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Soybean peroxidase (SBP), an acidic peroxidase which is isolated fiom the hulls of 

the bean, catalyzes the oxidation of various aqueous aromatic compounds in the presence 

of hydrogen peroxide. The polymers fomed during the reaction have a lower solubility 

than their monomeric precursors, and are readily precipitated fiom solution. 

Experiments were conducted to investigate the efficiency of using SBP to remove 

several different phenolic compounds from unbuffered synthetic wastewater. Ali tests 

were c d e d  out in continuously shrred batch reactors. The phenol derivatives studied 

included parent phenol, chlorinateci phenols and methyl phenols. The optimum conditions 

to achieve at least 95% removal of the phenolic compounds were detennined for the 

following parametnr: pH, SBP dose in the absence and presence of polyethylene glycol 

(PEG), hydrogen peroxide to substrate ratio, and PEG dose. 

Experimental redts showed that SBP efficiently rcmoved aromatic compounds 

h m  wastewater in the presence of hydrogai peroxide. An inmase in the hydrogea 

peroxlde to substrate ratio beyond the optimum r d t e d  in enzyme inactivation, which 

reduced the substrate removal efficiency. The optimum pH for different phenolic 

cornpou& ranged h m  5.5 to 8. For each abstrate, the optimum enzyme dose varied 

significantly with the lowest king 0.015 U/mL for bisphenol A and with the highest being 

0.60 U/mL for phenol. The snidies showed that PEG reduced the amount of SBP required 

for 95% removal of the substrate by up to 60 times, as was the case for bisphenol A. For 

aU substrates, except pcresol, an i n m e  in PEG dose beyond the optimum did not 

significantiy incrase or dccrrase the removal efficiency. 
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1. INTRODUCTION 

Phenolic cornpounds are dischargai in the wastewater streams of various 

industries such as coal conversion, wood pmewation, metal casting, and puip and paper 

manuf8cnUing. Most of these compounds are toxic and have been classfied as hazardous 

pollutants. Phenols in water bave special adverse effécts since as linle as 0.005 mg/L of 

phenol will cause objectionable tastes and odours whai it combines with chlorine to form 

chlomphmols (Lawuette, 1977). nie developmmt of proper technology for the removal 

of phenoîic compunâs h m  wastewater is considemi to be a top priority due to the 

incmsingly sûingent efnuent discharge ruphmentS. The present treatment methods 

for removing ammatic compounds han wastewater, incliuting chernical oxidation, 

adsorption cm actïvated ceibon and solvent cxtractiion, d e r  h m  many drawbacks. The 

htroduction of im enzyme bascd treatment technology by Uianov et al. (1980) is 

ex- to be a faible aiternative to the conventionai treatmcnt methods. 

1.1 Emzymt hckgroumd 

Ushg enzymes to remove toxic poiiutgnts fiom wastewrter is not a new concept; 

howeva, extensive m#ueh on the treatmat of phenolic wastewatm using enzy~es has 

kgin d y  reccntly. AU enzymes are pteins, which arc large molecuîes cons8isting of 



The enzyme used in this study is a pemxidase, cailed soybean peroxiàase (SBP). 

Pemxidases oxidize Teduced compounds in the pnsence of hyhgen pmxide. S e v d  

other peroxidases have been studied, with horseraâish pemxidase (HRP) king the most 

extensively nsearched to date. Aithough the SBP enzyme has not been used in research 

as much as HRP, it is cmsidered to be a suitabie aitemative to the other pemxidases. 

hevious studies in our labs (Al-Kassim et al., 1995) indicated that SBP is effective in 

moving several diffcrrnt phenolic compounds h m  wastewater. This prokess produces 

a minimal amount of waste and is cost cornpetitive with the other peroxidases that have 

been studied, 

1.2 Wastewater Treatment 

An enzymatic methoci f a  treating phenolic compounds in wastewater has bem 

deveioped, which uses pcfoxidases in the presence of hydmgen peroxide to form 

phenoxyl radicalS. These radicais coupie to form larger oligomers which are pmcticaiiy 

insoluble in wata and can be essily separated by filtration or sariimc11tation. Wmolic 

compounds corne h m  a variety of sources and this method has many advantagcs ova 

conventional treatment procesl#s. 



Phenoiic resins are used as a binding material in insulation mataials, chipboard, paints 

and casting s d  fades (World Heaith ûrganization, 1994). Phmols are used in the 

manufâcture of paint and vamish mnovers, lac-, nibber, ink, iiiurninating gases, 

tanning dyes, pafiunes and soaps. Phemlic wastes are produced duting the coking of 

cd, distillation of wood, and the operation of gas wodrs and oil nfineties. 

Chiorinated phenob are mainly used as intemediates in the pmductim of other 

chemicals, in the synthesis of dyes, pigments, phenolic resins, pesticides and herbicides 

and as a wood preservative. The isomer 2-chlorophenol is used as an intemiediate for 

fh-retardsnt vsnzishes, for Cotton fabric treatment to pmvide rot mistance, and as an 

i n m e n t  in mal processing. The compou11d khlorophenol is us& as an intermediate 

for higher chlomphenoIs, dyes and bgicides and 2,Qldichlofopheno1 is an ingndient of 

antiseptics (World Hdth Orgmhtian, 1989). 

Ctcsois are used as aoivents, disinfectants, and in the production of fragrances, 

antîoxidants, dyes, pesticides, nsh, and as wood prcsewativcs. Cnsols are contgined in 

cmdt 09, cd tar, aiid flyash h m  mai and wood combustion (World Health 

ûrpht ion ,  1995). The isoma ocnsol is used as a chcmîcai intemediate for 

d c d c d q  and odour cnhancing compounds Pnd phannrreuticais. The compound p 

cm01 is d y  used in the formulnh'on of aintiortidaats for lubricating oil and motor M, 



1.2.2 Conventionai Methods 

The decision on a waste tmtment process selection comprises the evduation of 

many factors, such as effluent rcquirrments and eccmornic fersiôility. Table 1.1 lists the 

ment methods used for tnating phenolic wastes. 

Table 1.1: Conventionil Treatment Technologies for Phemiic Compounds 

1 

Pbydeil/Chemicrl Treatment 
System 

Biological Treatment Syltemr 

Pulseci column extraction 
ChIorine oxidation 
Chlorine dioxide oxidation (as sodium chionte) 
&one oxiàation 
Hydrogen paoxide oxidation (Fentonb reagent) 
Potassium permanganate oxidation 
Incineration 
Hydtocarbon stripping and combustion 
Photocataîytic oxidation 
Activated a r b n  adsorption 
Lmdfillhg 
CagUMon 
Biooxidation pond 
Aeratccilagocm 
Stabiiizaticm pond 
ûxidaticm ditch 
Trickling film 
Activated ciludge 



maintain optimum efficiency (Lanouette, 1977). Hence, with these shortcomings, 

alternative methods are desirable. 

1.2.3 Use of Enzyme 

Enzymes are ofhm prefened over intact organisms since the isolated enymes act 

with grcata specificity, &ch allows s p d c  p u p s  of pollutants to be targeted. The 

enzymes are easier to handle and store than microorganisms, and enzyme concentration is 

not dependeat on bacterial p w t h  rates (Nicell et al., 1995). 

The following potentid advantages of an eLlzyme based treatment over 

conventional biological treabment were wted by Nicell et aL(1993): 

application to a broad range of compomds; 
action on, or in the presaice of, many substances which an toxic to microbes; 

a operation at both high and low concetltrations of mtatninants; 
operation over wide temperame, pH and salinity ranges; 
no shock loadnrg effects; 
no deîays 8s8ociatMI with acclimatization of biomass; 

a reduction in sludge volume (no biomus genexation); 
a beaa defincd system with simpla p e s s  control. 

The same p u p  also disaisscd the foiiowing potentiai advantagcs of an enzyme 

based treabnent over chemical/physical processes: 

K1i'banav et ai. (1980) developcd an mqmatic metbod for removing ove 30 

diffaeiit p b l s  ad anilines h m  wastcwater using honedish pcroxidase (HRP). 



They noted certain reaction parameters which were of significaut importance, such as pH, 

hydrogen peroxide concentration and peroxidase concentration. Their results indicated 

that extremely large amounts of HRP were requind and, therefore, this proposed method 

of treatment did not seem very promising due to the high cost of the enzyme. Continued 

research showed that a great reduction in enzyme requirements codd be achieved by 

using additives such as gelatin and polyethylene glycol (Nakamoto et al., 1992). Wu Y .  

et al. (1997) compared différent additives in the removal of phenolic compounds and 

concluded that polyethylene glycol (PEG) was the best additive and that the amount of 

horseradish peroxidase required decreased significantiy with an increase in PEG dose. 

Although HRP efficiently removed phenolic compounds fiom wastewater, it is unlikely 

ever to become a commodity suitable for this process due to the vagaries of mot 

cultivation and processing (Taylor et al., 1996). AU previous snidies were conducted in 

buffered solutions. 

13 Objective 

The objective of this study was to optimize the reaction parameters, in unbuffered 

tap water, to achieve at least 95% removal of sevaal diffennt aromatic compounds by 

using soybean peroxiâase (SBP). 

1.4 Scope 

The scope of this stuây included: 

(i) Ammatic compounds studicd wae: parent phaiol, 29, 3-, khlorinated 

phenols, O-, m-, p-cresols, 2,4dichlotophenol, 4,4%0propylidenediphenoL 



(referred to hereafter as bisphenol A). The chemicai structures of these 

compounds are shown in Appendix D. 

(ii) Parameters optimized included: pH, SBP enzyme dose in the presence and 

absence of polyethylene glycol (PEG), molar ratio of hydrogen peroxide dose 

to substrate dose, and PEG dose. 

(iiï) E f f i  of coprecïpitation of two substrates on the optimum enzyme dose. 

(iv) E f f i t  of PEG on the optimum enzyme dose. 



2.1 Peroxidase Backgromd 

Selectivity for the removal of certain c o m p o ~  may be important in ordet to 

meet in~re8~inpiy strict regdatory criteria or to kilitate fiirther treatment. If toxic 

compounds are removecl selectively, the bulk of the organîc matexid in wastewater may 

be treated biologically, thenfore nducing o v d  treatment costs. Enqmic  treatment 

represents one method by which selective removd of poiiutmts may be accomplished 

(Aiticen, 1993). 

The appiicability of an enzyme based treatmait technology for the removd of 

ammatic compuuds in an aqueous mixture hm been studied by many researchm. 

K l h o v  et ui. ((1980) were first to propose a horseraâish peroxidase (HFP) method, 

which was used to remove over 30 diffamt pheaols d d c  amines nom water 

with nmovai efficieacies for some pollutants exceeding 990A The rernoval efacicncy is 

the percentap of the chanical removeci fiom solution under specified conditions. Table 

2.1 providcs a camplete ht of the canpounds studied by Klibamv and co-workers as 

summatiscd by oshers. The parameters which wcm invcstigaîed included rcaction tirne, 

pH, hydrogcn p x i d e  dose ad enzyme doste The qeximcnts indicaîcd tbat treatnient 

for 3 houn d t e d  in 99.8% removai c f f i ~ ~ y .  One compnd, o-chiofophenoi, was 

chosen for fiircha investigation and the results were as foliows: thme was a broad 

maximum in runoval dciency b e t w c ~  pH 6 and 8; mnovd efficimcy iPaaMd upon 



Table 2.1: Enzymatic Removai of Aromatic Amines and Phenols from 
Water by Horseradish Peroxidase (Nannipieri and Boilag, 1991) 

Compound Removd Effïciency (./O) H202mM) PH 
, Benzidhe * 99.9 1 5.5 

3 J '-Dirnethylbenzidine 99.6 1 5.5 
1 -Naphthylamine 99.7 5 5.5 
2-Naphthylamine 98.3 5 5.5 
5-Nitro-1 -naphthfiamine 99.6 5 5.5 
N,NLDhethyInaphthylamine 93.2 5 5.5 
Phenol 85.3 1 4.0 
2-Methoxyphenol 98.0 1 5.5 
3-Methoxyphenol 98.6 1 5.5 
CMethoxyphenol 89.1 1 7.0 
2-Methylphenol 86.2 1 [ 4.0 
3-Methylphenol 

I 

95.3 1 4.0 
4-Methylphenol 85.0 1 5.5 
2-Chlorophenol 99.5 1 7.0 
3 -Chlorophenol 66.9 1 7.0 
4-Chlorophenol 98.7 1 5.5 
2,3-Dimethylphenol 99.7 1 4.0 
2,6-Dimethylphenol 82 -3 1 5.5 
Aniline 72.9 1 7.0 
4-Chloroaniline 62.5 1 5.5 



Although HRP is the peroxidase that has been most researched, other peroxidases, 

such as Caprinus macrorhirus peroxidase (CMP), Arthromycer ramosus peroxidase 

(ARP), and soybean peroxidase (SBP) have proven to be very effective in removing 

phenoiic compounds from water (Al-Kassim et al., 1994, 1993; McEldoon et al., 1995). 

Plant peroxidases possess a wide substrate specificity and, in the presence of 

hydrogen peroxide, can oxidize a large varieiy of aromatic compounds (MeEldoon et al, 

1995). These compounds are oxidued by hydrogen peroxide through an iron atom 

located at the catalytic site of the enzyme. The peroxidatic reaction mechanism is shown 

below (Dudord, 1991): 

in this catalytic cycle, the native enzyme (35) is oxidized by hydrogen paoxide to 

an active intermediate r e f e d  to as Compound 1 (E3. Compound 1 accepts an aromatic 

compound (AH2) into its active site. The aromatic compound is oxidizeâ, resuiting in the 

release of a âee radical (a AH) back into the solution. The enzyme is now in the 

Compound II (&) state and oxidues another ammatic compound, releasing a second fiee 

radical into solution. This naal step retums the enzyme to its original state, thus 

complethg the catalytic cycle. 



nie overall mymatic reaction is as follows: 

The fiee radicals formeci during this cycle diffise fiom the active center of the 

enzyme into solution where they combine to form poiymers with reduced solubility thar 

tend to precipitate out of solution. The polymen wliich remah in solution can be 

oxidized again resulting in the formation of a larger polymer, which in tuni has a M e r  

reduced solubility. In the removal of phenol, the radicals fomed are phenoxyl radicals 

that could couple with each other to generate tetramers (Yu, J et 4 1994). 

Although Reactions (1) to (3) dominate in an aqueous mixture of enzyme, 

hydrogen paxide  and aromatic substratte, there are some side reactions that also occur 

which are believed to be responsible for the inactivation and inhibition of the enzyme 

(Nice11 et al, 1993). It has been reporteà by Ameo et al. (1990) that once the enzyme is 

in the Compound II state, it can be oxidized by excess hydrogen peroxide to form 

Compmmd (Eiü) according to the following ecpation: 

The rem to the native enzyme is extrrmely slow, and therefore once in the 

Compound III form, the enzyme is sufnciently ineffective in carrying out the oxidation of 

arosnatic substrates- 



2.2 Use of Peroxidase in Wastewater Treatment 

Selection of a waste trwitment process involves the evaluation of many 

parameters, such as: pollutants required to. be removeà, permit requirements for disposal, 

economic feasibility, and the potential to fom toxic by-products which ned  subsequent 

treatment. Since standards for the discharge of phenolic compounds are becoming more 

strict, there is a demaad for improved methods of treatment. 

There are many advantages of an enzyme based trament over conventional 

biological and chemicaVphysica1 treatments which have been discussed by Nicell et al. 

(1995). In most instances, physicochemical treatment pracesses are not very selective in 

terms of the number of poliutants removed durhg treatment; therefore, such processes 

are more economicdy feasible for the treatment of dilute wastewaters. Chernical 

oxidation, for example, can become very expensive for high strength wastes, although the 

targeted pollutants might have a low concentrabon. Activated sludge is commonly used 

to reduce organic load in municipal and industrial wastewatm; howevet, it has difficulty 

in removing toxic pollutants to low levels (Aitken, 1993). 

Although the enzymatic method hm many advantages over conventional 

treatment technologies, it has a significant disadvantage: the relatively short catalytic 

lifetime of the enzyme. The short catdytic lifetime has been attributcd to the inactivation 

of the peroxidase. Khbanov et al. (1983) has suggested that this inactivation occurs 

during the enzymatic reaction due to the interactions of the phenoxyl radiais with the 

myme's active site. Thcnfon, this enzymatic methaî has not been considemi to be a 

feasible option for application dut to the exiiemely high cost of the enzyme. 



Nakamoto and Machida (1991), on the other hmd, have reporteci that enzyme 

inactivation is a result of the end-product polymer which adsorbs the enzyme and hinders 

the access of substrate to the enzyme's active site. They showed that the amount of 

enzyme could be greatly reduced by adding proteins or hydrophilic synthetic polymers, 

such as gelatin and polyethylene glycol (PEG). These additives inhibit the interactions 

between the enzyme and the phenolic polymers. 

Wu J. et al. (1993) studied the effect of PEG on the minimum horseradish 

peroxidase (HRP) dose for 95% removal of phenol. They concluded that PEG protected 

the enzyme activity, and that 1/40 and 1/75 of the original amount of enzyme was 

required in the presence of PEG, for 1 and 10 mM phenol solutions, respectively. These 

results were confirmed by Wu Y. et al. (1997) where they compared different additives 

on the removal of phenolic compounds using HRP. The additives selected for the study 

were PEG, gelatin, and two polyelecmlytes, PERCOL Ln4 (cationic) and PERCOL 

LT20 (non-ionic). Wu Y. and CO-workers concluded that polyethylene glycol was better 

than the other additives for several rasons. They found that excess PEG had no negative 

effect on the remion whaeas gelatin and the polyelectrolytes a c W y  lowered the 

removal efficieacy and also resuited in not forming particles. The eAauent quaiity of the 

wasttwater which was treated with PEG was better since at minimum PEG dose, there 

was Little PEG lefi in solution; howevcr, a considerable amount of gelatin remained in 

solution even at its minimum dose. Geiatin also produceci more precipitate than PEG 

because the mininrum gclatin doses wae found to be h i g k  than the minimum PEG 

&ses. The resuits aiso indicated that the minimum HRP dose nquired for 95% removal 

of the aromatic cornpoumis in the pmaice of PEG was 1/100 less than the original 



amount required without PEG for both 2-chlorophenol and 3-chlorophenol (Wu, Y et al, 

1993). These reduced amounts of enzyme can make this method more economicaily 

competitive with the conventional treatment methods. 

Klibanov et al. (1983) proposed to remove phenols from coal-conversion 

wastewaters using HRP. They studied a typical cd-gasificatim wastewater which 

contained contaminants other than phenol, such as: amrnoaia, chioride, cyanide and 

thiocyanate. The removal efficiency was found to be 97% as compared to 98% for the 

same phenol concentration but in the absence of the other contsuninants. They also found 

that easiiy removed phenols aid in the enzymatic precipitation of hard to remove aromatic 

compounds. 

The removal of phenols fiom a foundry wastewater using HRP was investigated 

by Cooper et al. (1 995). These studies were conducted not ody to optimize the operating 

conditions, but also to d u c e  costs. The economic feasliility of this process rested on 

reducing the cost of the enzyme. TWO appmaches were taken to minimize overail 

treatrnent costs: (i) evaluate the use of an additive to d u c e  enzyme nquirements; (ii) 

examine the potential of using a low purity enzyme to achieve equivalent removd at a 

lower cost. Through expaiments, they found that PEG greatly reduced the cost 

associateci with the enzyme. Thnie use of PEG, a relatively inexpensive chemical, reàuced 

the HRP requinments by 1/22 of the original enzyme rsquinments, which in tum grtatly 

reduced the o v d  eaymatic treatmcnt cost  the^ results also showd that this process 

was capable of achieving 97.99% removal of total 

using eitha purificd HRP or a cnde HRP exaact. 

phenols h m  a foundry wastewater 



As previously mentioned, it has been suggested that easily removed aromatic 

compounds aid in the removal of other compou11ds with lower nmoval efficiencies 

(Klibanov et al*, 1980). These studies showed that the removal efficiency of phenol 

increased in the presence of more easily removable cornpounds. Table 2 2  shows some 

of these results. Klibanov and CO-worken have suggested two explanations, the first one 

being that phenol has a 1ow reactivity toward peroxidase and is thdore  poorly removed. 

Consequently, tbe addition of more easily removed compounds increases the yield of free 

radicals which results in a higher formation of the polymeric products. The second 

explanation is that phenol is reactive towards peroxidase but the by-products have a low 

molecular mass and are soluble in water. The addition of compounds with a higher 

removal efficiency results in the formation of a polymer with a higher molecular mass 

and therefore precipitates out of solution. 

Table 2.2: Eniciency of the Enzymatic Removai of Phenol in the Absence 
and in the Pnsence of m e r  Compoundr (Klibanov et al., 1980) 

1 

Pollutruit 

L 

Phenol 
1 

Phenol 

These d t s  indiate that more efficient mnoval of carain poiiutants occm 

Phenol 

h m  a mixture of diffamt aromatic polïutants, which is typicai of a real wastewata 

Addeà Compound 

o-Dianisidine 

Benzidine 

matrix. 

Removai EIllciency (96) 

99.7 
I 

99-5 
I 

8-Hydroxyquinoline 99.8 



3. MATERIALS AND METHODS 

3.1 Materiais 

Soybean pemxidase (medium purity, 37 purpumgailin unitdmg solid) was 

purchad fnmi Enzymoi Int~niatiod Inc., CoIumbus, OH. Using the entyme activity 

assay described in Appeadn A (Wu, 1993), the spacific activity of the enzyme was 

detennined to be 14 U/mg dry solid. A unit of activity is deneed as the n u m k  of 

micromoles of substrate collvated pa minute at pH 7.4 and temperame 2S°C. The 

enzyme was stored as a dry powder at a temperature of -HOC, while the qeous  soybean 

peroxidase stock solution was s t o d  in a refngerator at 4OC. 

Catalase (EC 1.1 1 .i .6, 15000 mits/mg solid) and pdyethylenc glycol (wïth an 

avaage molecuiar maris of 3350 g@ole) wen  pmhased h m  Sigma Chernical Co., St. 

Louis. MO. One unit of c d a s t  d e c o w  one miaomole of hYQogcn peroxide per 

minute at pH 7.0 and temperature 2S°C. An squeous stock mlution of catalase was storeci 

at 4OC. 

Hydrogcn pcroxide (30% by mass ova volume) wrs pwchasd h m  BDH Inc., 

Tmnto, O p h o .  The diluted peroxide solutions uscd in the anal@ wae 

P@ M~Y* 

Phenol, chloriaatad phenois and mcthyl phenois, with a puity of 99036 or gmter, 

w s n  supplied by Aiclrich Chemical Co., Milwauka, WL Stock solutions were storai at 

4OC. 



3.2 Anaiytical Equipmeat 

The colour absorbante wasi measured using a Hewlett Packad Diode Array 

Spectmphotorneter Mode1 8452A (with a wavelength range of 190 to 820 nm and 2 nm 

molution), which was comlled by a Hewlett Packard Vectni ES/12 cornputer. Quartz 

cells with a 10 mm path le@ wae  purchasd h m  Hellma (Canada) Limited, Concord, 

Ontario. The polystyrae disposable semi-micro cuvettes were purchased h m  Bio-Rad 

Laboratones, Hercules, CA. 

Samples were centrifbged at 3000 rpm for 30 minutes, wing an IEC Centra-8 

Cmtrifiige, suppLied by International Equipment Company, USA 

An Expndable Ion Analyzer EA 940, m a n u f '  by Orion Research, was used 

to measure the pH of the samples. Standard buffer solutioxu of pH 4.00.7.00 and 10.00 

were pwcbased fimm BDH Inc., Toronto, ontano. 

3.3 Experlmentd PIoctdure 

The expaimcnts in this study w a c  done in batch nectors and were conducteci at 

m m  texqmtm, approximaîeIy 22OC. This study was dgigned to achieve at least 95% 

removal of the anwioic abstrate by optimiPag the foUo- parameters: pH, PEG &se, 

SBP dose both with and without PEG, md H2& dose. 

The batch mmors were giass vials *ch containcd 30 mL, of a mkmc of 

aroman'c substmtc, Hz@, PEG, SBP enzyme a d  trp water. The tap water ans boiled to 

movcthechioriwrndthenitwas nimdovedghtudngamagnetic s ~ s n d a t t n c m  

coataietvbrr. T h e ~ o n o f t h e ~ i p ~ w a i r d a o e i n o r d a ~ ~ c u b o n  

dioxidc which raiitd the buffering c~prcity of the wrta solutions odiawise unMd 



The components of the sample mixture were added in the following order: ammatic 

mbstnite, PEG, SBP enzyme and tap water. Reactions were initiated by adding a known 

amount of &O2 to C B C ~  reactor. For each experiment, there was one control reactor 

which contained every cornponent as the other reactors except for HzOz. The control 

reactor was used to measure the initial arnount of the ammatic substrate present in the 

sample mixwe. Ali of the mctors, inciudhg the control reactor, were srirred vigorously 

for b e e  hours using a magnetic s t k  and teflon coated stir b s .  At the end of the 

reaction Md, catalase was added to naal concentration of 125 U/mL to stop the 

reaction and alum was added to a nnal levd of 50 mg/L to the mixture and stixred. The 

pH of each sample was adjusted to between 6.3 to 7.5 and thm stirred again at low speed 

to d o w  for the formation of the floc. Apptoximatcly 5 mL of each sample was 

ccntrifbgeà, afkr which the supanitant was analyzed for nmsining substrate by the 

colorimetric method. The following four sections arid Figun 3.3.1 desmi the procedure 

used to optimize ail of the rcection parameters. 

3.3.1 pH 

The first paramcter that was optimizcd was pH. The rcacticm mixtwe consisted of 

tap watcr, ammatic wibsîrate, PEG aiid SBP enzyme. The substraîc canccnbration was 

ImM for ail of the diffcfcllt phcna1ic compounds tbat weie tcetsd acspz for biaphcno1-A, 

which hrsd a total concentraSion of 0.5 mM in the rcsctorrr. Tht SBP dose used in these 

~ ~ t s w c u , ~ ~ p a M o u s ~ ~ ~ d t h e P E G d o r e i n a c h r a d o r w r s  

400 mg&,. The pH wm thm djutd witbm thc mnge of 4.00 to 10.00 ushg 

amcmmd HC1 oc NaOE 



In 30 mL batch nsctors, add the following in the d e s a  amount: 

soybeaa p x i d a s e  (SBP) 
polycthylme glycol (PEG) 
ammatic cornpoumi (substrate) 

/ Add hydrogcn peroxide (HZ&) to initiate the rcsction / 

Add: - catslase (125 U/mL) to stop the reacticm - alum (50 mfi) to coegiilate precipitaîe 

1 Adjust the pH of the d o n  &turc to m m  than 6.3 1 

1 Stir at low s p d  far 10 minutes ( 



3.3.2 Peroxidase Dose 

Stock solutions of SBP were prepared h m  a dry solid and were refiigerated for 

up to one week at 4OC. Enzyme concentrations are expresseci in ternis of U/mL, where 

one unit (U) of activity is the number of micromoles of H202 converted per minute at pH 

7.4 and a temperahue of 2S°C. 

The optimum SBP dose was determined both in the presence and in the absence of 

PEG. Io one set of experiments, an excess of PEG, 400 mg& was added to the reaction 

mixture, whereas in the other set of experiments, no PEG was added 

These tests were conducted at the optimum pH which was already detemiined in 

the previous set of expetiments. The H202 to substrate ratio was 11, which had been 

determined by other rcsearçhas to be the optimum dose. The enzymatic reaction 

(Section 2.1) indicates that two i ke  radicals are generated for every molecule of peroxide 

that is consumeci. The stoichiometric ratio of peroxide consumed to aromatic molecule 

precipitated would be 1:2, provided the resuiting dimer is completely insoluble in water 

(Niceil, 1994). Therefore, for 1 mM solution of aromatic compound, theoretidy only 

0.5 m M  of H202 would be requireâ instead of the 1 to 1.2 rnM that has been obscnted. 

This inconsistency between rneaswed and pICdicted stoichiometry cm be explained by 

the formation of polymers which remaîn soluble and which react again to fonn trimen, 

tetramers or larger polymers which evenbually precipitate out of solution (Niceil, 1994). 

Peroxidase was added in predttemiined amounts in orda to determine the minimum SBP 

dose requiied to remove 95% of the initial subsarate concentration. 



3 3 3  Hydmgen Peroxide Dose 

The next parameter to be opthked was the HzOl concentration. The amount of 

hydrogen peroxide which was added to the reactor is expressed as a ratio of millimolar 

H202 to millimolar ammatic compound (~202]/[Substrate]). 

During this set of experiments, the op&num pH and a limiting amount of SBP, as 

determineci previously, were used. Each reactor contained 400 mgR. of PEG as in the 

previous set of experiments. 

3.3.4 PEG Dose 

The last parameter to be optimized was PEG dose. A 40 gR stock solution of 

PEG was prepared and stored at room temperame. During this final set of experiments, 

the optimum pH and [H202]/[Substrate] were used, and the SBP dose in the reactors was 

kept at l e s  thaa the optimum dose detemiined pmiously. 

3.4 Anaiyticai Methods 

3.4.1 Aromatic Compound Concentration Assay 

The concentrations of the aromatic compounds werc detennined by either the 

direct sptctrophotomeaic method or the colorimetric method. The concentrations of the 

substrates are expressed as molar quantitics, where one millimolar is qua1 to 94 m@'L of 

phenol, 128.6 mg& of chlorinated phenols, 108 mg& of cnsols, 163 mg& of 2,4- 

dichlorophcnol and 228.3 mgL of bisphen01-A The colorimetric methocl used 4- 

aminoantipyrbe (AAP) aad ftzricyanide as colour gencrahg substrates whcn combinai 



with phenolic compounds. The colour generated at a peak wavelength of 510 nm was 

directly proportional to the concentration of the aromatic compound. The assay mixture 

in the plastic cuvette consisted of 100 a of femcyanide solution, 100 pL of AAP 

solution, 200 to 800 pL of aromatic sample, and deionlled water to bring the total volume 

to 1000 pL. A detailed procedure for the colorimetric method can be found in Appendix 

B. Results show that the colorimetric method could be used foc ai l  of the phenolic 

compounds except pcresol, in which case the direct spectrophotometric method was 

used. Therefore, for pcresol, the calibration c w e  that is shown in Appendix C is for the 

direct spcctrophotometric method and for al1 othcr compounàs, only the colorimetnc 

calibration m e s  are $ivm. 

The direct spectrophotometric method was based on the absorbance of ultraviolet 

0 light by phenols. PhenoIic cornpouuds absorbed UV light at a maximum 

wavelength between 270 and 284 nm. In this method, the mixture in the quartz cuvette 

had a total volume of 1000 pL consishg of the ammatic sample and deionized water. 

3.4.2 PerorIdase Activiîy A m y  

The SBP auyme activity was meastued using the paoxidase activity asay which 

used phenol, 4-AAP and H202. This mcthod pmvidd all reagents in excess except for 

enzyme in onia to ensure that the initiai rate of mction was dirtctly proportionai to the 

amount of SBP enzyme pmsent. Enzyme activity is dcfied as the number of micromoles 

of hydrogen peroxide convatcd pa minute at pH 7.4 and 2S°C. 



The assay mixnire consisted of 100 @ of 100 mM phenol, 250 pL, of 9.6 mM 4- 

AAP, 100 pL of 2 mM H202, 500 pL of 100 mM phosphate buffer (pH 7.4), and 50 

of enzyme sarnple. Immediately &et the addition of the m e ,  the cuvette was s h a h  

and the change in rate of absorbante with tirne was monitored at a peak wavelength of 

5 10 nm. A detaüed description of this method can be found in Appendix A. 

3.5 Sources of Emor 

In any expcriment, many mors occur which may affect the reliability o f  the 

resuits. Systematic errors are due to anaiytical techniques and inseuments, whenas 

random (or human) mrs are due to personal carelessness. Calibration c w e s  were done 

s e v d  times and compared to ver@ accuracy. One set of experiments, the hyàrogen 

peroxide dose series for pmsol, was fepeated 3 times and the results wae compared to 

determine the reliabiiity of the expaimental resuits. 

As previously mentioneà, the products of the enzymatic reaction are mostly 

phenols. If a portion of these reaction products remained in solution, they could be 

absorbed at the same waveimgth as the compomd king dyzed ,  and could therefore 

lead to mrs in the amomt of initial substratc that actuaUy remaineci in solution. 



4. RESULTS AND DISCUSSION 

The experiments in this study were designed to achieve a removal of at least 95% 

of the initial aromatic substrate concentration that was present in solution. The reaction 

parameters which were optimized were pH, soybean peroxidase (SBP) dose both in the 

presence and absence of polyethylene glycol (PEG), hydrogen peroxide to substrate ratio 

([Hf12]/[Substrate]), and PEG dose. The effect of coprecipitation on SBP requirements 

was also investigated, 

4.1 pH 

The optimum pH was d e t e h e d  for each phenolic compound in the range of 4 to 

10. The initial substrate concentration was 1.0 mM for al1 compounds except for 

bisphenol A, which had an Uiitial concentration of 0.5 mM. Bisphenol A contains two 

phenol rings and is not as soluble as the other compounds. In order to get a 1 mM 

solution, bisphenol A had to be dissolved into solution using one equivdent of NaOH. 

This bisphenol A solution was a basic solution and when the pH was adjusted to below 

neutral, the compound precipitated out of solution. In order to eaSUTe that the removal 

was not due in part to precipitation, a lowa initial concentration (0.5 mM) was chosai. 

The H202 to substrate ratio was 1.2 for each expairnent and PEG was present in 

excess at 400 mg/L so that the runoval efficiency was only dependent on pH and enzyme 

&se. The reactions were stopped after 3 h o u ,  which was considcted to be SuffIcient 

time based on previous eqmiments (lUi%anov et al., 1980). Removal efficiencies as a 

hction of pH an presmted in Figuns 4.1.1 through 4.1.9. The optimum pH for each 

ammatic cornpouad is listeci in Table 4.1. 









Figure 4.1.4: Efleà of pH on the Remval of 4-Chiorophenol 



1-a- SBP = 0.80 WmL - + - - SBP - 0.10 WmL 1 









F@un 4.1.9: Efba of pH on the Removaî of Bisphml A 



The graphs show that most of the compormds studied had a broad optimum pH 

range. This range generally became wider as the amount of SBP was increased, as cm be 

seen in Figure 4.1.4 for 4-chlorophenol. The results for this compound show that at an 

enyme dose of 0.07 UhL,  the optimum pH came to a definite point, whereas for the 

higher enzyme dose equal to 0.2 UhL,  there was a broad optimum pH between 5.5 and 

9. The optimum pH occuned at near neutrai conditions except for 3-chiorophenol which 

had an optimum pH of about 5 and for 4-chlorophenol which had an optimum pH of 

approxùnatel y 8. 

It can also be seen h m  Figure 4.1.1 that a change in the amount of SBP present 

in solution did not affect the optimum pH. These r d t s  are consistent with those found 

by Wu Y. et al. (1997). When the initial amount of SBP was increased, the percent 

substrate remaiDing in solution decreased. 

Table 4.1: Optimum pH for Phenolic Compounàs 

P henol 

2-Cblorophenol 

5.5 - 8.5 

5-5 - 9.0 

6.0 

7.5 



Experiments wae conducted to check the pH afta muring in order to verify that 

the reactions were carrieci out at the appropriate pH. The results for 4chlorophenol are 

shown in Table 4.2. 

Table 4.2: Change in pH for eChioropheno1 

These resuits, as expected, indicate that there was little change in pH once the 

reactions were completed. Since the reactions were taking place in unbuffcted solutions, 

the change in pH was detedned in order to k sure that the reactions wae indeed taking 

place at the initiai pH. The largcst change in pH was 1.5 and the smaliest was 0.2 ancl the 

pH afkr rnixing was always less than the pH before mixing. The d t s  obtained for this 

compound are consistent with those obtained for the otha compounds. 



4 3  Soybean Perosidase Dose 

The SBP dose series experiments were conducted at the previously established 

optimum pH values shown in Table 4.1. The optimum enzyme dose was detexmined both 

in the presence (400 mg/L) and in the absence of PEG. The results are presented in 

Figures 4.2.1 to 4.2.13. The [Hz02]/[Substrate] was kept at 1.2 W m M  for ali 

compounds, except for one set of experiments for p-cresol where the ratio was 0.9 

mM/mM. 

In this section, there are four figures (4.2.7 to 4.2.10) for the compound pnesol. 

Figure 42.7 shows that 95% removal could not be achieved, even at a high enzyme dose 

of 0.60 UhL.  It was decided to add salt to the solution and to filter the supernatant, after 

centrifbgation, to see if the removal efficiency would improve. As can be seen h m  

Figure 4.2.8, the addition of sait had little effect, whereas the filtration greatîy improved 

the removal efficiency. The flten used were 25 mm in diameter with a 0.2 pm opening. 

Approximately 5 mL of the supemamt was filterd and discarded, with the sixth 

milliliter being analyzed Since the filtration impmved the removal of p-msol, the 

supematant for subsequent experiments was nItered. These experiments for p-cresol 

(Figure 4.2.8) were conducted in the absence of PEG, whereas in Figure 4.2.9, the 

expiments were done in the presence of 400 mgL of PEG. The cornparison of these 

two sets of r d t s  shows that the removal efficiency in the presence of 400 mg/L of PEG 

was less than the removal efficiency in the aôsence of PEG. Thetefore, the PEG dose and 

the [H2O2]/[Subseate] expaiments were conducted next and the results are reported lata 

in Sections 4.3 and 4.4. These rcsults indiate that high doses of PEG had a negative 

effect on the removal of -01 which could be due in 

polymcrization products of this compouxui. Thetefore, amthex 

36 
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Figure 4.2.6: E f k t  of SBP Emymr Dom on the Removal of mCrc#ol 
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Fgum 4.2.9: Effect of Filmion on the Remval of pCreml in the Plies8nce of PEG 











p-cresol (Figure 4.2.10) was conducteci by varying the amount of PEG dose from zero to 

100 m@ and by changing [H202]/[Substrate] to the optimum of 0.9 W m M .  

The results in these figures show that the addition of PEG only slightly reduced 

the amount of SBP required for 95% rernoval, which is inconsistent with the results 

obtained by Wu Y. et al. (1 997). For example, 2-chlorophenol requkd 0.19 U/mL of  

enzyme in the presence of PEG but in the absence of PEG it still only required 0.23 

U/mL. This repnsents an additional requirement of only 1.2 times more SBP enzyme 

without PEG. The results for pcresol showed that high doses of PEG actuaily decreased 

the nmovai efficiency instead of improving it. This is the only compound studied that 

showed these results. The minimum SBP doses with and without PEG are show in 

Table 4.3. 

Table 4.3: Optimum SBP Dose in the Presence and Absence of PEG 

Mhimum SBP . Minimum SBP 
Aromatic Compound Dose Without Dose With PEG SBP Dose 

PEG (U/mL) (UfmL) Ratio 

Phenol 0.90 0.60 1.5 

2 C  hlorophenol 0.23 O. 19 1.2 

3-Chlotophen01 0.65 0.15 4.3 

Bisphen01 A* 

Iiiitial substrate concentratio~ls equsl to 1 .O mM. 
@Initial bisphenol A concentration equal to 0.5 mM. 



Results obtained fiom previous experiments using SBP (Al-Kassim et al., 1995) 

indicated higha enzyme requirements for most compounds. Their higher enzyme values 

could be caused by two factors: (i) a higher H202 to substnite ratio dose of 1.5 was used 

as compared to 1.2; and (ii) a much lowex PEG dose of 30 mg/L instead of a dose of 400 

mg/L which was used in the SBP dose experiments. The results show that the minimum 

amount of SBP required for 95% of removal h m  initial concentration of the aromatic 

cornpounàs in the absence of PEG was 1.2 to 60 times more than that required with PEG. 

In the presence of PEG, phenol required the most enzyme for 95% removal, whereas 

bisphenol A required the least amount of enzyme. T'lis might be explained by the fact 

that bisphenol is already a dimer and in h m  requires less enzyme for its removal nom 

solution. Extra SBP beyond the minimum dose did not result in any signifiant 

improvement in removal. 

4 3  Hyàrogen PeroxMe to S~bstrate Ratio ((a2O~]l[Substrate)) 

The third parameter that was optimized in this study was the molar ratio of 

hydrogen pemxide (H202) to substrate. These experiments were conducted at the 

previously determineci optimum pH, whereas the initial SBP concentration was less than 

the optimum dose listed in Table 4.3 in onln 

point to point. The PEG dose was kept at an 

which had a PEG concentration of 20 m@. 

to see a pater change in removal h m  

excess of 400 m@, expect for p-cresol, 

The concentration for aîi of the phenolic 

compounds was kept at 1 mM except for bisphen01 A which had an initiai concentration 

of 0.5 mM. Rcsults are plotted in Figures 4.3.1 to 43.9, and the optimum molar ratios 

are listcd in Table 4.4. 
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Fliliure 4.3.5: Elkd of Hydmgen Pmxide Dot#, on the Fbmvaî of o-CCBSd 



Fipure 4.3.6: E f k t  of Hydmgen Peroxide Oors on the Remanil of m-Cieooi 









These figures show that as [H2û#[Substrate] increased, the removal efficiency 

also increased until the optimum. These resuits do not indicate a broad optimum range as 

was found by Wu Y. et al (1997), but instead most compounds show a definite optimum 

point. Figure 4.3.9 for bisphenol A, on the other hand, is the only compound to have a 

broad optimum between 1.2 to 4.0 mM/mM. As [H202]1[Subsmte] increased beyond the 

optimum, there was a decrease in substrate rernovai, whereas for bisphenol A, an increase 

in H202 did not affect the removal efficiency. 

Table 4.4: Optimum H202 to Substrate Ratio 
for Phenolic CompounQ 

Aromatic Compound 
Optimum H202 to 
Substrate Ratio 

( W m M )  

The optimum ratios, as s e m  in the above table, mgc h m  as low as 0.6 for 3- 

chiomphenol to as high as 1.2 d m M  for both phmol and bisphcnol A However, it 

should be noted that shce bisphenol A is a bipheaol, that a [H29]/bisphenol A] of 1.2 is  

equal to a [H2@]/[Phenolic p u p ]  of only 0.6. As seen h m  the results obtained in this 



section, an excess of H a  decreased the removal efficiencies. Since the SBP enzyme 

dose experiments in Section 4.2 were ai l  conducted using a ratio of 1.2, the optimum SBP 

doses for 3-chlorophenol and 2,4-dichlorophenol (Table 4.3) might be improved at their 

optimum [H202]/[Substrate] of 0.6 and 0.7 respective1 y. 

4.4 Polyetbyleie Glycol Dose 

Polyethylene glycol dose experiments were conducted at the previously 

established optimum pH and [H2O2]/[Substrate]. As in the last set of experiments, the 

SBP concentration was kept at less than the optimum. Remlts of the removal efficiency 

as a fiinction of PEG are ploned in Figures 4.4.1 ihrough 4.4.9. The initial concentration 

of the phenoüc compow1ds was 1 mM for al substrates except bisphen01 A which had a 

concentration of 0.5 rnM. The PEG doses in this set of experiments ranged fiom zero to 

600 mgL. 

These figures show that the addition of PEG improved the removal efficiency up 

to an optimum additive dose. Beyond this optimum point, excess PEG neither inaeased 

nor decreased the removal efficiency for most compounds studied, as was found by Wu 

Y. et al (1997). However for p-cresol (Figun 4.4.7), excess PEG actuaUy had a negative 

effect on the amount of substrate that was removed. The minimum effective PEG dose 

for p-cresol was 20-40 m@ and had a b d  optimum range up to approximately 300 

mg/L. With the PEG dose in excess of 300 m&, the percent of pmsol remainhg in 

solution incmsed drsstically. The optimum PEG dosa are listcd in Table 4.5. 

Minimum efféctive PEG doses varicd h m  20 to 400 mg& dcpaiding upoa the 

phenolic c o m p o ~  These d t s  M e r  from the ones obtained in previous d e s ,  

whcre the minimum effective PEG doses wcrc lower and las  varied. This couid either 



















Figure 4.4.8: E(kd d Gîycoî on the Fbmovaî of Bisphmol A 



be due to the fact thaf the enzyme used was SBP btead of HRP, or to the fact that these 

experiments w m  carried out in unbuffered solutions rather than buffered. 

Table 4.5: Miniinum E f f d v e  PEG Dose 
for Aromatic Compounds 

II Aromatic Compound II 

4.5 Copneipitation 

The overall removal efficiency of a phenolic compound depends upon its 

reactivity toward pezoxidase and the solubility of the products. K1i'banov et al. (1980) 

observeci that easily removed compounds aided in the precipitation of h d e r  to remove 

compounds. 

As seen in Section 4.2, ceriain compounds requirrd las  enzyme than others to 

nach a removai efficiency of 95% or gmtet. Phmol, for example, rsquircd 0.60 UfniL 

of SBP enyme, whaerrs 2,Wchlomphenol Isquirrd only 0.04 U/mL to achieve the 



same removd efficiency. Two sets of experiments were conducted to determine the 

benefit of coprecipitation on the removal of phenol in the presence of more easily 

removeci compounds. The two compounds that were chosen for coprecipitation with 

phenol were 2,4-dichlorophenol and bisphenol A. The optimum parameters for these 

three compounds are! listed in Table 4.6. 

Table 4.6: Summary of Optimum Parameters for 
Three Selected Phenolic Compounds 

In these coprecipitation experiments, the analysis was done using the colorimetric 

Aromatic Compound 

Phenol* 

2,4Dichlorophenol* 

Bisphenol A** 

methoâ that was used for all  of the other compouuds, except p-cresol. The amount of 

each individuai cornpouad was not determined, but instead, only the total percent of 

*Initial concentration eqwd to 1 mM. 
**initial concentration qui to 0.5 mM. 

SBP Dose 
witb PEG 

0.60 

0.04 

0.0 15 

substrare rernaining was calculated 

The total initial subshrate concentration in this set of experiments was 1 mM; and, 

PEG Dose 

50 

150 

60 

the concentration of each compound was 0.5 m M  Figure 4.5.1 shows the coprecipitation 

(H20211 
[Substratel 

. .  (mM/mM) 
1.2 

0.7 

1.2 

resuits for 2,4dichlomphenol and phenol. The feaction parametas were as follows: pH 

= 6; PEG dose = 100 mg&; and [H2_Oz]/[Substrate] = 1.0 mM/mM. It can be seen fiom 

Taôle 4.6 that the total enzyme dose requind for 6n individuai removal efficiency of 95% 

at a concentration of 0.5 m M  is 0.32 U/mL (0.30 U/mL for phenol plus 0.02 U/mL for 



2,4dichlorophenol). From Figure 4.5.1, the ophum SBP enzyme dose is 0.40 U/mL. 

Therefore the presmce of an easier to remove compound did not aid in the removal of 

phenol. 

The results for the removal of phaiol in the presence of bisphenol A are shown in 

Figure 4.52. As in the previous coprecipitation experiment, the total initial substrate 

concentration was 1 mM, with the individual initial concentrations equd to 0.5 m M  each. 

The experiments were conducted at pH = 6, [H&]/[Substrate] = 1.2 mMImM and a PEG 

dose = 80 mglL. The total SBP enzyme dose required for 95% removal, calculated from 

the results in Table 4.6, is 0.3 1 5 UImL (0.30 U/mL for phenol plus 0.0 1 5 U/mL for 

bisphenol A). The optimum SBP dose, h Figure 4.5.2, was found to be 0.25 U h L ,  

which is slightiy less than the calculated requirements. Since there was only a slight 

improvement in enzyme dose, the presence of bisphenol A also did not significantly aid 

in the removal of phniol. 

4.6 Eror Anrlysis 

A set of experhents was conducted in order to determine the nliability of the 

d t s  in this study. The H202 to substrate ratio series for p-cresol was repeated three 

tixnes at tbree différent ratios and the percent enor was calculami. The solutions were 

preped separatdy to determine the accuracy of analyticai techniques. The design 

parameters wac  as foilows: pH = 7; initiai pcrrsol concenUation = 1.0 mM; PEG dose = 

50 mg/'; and SBP enzyme &se = 0.10 UImL,. nie resuits of these expcriments are limd 

in Table 4.7. 







Table 4.7: Error Anaiysis 

These d t s  indicate that the deviation was always less than fi%, which is 

; 

within an acceptable range. Therefore, the results obtained in this study are considered to 

be accurate and reliable. 

L 

Simple # 

L 

1 
I 

2 
3 
4 

1 

5 

- 

[820~1[Substrate] 

(mM/mM) 

0.5 
0.5 

Percent 
Remaining 

31.2 
31.2 

6 1 0.8 

29.1 

23.9 + 1.70 
- 2.41 
- 1.37 
+ 3-44 

Average 

30.7 
0.5 
0.8 
0.8 

Percent 
Deviation 

+ 1.63 
+ 1.63 

23.5 

i 29.8 
23 .S 
23 .2 

1 

- 2.93 
O 

L - 1.28 

28.4 
28.7 
30.1 

7 
I 

8 

r 

1.5 
1.5 

r 

9 1 1 .S 



5. CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

The r d t s  of this study have demonstrateci the applicability of using soybean 

peroxidase (SBP) enzyme for treating phenoiic wastewater. The naction parameters, 

optimized to achieve a removal efficiency of at least 95%, were pH, SBP enzyme dose 

with and without PEG, [H202]/[Subshate], and PEG dose. Table 5.1 summarizes the 

optimum doses for ali of the miction parameters. 

The optimum pH occmed around pH 7 for most phenolic compounds except for 

3-chlorophenol and 4-chlorophenol whose optimum pH was 5.0 and 8.0 mpectively. 

Most of the compounds had a b d  o p h u m  pH range that generaliy became wider as 

the amount of SBP was increased. An increase in SBP concentration had no effect on the 

optimum pH. 

Excess peroxidase had no significant effect on the mnoval of phenol; however, 

limiting the amount of SBP resulted in lower subsedte nmoval efficiencies. The addition 

of PEG only slightly reduced the amount of erizyme required for 95% removal, except for 

bisphenol A 

The optimum H2& to substrate molar ratios rangeci h m  0.6 for 3-chlorophenol 

to 1.2 for both phenol and bisphenol A. As the molar ratio increaseà, the removal 

efficiency also increased untii the optimum ratio was reached. Beyond the optimum ratio, 

then was a si-cant &crase in nmovai efficiency. The only wmpound to have a 

broad optimum range was bisphenol A Ail othcr compounds had a definite optimum 

point 





The addition of PEG had Little effect on improving the substrate removal 

efficiency, except for bisphenol A. As discussed in Section 4.4, this might be due to a 

Iower salt content in the reaction mixture since these expaiments were carried out in 

unbuffered solutions instead of the buffered solutions used in previous studies. There 

was a wide range of minimum effective doses, that ranged from as low as 20 mg& to as 

high as 4 0  mgL. An excess of PEG had no measurabie efTect on the removal 

efficiency; however, there was one exception to this observation. For p-cresol, excess 

PEG drastically increased the amount of substrate that remaineci in solution. 

Coprecipitation of phenol with an easier to remove compound did not reduce the 

SBP requinments for 95% removal. In the presence of 2,4-dichlorophenol, the enzyme 

requirements for the removal of phenol did not improve. Similarly, the minimum SBP 

dose for phenol in the presence of bisphenol A was not reduced significantly. 

5,2 Recommendations 

The redts of these experiments have shown that soybean peroxidase is a viable 

alternative to other enzymes that have previously ken  studied. In order to irnplement the 

enzymatic method of treatment to fidi scale indu$riai applications, several other aspects 

must be considered. 

The potential toxicity of the final pducts must be snidied. Once the nature of 

the by-proâucts is dettrmined, a suitable disposal method can be chosen. 

The potential of using the soybean hulls instead of purchashg the enzyme h m  a 

chernical rnanufiturer s W d  be investigated. Mer the enzyme has been artro*sd from 

the hW,  they couid thai be used as animai feed. This would pady reûuce the amount 



of solid waste that is produced and in tum would also teduce costs. Similarly, some 

researchers have also suggested using crude HRP (Cooper et al., 1996; Dec et al., 1994; 

Klibanov, 1982) to reduce treatxnent costs, In contrast to aude SBP, the amount of soiid 

waste produced with the use of crude HRP is much greater. Another advantage of using 

soybeans is that they are more readily available than horseradishes. Finally, a detded 

cost analysis should be done in order to determine the applicability of this process over 

m e n t  tceatment methods. 

The effect of coprecipitation shouid continue to be investigated by using different 

compounàs than the ones used in this study. The mixture of other compounds may yield 

better results. 

An investigation on the applicability of using SBP on a rd wastewater ma& 

should be conducted ûther components that are present in an actuai wastewater Stream 

may interfne with or improve the removai of the phenolic cornpounds. 
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The purpose of the enzyme activity assay is to detemine the arnount of active 

enzyme that is pment in a solution. Uada saturating wnditions of phenol, AAP anci 

HA, the initial rate is m e a d  by obsavhg the rate of colour formation in a solution. 

The d o n  between phmol anci Hz02 is catalyLed by the enzyme (SBP) such tint the 

pducts of the reaction reaci with AAP to fonn a mi coloumi solution which absorbs 

iight at a peak wavelaight of 5 10 nm. 

2. Reagents 

i) Phosphate b&er (0.1 M NaPP, pH 7.4) 
160 mL O2 M monobasic sodium phosphate 
840 mL 0.2 M dibasic sodium phosphate 
Distiliedwaterto2L 

ii) Pheirol(0.l M p h d )  
18822 mg phenol 
Phosphate buffa to 200 mL 
store in refiigcrator 

iii) QAmin~~l~~tipyrinc (9.6 mM AAP) 
39ûmgAAP infiask 
Phosphate bu&r to 200 mL 
Store in refngerator 

iv) Hydtogen petofide (2.0 m M  H2@) 
a) 226.7 pL of 309i Hz02 

Distilleci water to 100 mL 
b) 10 mL of HI@ solution âoai a) 

Distilledwaterto 100mL 

50 pL SBP soluticm 
500 pLNaPP kiffer 
100 @, 0.1 M phend 
250 pL 9.6 mM AAP 
la pL 2.0 mM H2& 



The total v01umc in the cuvette shouici be 1 mL, and the rate of colour formation 

m u t  be mawrcd before substrate depletion becornes significant, fmrnediately after the 

addition of the sample, shake the mette and then monitor the absorbmce change with 

h e a t  510 nm. 

i) Find the average slope over the linear range of the data in tams of absorbante units 

pa unit tune (admin). 

ii) Calculate the activity in the cuvette 

The activity is in terrns of micromoies of hydrogen peroxide converted pa minute 

at 20°C and pH 7.4. 

iii) Caldate the activity of the sample 

Activity in salmple (VM) = AchnS, ih cuvette (UM) x 1-1 
sumpZevoIume(fi) 





This is a colorimetnc assay used to masure the concentration of an aromatic 

substrate in an queous sample. It uses ferricyanide and 4aminoantipyrine as colour 

generating substrates when in combination witû the aromatic sample. The only limiting 

=gent is the amount of the aromtic compound, and therefore, the degree of colow 

generated at a peak wavelength of 510 nm is proportional to the amount of aromatic 

ii) 4-Aminoantipyrine reagent (20.8 m M  of AAP in 0.25 M M m 3 )  

In a s u n i 4 c r o  cuvette combine in the foliowing order. 

Th. finai -y simple voiume shcnûd k 1 mL* Afta a couple miautes, meornin 

Ushg the appmptb calibnticm m e  (AppcadOt C), mvert absabance 



APPENDIX C 

Stmdatd Cuwu for Ammatic Compounds 



5ampls Name : P h e n d  
f c l v e n t  Wame : Saianized water 
Sont Units : uM (micramoLrs~ 

A n a l y t i s a l  U a v e i m g t h  : 518 nm 
Eçference U a v e l m g t h  ; None S e l e c t d  
Confirmation Wavelrngths : None 5eltcizd 
Integrat  ion Time : 1 seconcc 

Beer's Law F i t  

Concentrat ion (utî (PI i-O les) 1 



Çamp le Name : 2-ChtOROPHENOL 
Solvent Namt : OEIONIZEG WATER 
Conc Units : ufl 

A n a l p t i c a l  Wsvelength : 5 i 0  nm 
Reference Wavelengi h : None 5eiecieu 
Confirmation Wavtlcngths : None Stiected 
Integrairon Time : 1 s e c ~ n d s  

ber's Lau F i t  

Concentrat ion <dl ) 



Samp le Name : 3-c hiorop heno l 
Saivent Name : d a x m l t t d  water 
Uçnc U n ~ t s  : uM 

Analyt ical  Wavelengih : 51 8 nm 
Reference Wavelençth : Nane Seiacted 
Confirmation Uavel=ngths : None S d a c t e d  
In tegret  ion Tirne : 1 seconds 

Beer's Lalr F i t  

11.685 35.2141 5 2 . 8 s  
Concentrat ion C d )  



eCLkmp henol: 

Sampf a Nane : +Ch!utophensl 
Solvent Name : 3aroniced watw 
Ccnc Units : üH 

Anâiytfcal Wavslangth : 519 nm 
Ref srsnce Wawlangt h : Nûne Sslact eU 
C~nfirmation Wavtlsnçjths : l'hm Salactsd 
Ir i tegrat ion Tims : ! seconds 

Beer's Law F i t  



5smple Name : ~ c r e s o l  Unaiyt i ca l  Wavelength : 510 nm 
S d v e n t  Name : deronlred water Reference t k v e l e n g t h  : Nent Seiecteb 
Conc Unlt s : uM Confirmation Uavelengths : None Selected 

Integraiion Time : 1 seconds 

Beer' s Lao Fit 

$1.395 34.790 5s. 185 
Concentcat ion Cd) 



Semp ie Name : m-Cresü1 i k a l y t i c a l  Waveiengin : 510 nm 
Solvent Name : D e r o n ~ = e o  Watsr Ref e rencr  Wavelengt h : None Select sd 
Cons U n i t s  : uPi Confrrnatlan Wavelengths : None Stiecied 

Integrat i o n  Time : 1 seconds 

Beer's Law Fit 

8.888 17 .588 35 .888 52.588 
Concentrat ion CM 



Samp le Name : a-Crssoi Analyt isai Wavelongth : 278 nm 
Solvant Name : Geionized watar Refertnce Wavelength : Nono Selected 
Conc Units : uPl Confirmation Wavelengths : None Selecisd 

intepration Time : ! seconds 

Beer' s Law Fit 
6.857 - 

f3 i 4 fi 
b 
s 8 S 7 l  
O r b i y'@" i 1 : 1 

i I Y - 
t 

a 
n 8.286 1 
C t 
Q /P" 

i 
c 
a 
i 

6.888 , I t 

8 .ô00 +l . +3 SBE+02 +5,25E+BZ 
Concentrat ion CuH 1 



analytizai Wavelengih : 510 nn 
Refrrerict Wevelengt h : None Select o d  
Confirnaticn Uauelenqths : None Se!ecteS 
fntegrüt isn Tine : ! seconds 

Beer's Law F i t  
0.710 1 

8.474 - 

I 

8.237 m l  i 
- - - -  - - - -  - - - -  

I 

0.0W 16.985 3â .810 

i 
sa. 71s 



Ssmple Namt : 3:sphenol & 
Soiven? Name : De~onrzed Water 
C o n c U n i t s  : uM 

h z l y i i c a l  Vavrlengtk : SI0 na 
Reierenct Wav=lcngth : None Zeiactsd 
Coniirmotian Wavelengths : Nons Selccted 
in iograt  ion Timc : 1 secondo 

Beer's Lau Fit 

17.298 34.588 51.878 
Concsnt~at ion (Un 



ber's Law Fit 
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b 1 W. 
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Beer's L a w  Fit 
8.788 7 

1 
I 
i 8.525 ; / *  ,*' l 1 

0.263 1 I 
N" I i 

/' 

1 
Gr" i , 
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8+Wû - D I 
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Chemicd Structpm for the Aromtic  Compounds 
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