89  5243  10,615  2.0 

 Toluene  50  TETD f   100  48  92  1401  2055  1.5 

 Toluene  50  Benzoylperoxide  100  48  90  5534  9510  1.7 

 None  100  AIBN  100  48  92  3452  6472  1.9 

 DCM  10  BF 
3
  · Et 

2
 O  22  0.1  100  4873  10,556  2.2 

 DCM  10  BF 
3
  · THF  22  0.1  100  4430  7667  1.7 

 DCM  10  TiCl 
4
   22  0.1  86  Dimers, trimer and tetramers 

 DCM  10  AlCl 
3
   22  0.1  61  Dimers, trimer and tetramers 

 DCM  10  BF 
3
  · (Et 

2
 O) 

2
   0  0.1  100  5177  11,112  2.1 

 DCM  10  BF 
3
  · (Et 

2
 O) 

2
   -40  1  100  12,077  27,149  2.2 

 DCM  10  BF 
3
  · THF  -40  1  100  5200  10,387  2.0 

 DCM  20  BF 
3
  · (Et 

2
 O) 

2
   -40  1  100  5460  19,884  3.6 

   a 1% initiator based on monomer was used for all reaction;  b determined by HPLC and SEC;  c determined by SEC;  d azobisisobutyronitrile; 

 e 1,1 ′ -azobis(cyclohexanecarbonitrile);  f tetraethylthiuram disulfide.  
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following the CSM, showed that the two PVGs present 

similar H and E values, which are significantly higher 

than the performance measured on commercial polysty-

rene, PS 1301 (NOVA Chemicals) (H = 0.249  ±  0.001 GPa and 

E = 4.15  ±  0.02 GPa) that was also analyzed for comparison 

purposes. The presence of the OMe and OH groups are 

certainly responsible for the improved performance. The 

mixed PVG polymer, containing a 9:1 ratio of guaiacol:

   4-hydroxy phenol monomer units, had slightly lower E and 

H values than the two PVG polymers, but a significantly 

higher performance than the PS 1301 polymer.     

4    Conclusions 

 For the first time, we showcased the production of polyvi-

nylphenols primarily derived from a biobased feedstock. 

Optimization of the enzymatic decarboxylation of PAs 

extracted from an agricultural biomass, paved the way 

for an efficient production of vinyl phenols. Comparison 

of five different bioprocesses revealed the use of cell free 

extracts of recombinant PAD, in combination with toluene, 

as the most efficient process, due to the fact that any gen-

erated product was removed by the second organic layer 

most effectively. The use of nonionic adsorbent resins as an 

alternative to the use of organic solvents for  in-situ  product 

recovery, representing a  “ greener ”  process, appeared to 

be a less efficient procedure when compared to the use of 

whole cells in biphasic media or immobilized cells. Polym-

erization of the produced 4-hydroxy vinyl derivative could 

be easily achieved by either cationic or radical reaction 

conditions. The produced polymers showed T 
g
 s of 112 ° C 

for boron trifluoride mediated polymers of VG and 86 ° C 

for polymers derived with radical initiators and both poly-

mers seemed to be stable up to 350 ° C. Based on the ease 

of both procedures, we demonstrated the feasibility for the 

chemoenzymatic production of hydroxylated polystyrene 

derivatives from biomass. Aqueous alkaline extraction of 

corn bran led to the isolation of 75% of total alkali extract-

able PAs and the obtained mixture consisting of FA and 

 p CA was further subjected, first to enzymatic decarboxyla-

tion, followed by cationic polymerization, to give a  “ mixed ”  

polymer consisting of a 9:1 ratio VG and 4-hydroxystyrene 

units. The T 
g
  of the mixed polymer was significantly higher 

(123 ° C) than that obtained for the cationic VG polymer. 

In addition, the mixed PVG polymer had slightly lower E 

and H values than the radical and cationic PVG polymers, 

but significantly higher performance than a commercial 

polystyrene polymer. It is anticipated that the production 

of PAs, VG and 4-hydroxy styrene and polymers, would 

add significant value to a biorefinery setting. In addition, 

4-hydroxy styrene derivatives may eventually be used for 

substituting significant amounts of styrene in the current 

polymer industries, similar to the addition of bioethanol to 

oil derived fuels. The future of a biobased platform polymer 

showcased in this study appears to hold great promise [ 50 ].    

   Acknowledgments:  Funding of this work came from the 

Canadian Triticale Biorefinery Initiative of the Agricul-

tural Bioproducts Innovation Program of Agriculture and 

Agri-Food Canada, and the National Bioproducts Program 

of NRC. We are grateful to A. Corriveau, S. Deschamps, 

B.  Ahvazi, O. Wojciechowicz, and L. Paquet for their 

expert help in various analytical analyses. The FQRNT 

Centre in Green Chemistry and Catalysis is acknowledged 

for granting travel support. P.C.K.L. dedicates this paper to 

Professor emeritus Jack Rosazza, who pioneered the study 

of  Bacillus  phenolic acid decarboxylase.  

 Received November 13, 2012; accepted December 5, 2012; previously 

published online January 28, 2013 

  References 

  [1] Carr M, Davies S, Locke B.  Ind. Biotechnol . 2010, 6, 74 – 77.  

  [2] Christensen CH, Rass-Hansen J, Marsden CC, Taaring E, Egeblad, 

K.  ChemSusChem  2008, 1, 283 – 289.  

  [3] Pandey MP, Kim CS.  Chem. Eng. Technol . 2011, 34, 29 – 41.  

  [4] Zakzeski J, Bruinincx PCA, Jongerius AL, Weckhuysen BM.  Chem. 

Rev . 2010, 110, 3552 – 3599.  

  [5] Zakrzewska ME, Bogel- Ł ukasik E, Bogel- Ł ukasik R.  Chem. Rev . 

2011, 111, 397 – 417.  

  [6] Bozell JJ, Holladay JE, Johnson D, White JF.  Top Value Added 

Chemicals from Biomass. Volume II  –  Results of Screening for 

Potential Candidates from Biorefinery Lignin , Pacific Northwest 

National Laboratory: Richland, WA, PNNL-16983, 2007.  

  [7] Dodds DR, Gross RA.  Science  2007, 318, 1250 – 1251.  

  [8] Calvo-Flores FG, Dobado JA.  ChemSusChem  2010, 3, 1227 – 1235.  

  [9] Pan GX, Bolton JL, Leary GJ.  J. Agric. Food. Chem . 1998, 46, 

5283 – 5288.  

 Table 4      Nanoindentation tests of polyvinylguaiacol (PVG) samples.  

 Sample  Modulus, E (GPa)  Hardness, H (GPa) 

 PVG 
rad

   6.66  ±  0.05  0.421  ±  0.003 

 PVG 
cat

   6.75  ±  0.05  0.463  ±  0.006 

 PVG 
mixed

   6.5  ±  0.1  0.384  ±  0.012 

 PS 1301  4.15  ±  0.02  0.249  ±  0.001 

 - 10.1515/gps-2012-0082

Downloaded from PubFactory at 07/25/2016 08:01:10PM

via National Research Council Canada-CISTI



16      H. Leisch et al.: Phenolics and polyvinylphenols from agricultural biomass

   Hannes Leisch is currently working as team leader in the area of 

analytical development at EBEWE Sandoz Business Unit Oncology 

Injectables in Austria. From 2009 to 2011, he was a Research Asso-

ciate under the supervision of Dr. Peter C. K. Lau at the Biotech-

nology Research Institute of the National Research Council (NRC) 

of Canada, in Montreal. He received a PhD from Brock University 

under the guidance of Dr. Tomas Hudlicky, for his work on the 

chemoenzymatic synthesis of codeine in 2008, and prior to that, an 

MSc from the Technical University of Vienna, Austria. He was born 

and raised in Linz, Austria.  

  Stephan Grosse is a German native who came to live and work 

in Canada in 2000. He is presently a Research Officer within the 

Aquatic and Crop Resource Development (ACRD) Portfolio at the 

NRC in Montreal. Stephan received his Master ’ s degree in Biology 

from the University of Leipzig (Germany) in 1994, and his PhD 

in Biochemistry under the supervision of Hans-Peter Kleber, on 

methane monooxygenase, in 1998. He has worked for a German 

start-up company (Attomol) and he first joined the NRC as a Visiting 

Postdoctoral Fellow in Canadian Government Laboratories.  

  [10] Topakas E, Kalogeris E, Kekos D, Macris BJ, Christakopoulos P. 

 Eng. Life Sci . 2004, 4, 283 – 286.  

  [11] Torre P, Aliakbarian B, Rivas B, Dominguez JM, Converti A. 

 Biochem. Eng. J . 2008, 40, 500 – 506.  

  [12] Ou SY, Luo YL, Huang CH, Jackson M.  Innovative Food Sci. 

Emerg. Technol .  2009, 10, 253 – 259.  

  [13] Embree HD, Chen T, Payne GF.  Chem. Eng. J . 2001, 84, 133 – 147.  

  [14]  US Patent  4 038 481.  

  [15]  US Patent  5 288 902.  

  [16] Mathew S, Abraham TE.  Crit. Rev. Biotechnol . 2004, 24, 59 – 83.  

  [17] Ou S, Kwok K-C.  J. Sci. Food Agri . 2004, 84, 1261 – 1269.  

  [18] Graf E.  Free Rad. Biol. Me . 1992, 13, 435 – 448.  

  [19] Gioia DD, Sciubba L, Setti L, Luziatelli F, Ruzzi M, Zanichelli D, 

Fava F.  Enzyme Microbiol. Technol . 2007, 41, 498 – 505.  

  [20] Gioia DD, Sciubba L, Ruzzi M, Setti L, Fava F.  J. Chem. Technol. 

Biotechnol . 2009, 84, 1441 – 1448.  

  [21] For a recent review on the bioproduction of vanillin see: 

Converti A, Aliakbarian B, Dominguez JM, Vazquez GB, Perego 

P.  Braz. J. Microbiol . 2010, 41, 519 – 530.  

  [22] Griengl H, Appenroth M, Dax K, Schwarz H.  Monatsh. Chem . 

1969, 100, 316 – 327.  

  [23] Nomura E, Hosoda A, Mori H, Taniguchi H.  Green Chem . 2005, 

7, 863 – 866.  

  [24] Bernini R, Mincione E, Barontini M, Provenzano G, Setti L. 

 Tetrahedron  2007, 63, 9663 – 9667.  

  [25] Sharma A, Kumar R, Sharma N, Kumar V, Sinha AK.  Adv. Synth. 

Catal . 2008, 350, 2910 – 2920.  

  [26] Huang Z, Dostal L, Rosazza JPN.  J. Bacteriol . 1994, 176, 

5912 – 5918.  

  [27] Lee I-Y, Volm TG, Rosazza JPN.  Enzyme Microb. Technol . 1998, 

23, 261 – 266.  

  [28] Ben-Bassat A, Breinig S, Crum GA, Huang L, La Bonte 

Altenbaugh A, Rizzo N, Trotman RJ, Vannelli T, Sariaslani FS, 

Haynie SL.  Org. Process Res. Dev . 2007, 11, 278 – 285.  

  [29] Rodriguez H, Angulo I, de las Rivas B, Campillo N, Paez JA, 

Munoz R, Mancheno JM.  Proteins Struct. Funct. Bioinf . 2010, 

78, 1662 – 1676.  

  [30] Gu W, Li X, Huang J, Duan Y, Meng Z, Zhang K-Q, Yang J.  Appl. 

Microbiol. Biotechnol . 2011, 89, 1797 – 1805.  

  [31] Mathew S, Abraham TE, Sudheesh S.  J. Mol. Catal. B: Enzym . 

2007, 44, 48 – 52.  

  [32] Yang J, Wang S, Lorrain M-J, Rho D, Abokitse K, Lau PCK.  Appl. 

Microbiol. Biotechnol . 2009, 84, 867 – 876.  

  [33] For an excellent review on biocatalytic transformations of FA 

see: Rosazza JPN, Huang Z, Dostal L, Volm T, Rousseau B. 

 J. Ind. Microbiol . 1995, 15, 457 – 471.  

  [34] Hatakeyama H, Hayashi E, Haraguchi T.  Polymer  1977, 18, 

759 – 763.  

  [35] Kodaira K, Onishi Y, Ito K.  Makromol. Chem., Rapid Commun . 

1980, 1, 427 – 431.  

  [36] Matte A, Grosse S, Bergeron H, Abokitse K, Lau PCK.  Acta 

Crystallogr., Sect. F: Struct. Biol. Cryst. Commun . 2010, 66, 

1407 – 1414.  

  [37] Wernerova M, Hudlicky T.  Synlett  2010, 18, 2701 – 2707.  

  [38] Bradford MM.  Anal. Biochem . 1976, 72, 248 – 254.  

  [39] Bucke C.  Methods Enzymol . 1987, 135, 175 – 189.  

  [40] Bareither R, Pollard D.  Biotechnol. Prog . 2010, 27, 2 – 14.  

  [41] Park JK, Cheng HN.  Biotechnol. Adv . 2000, 18, 303 – 319.  

  [42] Vorlop KD, Klein J.  Methods Enzymol . 1987, 135, 259 – 268.  

  [43] Cooling FB, Fager SK, Fallon RD, Folson PW, Gallagher FG, 

Gavagan JE, Hann EC, Herkes FE, Phillips RL, Sigmund A, 

Wagner LW, Wu W, DiCosimo R.  J. Mol. Catal. B: Enzym . 2001, 

11, 295 – 306.  

  [44] Dammel R, Rahman MD, Lu PH, Elango V.  Polym. Adv. Technol.  

1993, 5, 28 – 40.  

  [45] Nasrullah JM, Raja S, Vijayakumaran K, Dhamodharan R. 

 J. Polym. Sci., Part A: Polym. Chem . 2000, 38, 453 – 461.  

  [46] For an excellent overview of the cationic polymerization of 

hydroxystyrenes see: Kato M.  J. Photopolym. Sci. Technol . 

2008, 21, 711 – 718.  

  [47] Granata A, Argyropoulos D.  J. Agric. Food Chem . 1995, 43, 

1538 – 1544.  

  [48] Shin H-D, McClendon S, Le T, Taylor F, Chen RR.  Biotechnol. 

Bioeng . 2006, 95, 1108 – 1115.  

  [49] Vyazovkin S, Dranca I, Fan X, Advincula, R.  Macromol. Rapid 

Commun . 2004, 25, 498 – 503.  

  [50] Tuck CO, P é rez E, Horv á th IT, Sheldon RA, Poliakoff M.  Science  

2012, 337, 695 – 699. 

 - 10.1515/gps-2012-0082

Downloaded from PubFactory at 07/25/2016 08:01:10PM

via National Research Council Canada-CISTI



H. Leisch et al.: Phenolics and polyvinylphenols from agricultural biomass      17

  Krista Morley was born in Halifax, NS, Canada and received her BS 

degree in Organic Chemistry from Dalhousie University (Halifax, 

Canada), in 2000. She earned her PhD in Chemistry at McGill 

University (Montr é al, Canada), with a focus on Biocatalysis under 

the supervision of Romas Kazlauskas. This was followed by 1 year 

of postdoctoral research with Joelle Pelletier at the Universit é  de 

Montr é al. In 2006, she joined Merck & Co. (Rahway, NJ, USA) and 

worked as a Senior Research Chemist in Biocatalysis for 3 years. 

She is presently working as a Research Associate at the NRC in 

Montr é al, Canada.  

  Dr. Kofi Abokitse was born in Togo (West Africa) and received his 

Master ’ s degree in Applied Biochemistry, Biocatalysis (in 2000) 

and his PhD (2004) from the Institutes for Molecular Enzyme 

 Technology (IMET) of the Heinrich Heine University D ü sseldorf, 

under the  supervision of Professor Werner Hummel. From 2005 to 

2010, he was a Postdoctoral Fellow and Research Associate at the 

NRC Canada, Biotechnology Research Institute in the Bioconversion 

and Sustainable Development group, headed by Dr. Peter C.K Lau. 

Presently, Kofi Abokitse is the founder and President of the start-up 

company Ozymes Inc. which specializes in designing enzymatic 

formulations for environmental friendly products and processes.  

  Florence Perrin has an Applied Science Master ’ s in Material 

 Engineering from the Ecole Polytechnique of Montreal. She has 

been working for the NRC of Canada for more than 10 years. Her 

work expertise is the microstructural characterization of polymer 

blends and micro- and nano-composites by microscopy. She is 

presently working as a technical officer in the polymer bioproducts 

group.  

  Dr. Johanne Denault is a Senior Research Officer at the NRC of 

Canada. Her research interest is to better the understanding of the 

relationship between processing, microstructure and performance 

of synthetic and bio-based nano-composites and thermoplastic 

composite materials, with particular interest in the interfacial 

phenomenon for applications in various sectors like biomedical, 

aerospace, automotive, packaging and construction. She has made 

major contributions on the development and the processing of 

continuous and long fiber thermoplastic composites, with respect 

to their mechanical, physical and microstructural properties.  

  Dr. Peter C.K. Lau is Principal Research Officer of the NRC of Canada, 

Montreal, 6100 Royalmount Avenue research facilities (previously 

known as the Biotechnology Research Institute). Presently, he is in 

the Bio-Derived Products Program of the Aquatic and Crop Resource 

Development Portfolio of the Life Sciences Division. Dr. Lau ’ s 

laboratory (Bioconversion and Sustainable Development Group) 

and research interests are focused on the discovery, improvement 

and deployment of enzyme (biocatalyst) technology and associated 

microbial processes, to meet industrial needs and environmental 

sustainability. Since 1999, Dr. Lau has served as a member of the 

Organization for Economic Co-operation and Development (OECD) 

Task Force on Biotechnology for Sustainable Industrial Develop-

ment. He was a team leader on platform chemicals of the Canadian 

Triticale Biorefinery Initiative, funded by Agriculture and Agri-Food 

Canada, through the Agricultural Bioproducts Innovation Program. 

Dr. Lau is Adjunct Professor at the Departments of Chemistry, and 

Microbiology & Immunology of McGill University; and a member 

of the FQRNT Centre of Green Chemistry and Catalysis. He is on 

the editorial boards of Applied and Environmental Microbiology 

and the Journal of Microbiological Methods. Dr. Lau holds a PhD 

in  Biochemistry (steroid metabolism) from the University of Ottawa, 

Ontario. He was born in Sarawak (East Malaysia) on the island of 

Borneo, and presently resides on the west island of Montreal.   

 - 10.1515/gps-2012-0082

Downloaded from PubFactory at 07/25/2016 08:01:10PM

via National Research Council Canada-CISTI


