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ABSTRACT 

A bench-sale study was perfonned to investigate the bidegradation 

potentiai of a phenoxy acid herbicide (2,edichkrophenoxyaCBfiC add or 2.4-0) 

under various expefimntal conditions. This study induded two main phases. 

During the first phase, the e f k t  of hydrauiic retention time (HRT) and the 

presence or absence of suppkmental substrate was explored using sequencing 

batch readors (SBRs). In the second phase. batch reactors were used to 

investigate the effect of temperature, pH. and sed  type on 2,4D degradation. 

In the beginning, two identical twditer liquid volume SBR units were 

employed. SBR 1 was M with a mixture of phenol and 2.40 and SBR 2 with a 

mixture of dextrose and 2.4-0. A long acdimation period (over 80 days) was 

observed in both SBR 1 and SBR 2 bfbre the first signs of 2,dD degradation 

were riecarded. In order to achieve a sustainable 2.44 degradation pattern, it 

was found that, the initial substrate conœntratiorr, biomass conœntmüon, and 

HRT have to be carefully selected. 

After achieving steady sbte operation, an addiaonal SBR un& was 

introduced (SBR 3) identical to the mer two with 2,4D as the sde source of 

carbon and energy. All three systems wre able to degrade more than 95% of 

the 2,4-0 concentrations appW at an HRT fange of 12 to 48 hm. Even aiough 

the use of supplemental subsbate resulted in I m r  2,-specific removal rates, 

better systern stabüity in ternis of good 88ff)ing characteristics and superior floc 



formation was achieved in the conesponding reactors. Furoiemiore, it was found 

that throughout the SBR phase, the dextrose-fied system (SBR 2) experknced a 

42 % lanier 2,4D rpecific mmoval rate nlative to the phenoi-fed system (SBR 

1). Generally, supplementel subrtnte mmoval was compîeted before the onset 

of 2,4D degradation. Houmer, et high supplemanail conœntmtions, 

there was evidenœ of amcuirent -utilization of the 2,CD and the corresponding 

supplemental rubptnite. No deoscbbk abidic iosses were obsewed during the 

study. 

The batch erperiments were conducted using canical flasks with an active 

liquid volume of 100 mL. It was observed that pH control was more aitical at 

temperatures highei than ambient (22%) and îess critical at 10 OC. The increase 

in temperature from 10 to 3OoC resulted in a dramatic inaease of 2,CD-specific- 

removal tates in al1 readorrr. Regarding the use of dihrent inocula, 2.4-D 

degraders wefe able to acœierate mmarkably the degradation process as 

compare to mixed cultures. In contrast to the generally observed pattern of 

sequential substrate utilkation, a b a r  pattern of concumnt substrate utilkation 

occurred at lOoC using mk  culture and at 22OC using 2.4-D degrading cultures. 
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Chapter 1 

INTRODUCTION 

Pesticides have introduced certain benefits as well as certain costs to 

modem society. The balance of costs and benefits is iargeiy a fundion of the 

existing social, economic, and environmental conditions. The use of pesticides 

involves management of many risks which msy Vary h m  one situation to 

another. Such risks inciude the negative impact of pesticides on public health 

and the ecological system. Like in most nations, Canadian agricuiture's drive to 

boost producüvity has resuîted in the widespread usage of chernicalo. The 

Canadian Prairie region is an important agriculhiral area. Due to the large 

quantiiies used, area afkcted, and potential hazards, pesticides must be ranked 

hig h in priority for the development of improveâ waste disposal pradices. As part 

of the national envimnmental improvement strategies, Canadian regulatory 

agencies have been attively invoiveâ in developing plans for reducing the 

negative impact of pesticide use. One step in this diredion has b e n  the creation 

of a pest management promotion office, which sets brgets and guidelines for 

pesticide use. This office also coordinates rcsearch, implementation, and 

education on ecolog icaliy sound pest management strateg ies (Agriculture 

Canada. 1990). 

A serious concem is pesticide pollution due to wastewater discharges 

frorn formulation units or manufacturing plants, surface ninoff, ieaching, and 

other point sources and non-point sources. The non-target contamination by 



agrochemicals. such as surface and gmund wabr contamination, has raised 

public attention towards their potentialiy destructive nature and has elicAed 

considerable res8arch on developing technologies to nmove these toxic 

chernicals from the environment. 

One of the most comrnon agrodiamicals used is 2.4- 

dichtomphenoxyaceüc acid (2,CD). which belongs to the phenoxy herbicide 

group. Due to wiâespread usage, this group of herbicides has been at the 

forefront of pesticiderelated m a r c h  fw several decades. 2,4-D has been 

widely useâ to control broad-ieaved meeds in both teneWial and aquatic 

ecosystems (NRCC, 1978; Ware, 1989). In Canada, 2,4D was fimt registered 

for use to control the aquatic weed Myriophyllurn spicatum (Eurasian rnilfoil) 

(NRCC, 1978). Historicaliy, 2,4-D was a major component (about 50%) of the 

product Agent Orange u s d  extensively during the Vetnam war. The 

association of 2.4-D with Agent Orange, had also prompted a considerable 

attention towards it. 

2.4-0 contamination of aquatic systems via several routes such as 

aerial drift, surface runoff, and leaching has been detected in various parts of 

Canada (Cunie and Mlliampon. 1995; Elefsiniotis and Mangat. 1906; Fisheries 

and Oceans. 1992). For instance, a study perfomied in 1977 revealed that up to 

30 pg/L2,4-D was detected in the Red River in Winnipeg, Manitoba. This was 

largely attnbuted to urban runoff (Chadco and Gummer, 1980). Overall, 2.4-0 

has been frequently detedeci in most water bodies in Manitoba mainly as a resuk 

of surface runoff from target amas, such as lawns in urban amas and aghltural 



fields. In this province, another very cornmon source of 2,4-[3 contamination is 

liquid waste f m  empty pesticide containers. Annual empty container collection 

and processing results in concentrated waste of 2,4-0 arnong other pesticides 

(Yee and Omiuck, 1989). 2.4-D degradation in terrestrial environments may be 

rapid, whereas prevalent conditions in aquatic systems may not favor such an 

accelerated degradation. 

An economical and effective method is needed to dispose of such a waste 

on a continuous basis. To detoxify the waste, the compounds of concem must 

be altered by any combination of physical, chemical, or biological processes. 

Although commonly practiceâ in Manitoba, concentration of pesticide waste and 

incineration are not considered to be effective alternatives. Concentration affords 

a slurry of highly concentrated waste, while during incineration some pesticides 

or their byproducts are merely displaœd from the liquid- to the vapor-phase. 

Physico-chernical methods, such as acüvated carbon adsorption, incineration, 

and radiation treatrnent, are usually expensive, and require sophisticated 

equipment and trained personnel. However, biodegradation has been a very 

promising option. In this case, unlike the adsorption processes, there is no 

secondary waste produced which requires disposal. In addition, biodegradation 
- 

usually results in hatmless final products. 
.a 

A number of research reports have indicated the potential for 2,4-D 

biodegradation by both mixed and pure cultures under aerobic conditions (Hill et 

al., 1986; Orhon et al.. 1989; Steenson and Walker, 1956). The application of a 

continuously-running system for 2,4-D-contaminated wastewater has not been 



explorrd in detail in the past. There is Iimited infonnation regarding the 

degradation of 2,4D in commonly useâ biological treabnent processes such as 

activateci sludge or triclclhg fiitem- Removal of 2,4-D was poor (about 25%) in an 

activateci sludge unl tmüng municipal waste water (Hill et al., 1086). It is 

apparent mat there is la& of informaüon mgarding the degradation of 

concentrated pesticide liquid wastes, paiowlarly in simple systems such as 

sequencing batch readors (SBR). 

The purpose of this study was to invesügate the biodegradation 

behavior of 2,4-0 liquid waste. Emphasis m s  laid on the applicability of SBRs 

for continuous treatment opemon. This study also f;ocused on the impact of an 

operational parameter, namely hydraulic retention time (HRT) and various 

environmental parameten ( Le. presence or absence of supplemental substrate, 

temperature, pH. and seeâ type) on the biodegradation potential of rnixed 

microbial cultures. 



Chapter 2 

LITERATURE RNlEW 

2.1 Pesticide Behavior in the Environment 

In order to effi;ectiveiy plan protecüon and remediation of both ground- 

and surfa-water resourœs. knowiedge of transport and fate of pesticides in 

terrestrial subsurface environments is essential. This plan includes: 1) pradidion 

of the time of airival and concentration of the rekared contaminant at a receptor; 

2) installation of a monitoring systm; and 3) design of safe and cost effective 

strategies for remediation of the waste (€PA. 1993). To attain the first goal of 

prediction of movement, knowledge of various aspects of translocation is 

req uired . 

The tendency of anthropogenic chernicals to dissipate from their 

target area and thus contaminate natural systems, is a very common sœnario. 

RunofF, drift, and leaching play a significant role during pesticide mobility. 

Generally, the persistenœ of a compound in the environment is an inverse 

function of the potential for degradaüon via physical, chemical, biological, and 

photocatafytic processes. Typically, loss of a chemical from the target area in 

natural systems is biphasic; a short period of rapid dissipation is followed by a 

longer pend of contaminant reiease (Beck et al., 1995). 



Translocation invohrea the carrying away of a molecuie bebnraen air, 

sufice and ground water, organisms, aquatic sediments, and soi1 without 

changing its molecular strt~cture. The mobility of pesticides in the 

aquatic/tenestrial environment has been well documenteci in the Nerature 

(Krawchuck and Webster, 1987; Maguire, 1091; Beck et al. , lQQ2). Parameters 

such as solubnii in water (C,,,)), soii socpüon coefficient (K,,), octanol-water 

parationing (k), and bioooncentration W o r  (BCF) a n  essential in assessing 

the potential for mobility and bioconœntration of mieased pesticides (Wood et 

al., 1984). Apart from aie above mentioned parameters. agrîcultural practices 

may play a crucial rok in pesticide mobilii in the soil. For exampk, an Ontario 

study revealed a 63% variation in amine concentration in surf'ace runoff as a 

resuît of using dinerent tillage pncüces (Gaynor et al., 1905). Dissipation of 

pesticides in the soil. water, and air is influenced by volatilkation, movement 

intolmorin the aquatic system, and paitiaon into the solid phase. 

Volatillution invoives transportaion of pesticides fmm the solid or 

aqueous phase to the vapor phase and redeposition (by the reverse 

mechanism). This phenornenon is more pronounœd around surfaces exposed to 

the atmosphere and can resul in longiange transport and redeposition. Some of 

the physical and chemical factors which affect dissolution into and volatilkation 

from the aqueous phase are vapor pressure, solubilii, temperature, turbulence 

within the two phases, concentration and its profile with depth, Henry's Law 

constant, and dHlusion coenicient. In field conditions, several of these interacting 



factors may affect the particular -cide behavior. Simulation of these 

conditions in the laboratory may not be possible. Generally, laboratory 

rneasurements of such data may not refkd aie tnie pesticide behavior in the 

environment. However, pesücides with high vapor piessure and kw water 

solubility, are more susceptible to volatilize. Figure 2.1 illustrates the reIationship 

beîween vapor piessure and concentration (Sudo and Kunimatsu, 1992). lt cm 

be clearly seen that high vapor pressure results in louu pesticide concentration in 

the soil. Generally, pesticides exhibiing vapor pfessure greater than IOd mm Hg 

at 2S°C volaüke easiiy (CCME, 1094). Similariy, amine, one of the top five 

pesticides used in Canada. has a Henry's law constant of 2.48 x IO-' atm m31mol, 

which suggests that volatilkation does not play a major role on atratine 

dissipation (Soloman et al., 1996). 

Movement within the aquritic sy8t.m of a soluble pesticide is 

govemed by the rates of difkision within the water body and by the fiow 

characte ristics of water itself (convection or advection p henomena). Molecula r 

diffusion is a fundion of the concentration gradient, and it is usually slower in 

surface water than in groundwater or sediment interstitial spaœs. This process 

can be describeci by Fick's first Law (CCME, 1994): 

\Mie=: F = mass flux of chernical (ML2 1) 

D = diffusion coefficient (L2m 

dddl= concemtration gradient 



Vapor Pmsum (mm Hg @ 2û"C) 

Figure 2.1 Relabknrhip RetW88n Vapor Pmmui, and Concentration of 
Variety of Pes?icides in the Sail 



Transport of a solubie compound throughout a water system, such as 

lakes or rivers, is govemed by thermal. gravitational, or neaily frictionkss flows, 

as well as by tuibuknce caused by nonhomogeneiües at the boundaries of the 

aqueous phase. In rivers, eddy dispersion, cmated by fndion betuieen the water 

and the bottom of the rivet, is a signifiant hctor for the movement of 

contaminants (Larson and Weber, 1994). 

Pesticides with mter solubility greater than 10 mgl l  move primarily in 

the aqueous phase, whik legs soluble compounds move mainly by sorption to 

eroding soi1 particles (Wauchope. 1878). There are exceptions, however. such 

as the herbicide paraquat which, despite its high solubility in water, can be 

readily taken up by hydrophilic sorption in days due to strong electrostatic 

interactions (Larson and Weber, 1004). 

Partition into the solid phase is a fundion of sorption, or the 

transfer of molecules from solution into the solid phase such as soi1 or 

sediments. The reverse process is temied desorption. The relationship between 

the uptake of a compound and the partition coefficient, &. (defined as the ratio 

of concentration or adivii between an omanic solvent and a particular 

substance) largely determines its environmental behavior. Compounds wilh high 

K, values (odanollkrater partition coefficient) are readily adsorbed by natural 

sediments. HoMan and Matheson (1987) reported mat compounds with k > l O  

do not significantly adsorb. For soi1 and sediments with varied organic matter 

content, the concept of K, (organic carbon partition caenicient) has been 

introduceâ. which assumes mat only organic carbon is active in the sorption 



proœss. Data for many herbicides have confirmed the applicability of this 

concept. For instance, the K, values for -ne, ranging from 54 to 258. signify 

that amine is maderately to highly mobile (Woman et al., 1096). This may 

explain the m u e n t  ocainenœ of aûazine in surface and subsurfêce water in 

Quebec and Ontario (Fiihr et al., 1995; Maguire and Tkacz. 1993; Muir et al., 

1 987). 

I 

I KJSorption Coefficient) 1 Less than 1 O mUg 1 

Panmtum 

Water solubility 

Value iRanpe 

Greater than 10 pgl l  

1 Henry's law constant 1 Lessthan10Jatmrn31rnol 1 
KG Less than 50 mUg 

1 Photolysis half-life 1 Greater than 7 days 1 

L 

Hydrolysis half-lik 

1 Fielddissipation hatf-life 1 Greater than 30 days 1 

- - - -  - -  

Gmater than 175 days 

- 

Table 2.1 Pmperties of Pesticides Relateâ to Water Contamination 

Potiential 

r b 

Table 2.1 summarizes the physical and chernical properties of pesticides 

and the potential fw surlace and subsudaœ water contamination. Deviations 

from the values induded enhance the potential for contamination (CCME. 1994; 

Smith and Tiilotson, 1092). 

Recent studies have attempted to correlate the occunence of 

pesticides with other water quality parameters such as salinity and nitrate- 



nitrogen cwicenttation. In 'the Prairie Region, several lakes with low salinity 

levels exhibited high concentrations of commoniy used pesticides. as illusttated 

in Figure 2.2 (Donald and Syrgiannis, 1905). In Atlantic Canada, there was found 

to be a tendency for wells with to have ekwated nitrate-nitrogen 

concentrations (Briggins and Moennan. 1995). 

In general thete are six processes îhat can influence the fate of 

chemical compounds applicd to the soi1 system and sediment systern: 1) 

solubiliation; 2) sorption by soi1 mineral and oiganic matter; 3) degradation by 

soi1 miaoorganisms; 4) photodecomposition; 5) volataluation; and 6) Plant 

uptake. Pesticides may be subjected to thme chemical madons in natural or 

CO ntrolled environments. These mechanisms are hyd rolysis, reduction , and 

oxidation. It is generaliy recognued that reductive processes are more prominent 

than oxidative processes in transfoming, degrading, and mineralizing many 

environmental contaminants. 

Hydrolysh involves readion of an organic compounds with water 

resulüng in the formation of a new covalent bond with OH* and deavage of the 

covalent bond with X (the Ieaving group). 



Figura 2.2 Salinity va. Frrquency of üetection of Pesticides 
(Donald and Syrgiannk, 1895) 



This proccss is prevalent in mers, -am$, lakes, oceans, biological treatment 

systems, gnwndwater systems, and the aquews microenvironment associated 

wÎth soils and sediments (iamn end \Neber, 1994). 

Reâuction is defined as a gain of eledrons. There is transfer of e-ns 

from an elecbon donor (reductant) to an ektmn acceptor (ooridant). The oxidant 

is usually a pesticide. The source of electrons in this case is not oxygen but 

abiotic reduced mpounds reagents such as hydmgen sutfide (Hz$), minerais, 

reducing agents such as iron porphyrins, and microbial coenzymes. Redudion 

may oocur by a combination of abiotic and biotic processes. Abiotic processes 

usually occur at a constant rate, whereas, bide processes display a lag period. 

Natural organic matter also exhibits a crucial role in reduction processes. Sorne 

common pesticide reduction reacüons in natural environments are 

dehalogenation to alkanes, nitro reâudion to the conesponding amine, and 

sulfone reâucüon to sulfoxide or suffide Webster, 1094). 

Oxiâatîon encompasses loss of electrons. There are various sources of 

oxidants. The availability of a particular source depends on the environmental 

conditions. Hydroxyl radical (OHD) is a prominent oxidant in the gas phase or 

during combustion, but not in soik. Oxygen is pnwent near the sumce of water 

bodies. Combustion I incineration are a i e m l  oxidation processes frequentl y 

applied to dispose pesticide mtaminated wastes. High pressure and elevated 

temperature in the presence of oxygen accamplish signifiant destruction of 

pesticide wastes. 



2.1.2. A Phydcal and Chernical Parameters Aflecting Readîons in Natural 

waters 

fhe intrinsic reactMty of the labile ninctional group of a specific 

pesticide is the first factor that should be considened when studying 

transformaüons of pesticides in natural waters. The readion rate constant is a 

fundion of this reactivity. In fact, the rate constant &en describes the velocity of 

the rate-deterrnining step of the madon in which bond cleavage or bond 

formation take place. The adMy of the most important spec*es influence the 

transformation of pesticides. The major enviionmental parameters which afFect 

these transformations are briefly desaibed in the f ~ i i ~ n g  paragraphs. 

The effect of pH is of paramount importance in transformation kinetics. 

Other parameters such as buffering and general add-ôase catalysis are also 

critical, sinœ hydronium ion (H,O+) and hydroxide ion (OH-) greatly affect 

transformation kinetics. Hydrogen ion a c W i  a- transformation kinetics in 

two distinct ways. The most cornmon is in acid-basanisdiatecl hydrolysis 

reactions. Hydroiysis-susœptible fundional groups such as epoxide, 

organophosphonis esters, carboxylic acid esters, carbornates, and urea undergo 

hydroiysis via dHferent mechanisms depanding upon acidic, basic, or neutral 

conditions. A typical basecabîyzed rate equation is given below (EPA.1989) : 

(dpldt) * k (Pl (OH-) P a  31 

Where: k = second order rate constant (lhol. sec) 

P = pesticide concentration (mgll) 



ON= hydroxiâe ion concentration (!nom) 

Acid-cataiyzeâ reaction procescles would be expedd to aacclerate in 

sedimentwater environments at pH values ahve the zero point of charge 

(ZPC). For exampie, the mefhyi ester of 2.44 has been observed to hydrolyze 

faster in a sedimentwater environment at a pH value above the expeded ZPC 

for sedirnent-organic matter environment (NRCC. 1978). 

Metal ions can eftèct the hydroiysis mechanism. For example. the 

hydrolysis of pedmde chlorpynrOs is enhanced in the presence of Caa, Mg", 

Fe'2,CuQ. Similarly. parathion hydmiysis is greatly effected by the presenœ of 

Ca+2, Cu'' (Webster. 1 994). 

Organic matter in soi1 systems may also play an important role in the 

transfonnation of pesticides. Organic mater rnay exist in the fomi of polymeric, 

singly-bound to soil, or dissolved and suspended particulates. Soil-bound organic 

matter significantly enhances the solubility of some aromatic hydrocarbons and 

quinones by charge-transfer interactions ( L a m  and Weber, lQQ4). Stevenson 

(1972) has pointed out that the soi1 humus may serve as a sink for intemediate 

products of 2,4D decomposition. Due to negligibie concentration of humic acid 

in natural waters, dissohred and suspended organic matter mainly affea abiotic 

transformations of pesticides (Chiou et al.. 1Q86; Khan. 1974). For example, the 

ptesence of fuivic acid has been shown to ecœlerate the hydrolysis of amine in 

water (Chiou et al. , 1986). Also, Perdue and W o h  (1982) obsenred that 

dissolved organic matter iniüated the basic hydrolysis of the ocîyl ester of 2,4-D. 



Wh, the rate of pesticide transfiormafion increases wiai increasing 

temperature. The effed of the temperature on the rate is describeci by the 

Arrhenius equation: 

Whem: & = activation eneigy (cakmol) 

R = gas constant (cakmol) 

T = temperature pK) 

A = preexponantial factor constant 

The redox state in the water column of deep lakes and reservoirs is 

likely to Vary with depth and may be defined in tems of the hypolimnion and the 

epilimnion (Linsley, et al., 1982). in the hypolimnion, the water W neaily anoxic 

and reducing conditions exist. In the epilimnion, 4 is present and aerobic 

conditions prevail. 

Photochemical transformations play a significant role in the 

degradation of pesticides in the air, water, soiIV and m e r  surfaces exposed to 

the atmosphm. A pesticide can undergo di& or indirect photo-transformation 

reactions. Direct photo-transformation involves absorption of ertergy by the 

mdecule which eventualty reaches an excifed state. There are two mutually 



exdusive posdbi l i i  for the compound at this excited state: chernial 

transformation or deactivation to the initial state. On the other hand, thme types 

of indirect photo~tmnsfomiatian may occur. 1) sensitized; 2) phdDinduced 

(whem a molecub other than the targst organic wrnpound absobs light and 

transfèr b energy to the target spedes); 3) p h ~ ~ n s i t u e d  (whem additional 

photo-initiatecl genemtion of%w radicais in solution takes plaœ). Degradation of 

the herbicide heptachkr in aie p m n œ  of aœtone at 300 nm is a 

representative example of indired photOldegradadion (Webster, 1994). 

ûften the mchanism of photo-incorporation (where pesticides 

permanently incorporate into soi1 or organic matter) affects the environmental 

behavior of pesticides. Particulaily, several polychlorobenzenes have been found 

to incorporate into humic monomrs such as phenol, benzoic acid,, vanillic acid, 

and syrîngic acid (Choudhry and Webster, 1985). 

2. 1.2. C Microbial ûegradation 

Biological processes have long formed the basis for the treatment of 

wastewater. A principle of microbial infallibili as expoundeâ in the late 

nineteenth œntury, says that Matever man makes microbes can degraden 

(Zitrides, 1983). Decades of C O ~ ~ ~ U O U S  growth of information in the fields of 

microbial genetics, biochemistry and m o h l a r  biobgy have expanded the 

potential for applications in the environmental engineering realrn. 



fhem are indications that the nabiral construction of a multi-step 

degradation pathway occurs through plasmid ûansfer (i.e. have the required 

genes encoded for degrading the aeleded compwnd). Usually plasmids that do 

not confer a selective advantage are kst in a non s8IecfNe enviionment over 

certain time period (Le.. lag peikd) (Boyle, 1989). The üme period involved in 

such natural gene modifications can be terrneâ as acdimatization period. 

Acclimatization of microbial culhires to various xenobiobics usualiy includes 

resumption of resting œlls to growing œlls and synthesis of the enzymes 

required for biodegradation. Generally, the initial biornass concentration 

(specialized in target compound degradation) is directly related to degradation 

potential. Ritbnan (1987) demonstrated that bacterial mass and substrate 

utilkation declined to negligible qwintioes at low subsûate concentrations and 

insufficient enzyme synthesis. The effW of low biornass/substrate (glucose) 

concentration on acdimation has been also shown by Chudoba (9990). 

Basically. four processes are involved in the rnicrobial transformation 

of pesticides (Richards and Shieh, 1986) : 

1. Mineralization or Metabolism. in which pesticides serve as substrate for 

growth; 

2. Cometabolism, in which pesticides are transbrmed by metabolic reactions 

where g W h  is sustained using unrelatecl substrate (cornetabolite); 

3. Polymerizaüon or conjugation, in which pesticide molecules are linked 

together or with naturaliy-occuning compounds; 



4. Accumulation, in which pesticides are accumulated in or on the body of the 

miaooganisms. 

Cornpiete mineral ion of a parücular compound is a growfh-related 

procers. Breakdown of a compound rewb in assimilation of sorne of the 

substmte carbon. This assimilated carbon, along with energy. can be used for 

biosynthesis and formation of cellular components. The requiremgnts of carbon 

for the growth of active biomass dictates the need for compiete or partial 

substrate breakdomi. This type of anversion can be toxic to some organisms 

and non-toxic to &ers (Oh and Tuovinen, 1 Wl). 

The aromatic structure of a chernical has a profound effect on 

biodegradability. Specifically. the aromatic ring deavage mechanism depends 

upon the type, sire, number, and position of the subsequent groups already 

present in the mdecuk. These characteristics determine the recalcitrant nature 

of pesticides (Boyle, 1989). Monosubstihited benzene rings are almost always 

hydroxylateâ at the ortho and para positions (Ghosal et al. , 1985). Woodcock et 

al. (1957) have studied the influence of halogenated substituents on rnicrobial 

hydroxylation of the ammatic ring. It is mainly resûicted to para hydroxylation. As 

the number of halogen atoms increases, the interference on the ring dcavage 

increases as well. For example. aie herbicide 2,4,5-T is much more resistant to 

microbial attack due to the exha chlorine atom as opposse to 2,443, which has 

only two chlorine atoms at the ortho and para positions (Yadav and Reddy, 

1993). Similady, it has been obsenred that the pteSBnœ of nitro and amino 



substituents on the ring rsnder the compound more recalcitrant to microbial 

attack (Balajee and Mahadevan, 1990). 

Halogenated pesticides may undergo various reacüis such as 

dehydrohalogenation, redudhre dehydrohalogenation. and halogen migration 

with the help of miaobial enzymes. A dossic exampie of halogen migration of 

2,4D has b e n  obsenred in plants (Webster. 1994). 

Biodegradable compounds can be grouped into two categories 

according to the amount of energy captured by bacteria during biotransfoomiation 

(primary and secondary substrates). In one ocenano. cells may grow by 

consurning the primary substmte, whik the secondary substrate supplies no or 

negligible energy for cell synthesis; consequently, cell growth is not feasible 

when only the secondary substrate is transformed. A secondary substrate totally 

incapable of supplying energy or carbon for cell growth is termed cornetabolite 

(Alexander. 1981 ; Saez and Rittmann. 1991). Generaliy a mosaic of catabolic 

genes affects the biodegradability of a specik compound. The cornpetition 

between the growth substrate and the cometabolic substrate for a specific 

enzyme may significantly deter the degradation rates (Chang and Cohen, 1995). 

In cases where the natural substrate structure has similarities with the introduced 

compound, the existing enzymes may be employed to breakdovm the introduced 

compound. Under such conditions, the kinadic rates can be enhanced by 

increasing enzyme production. On the contrary, novel enzyme adivities may be 

derived from preexisting genes modification (Ohosal et al. . 1985). 



Soma of the important physical, chernical. and biological fadors that 

affect biodegradabilii are grouped in Table 2.2 (Melœr and Biidle, 1985). The 

role of some of these parameters on bialegradation of a substance becomes 

signifiant when the substance of interest occuis at kw concentrations in the 

meàium (Richards and Shieh. 1988). 

Molecula r Weig ht 
Pohrrnerkation 

I I I Toxicitv I 

I 

Aromatidty 
Halogen Grouping 
Xenobiotic Origin 

Table 2.2 Some Physieal, Chernical, and Biological Pmperües Efkting 

ChrmicdPmp6rtk. 
pH range 

Tem~erature 

Biodegndation (adrpted fmm Richards and Shieh, 1886) 

Biologial Properties 
Enzyme Specificity 
Habitat Selection 

Dissohd Carbon 
Sofubilii 

Dissolveci Oxygen 
Nuttients 

2.2 2,4-Dichlorophenoxyacetic Acid (2,4 - O) Overview 

Plasmid Encoding 
Cornpetition 

ln hibition a 

Population densitv 

The herbicide 2,4D belongs to the phenoxy acid herbicide group. In 

addition to 2,4-0, this group indudes 2,4,5-trichlorophenoxyaœtic acid (Z,4,5- 

T) , 2,4~ichloropheno)(~~ropionic acid (dichlorprop), 2-(2methyl4c hloro) 

phenoxypropionic acid (mecopmp). and [e(chlor~toiyl)oxy]gcetic acid 

(MCPA). Chemically they are phenoxy carboxylic acids with various substituents. 

As growth regulators. these herbicides have been vey effective for weed 

eradication, which has resutteâ in a sharp increase of formulations available. 2,4- 



D usage is particularfy high in the prairie region. According to 1987 to 1989 data 

it has been the number one pesticide u s d  in this region with an appmimate 

application of 3000,000 kg active ingredient per annum (Agriculture Manitoba, 

1991). 

The 2,4D is a white ciystalline 

sait. M possesses an ammatic ring to which 

are attacheci Wo chlorine atoms at the ortho 

and para positions as shown in Figure 2.3. 

Figun 2.3 Structura of 2,CD 
Molecule 

This herbicide behaves as an organic anion in aqueous soluüons. The solubility 

of 2,4D in water is 0.9 g/L (Verschueren, 1983). The low solubility in water of the 

parent wmpound can be attered by using approprbte sait forms. For example. 

the sodium, potassium, and amine sab of 2,4-D are highfy soluble in water. 

However, there is a controversy about the low solubility of calcium and 

magnesium salts in water. 2,4-D is far more soluble in other liquid soivents such 

as ethanol, ether, and acetone. The solubility values in these three solvents are 

13 g/,L 8.5 g l l ,  and 12.7 g l l ,  mpedively. The meiüng point of 2,4D is 1 4O.S0C. 

A vapor pressure of 8 I O 4  mm Hg suggests a low volatilization potential 

(CCME, 1994). The polarity of a compound is direcüy related to the sorpiion into 

solid surfao~s. whieh also dictates the mobiiii in the environment and the 

bioconcentratbn potential. 2.4-D with a K, (octsnohuater) value in the 2.81- 



20.0 range possesses no major bioconcentration thnat On the mer  hand, DDT 

with a rd. of about I O 6  exhibits a very high bioconœntration potential (WHO, 

1964). The K, and C, (aqueous solubility) are doseîy mlated by the following 

equation: 

Synthesis of 2.4-D commonly invohres the reaction of phenol W h  

chloroacetic acid in an alkaline aqueous mdium at a 10-12 pH range and 

temperature of about 105°C. Another method indudes chlorination of 

phenoxyacetic aciâ or its esters (NRCC, 1978). 

2.2.2 Mode of Action 

The efiect of phenoxy acid herbicides on broadleaf plants is auxin- (a 

growth hormone) like. 2,4D acts as growth regulator by increasing cell division 

and RNA synthesis. This causes uncontrolled and abnonnal growth responses. 

This abnonnal growth disrupts normal plant functions and eventually plant death 

occurs (Ware, 1989). 

2.4-0 may mach both surface and subsu~face water by several routes 

including runoff, ercwion, leaching, spray drift, improper disposai of containers, 



and accidental spills. The mobility (translocation) and fate aiter its rekase b 

briefiy outiined below. Fate studies explore a variety of intemlated factors such 

as the degradation of a compound or b persistence. and formation of potentially 

h a d l  metabo l i  that may be destructive to fhe edogical systern. Low 

degradation potenüal can mult in high persistence valm for a given 

compound. For example. Yaâav and Reddy (1993) have demonstrated that Iow 

pH and tempeature detened the degradation pabntial of 24-4  which resufkd 

in longer persistence. In addition. 2.4-0 degradation biproduds can also exhibit 

toxicological properües in the envnwiment. The production of the antibiotic 

protoanemonin during 2,4D breakdm by one of the bacterial species is a 

typical example (Young, Personal Communication). As fat as degradation is 

concemed it may occur via photochernical, chernical, and biolog i d  processes, 

or any combination of these. 

2.2. 3. A Environmental Properties 

The persistenœ of 2,4-D in the environment depends upon 

concentration, fomlation, soihater content. pH, temperature, application 

frequency, type of microbial flora available in the system, and other m o r s  (Stott 

et al., 1983). Movement of 2,CO to non target areas can occur through several 

routes such as spray drift during application, post application losses due to 

leaching, and surface ninoff. In one study, e combination of ester formulation 

and aerial spray d M  resulted in 60% fosses of the applied pesticide h m  the 

target area (NRCC,1978). The drift losses can be rninimired with suitable 



additives, mechanical adjustments, and favorable meteorological factors 

induding wind vefocity, relative humidity, and temperature. A number of studies 

have indicated kw evaporative losses of various 2.44 formulaüons fiom 

different suriaces (Anderson et al. , 1952; Vemetti and F m ,  1963). The 

phenomenon of adsorption 1 desoption di- or indiredly influences herbicide 

availability, mobilii, and degradation. The a d i c  nature of phenoxy acid 

herbicides is due to the carboxyl gmup, which iMlizes readily in aqueous 

solutions. In the pH range of 4 to Q, adsorption ont0 the negatiweiy charged soi1 

particles is not extensive. Usually, 2.44 adsorption is conelated to the soi1 

organic matter content and has no correlation to sail day content (Hamaker et 

al., 1966; Grover, 1973; Liu and Cibes-Viade, 1973). The relative strength of 

adsorption of 2.4-0 onto difterent media (surfaces) is in folfowing arder (Grover 

and Smith. 1974): 

Acthrabd charcoal 3 Anion exchange m i n  Peat Mom 3 Cellulose 

triacetate > Cellulose powder > Wheat Stmw 3 Silia G d  3 Montmorillonite 

Another important parameter Le. dinusion can be qualitatively defined 

as the movement of a herbiudcr from an a m  of higher concentration to an area 

of lower concentration. The coefficient of dfision can be correlated to soi1 

organic matter content adsorption, pore size, and temperature. The value of 

diffusion coefficient for 2,443 in a vatiety of soils has b e n  calculated in the 

range of 0.6 X 10 to 4.3 X 1 O4 crn2 1 s (NRCC, 1978). 



2,40, akng wiai its gmup mernber MCPA, are plaœd in dass 4 

(relatiwly mobile) chernical list Suactants grealiy increas8 the 2,4-D mobilii in 

soil. High 2.4-D movemant was observd in sandy and mineral soils with high 

organic content and day mils (NRCC, 1078). This study also reporteci that 2.4-D 

moved only 5 to 8 cm depth in the soif. Acid IYomiulationsn are knomi to move 

deeper relative to other fmulations (Young, 1984). 2.4-D has been induded in 

the leaching compound list compiled by €PA. This infbnnation is supported by 

studies in Canada which have also indicated baching potential (NRCC, 1978). 

In general, ester formulations have a higher ninoff potential than 

amine salts (Barnett et al. . 1967). Hwever, in soi1 systems, ester and amine 

foms a n  convetted to acids, which subsequently degraâe. In aquatic systems 

rapid hydrolysis can lead to photochernical degradation. Although, the 2,4-D 

detedion frequency is high in the prairie region, the concentrations detected are 

often very low. Several ment comprehensive studks have found a 20.30% 

detection frsquency for 2.44 in the prairie region (Cume and Williamson, 1995). 

These detection frequencies were mainiy due to the runoff dunng the spring 

snow melt off season (Muir and Grifth, 1087). Overall, during the last 10 years, 

the concentrations detected in various rivers have b e n  in the range of 0.03 - 7.7 

pgL,  whereas, the Canadian fresh water guideline Iimit is 4 pgl l  (Beck et al., 

1992; Currie and Williamson, 1905; CWG, 1995; Muir and Grifth, 1987; Therrien- 

Richards and Williamson, 1987). A summary of maximum detection 

concentrations in Manitoba surfacewaters is pnwented in Table 2.3. 



Anooier concentrated source of 2.4D IiquM waste is empty pesticide 

containers (Chapter 1). A study h w  revealed that 2.44 and MCPA have been 

detected at higher conœnÉrations in container rssiâues and rinsates in 

cornparison to other pesticides comrnoniy used in Manitoba (Table 2.4, Yee and 

Omiocke, 1989) . 

1 Bovne River 1 0.26 1 (Be& et al.. 1992) 1 

Table 2.3 Summary of Maximum htecdion Concentrations of 2 , M  in 
Ihnitoba 

Ochre River 

Red River 

Stephenfield Reservoir 

La Salle and 

Assiniboine Rivers 

2.2.3. B Toxicological Properties 

2.4D can be classiRed as a maderately toxic compound on the basis 

of *b lethal dose (LD,) value, which is in the 100 b 1000 mglkg for various 

animals (Verschueren, 1983). The toxidty of chlorophenoxy compounds is 

generally complicated due to the contamination with polychlorodibenz~~p-dioxin 

(PCDD). For exampk, herbicide 2.4.5-T (due its high levels of dioxin 

O -45 

0.20 

0.97 

3.98 

(Muir & Grift, 1987) 

(Unpub. Data) 

(6eck et al., 1992) 

menien-Richards& 

Williamson, 1 987) 



contamination) has been cornpietely phasedout in Canada . If impurities are 

kept aside, the issue of environmental impact of phenoxy herbicides does not 

Vary appreciabiy h m  compound to mpound. Ester, alkali. and amine sait 

formulations are generaliy more susceptible to PCDD contamination than the 

pure acid form. Trace amounts of PCDD have b e n  found in ester and amine 

produds, however, 2,400 %chnical grade aCidsR are usually free k m  PCDD. 

Acairâing to a study in Canada, out of 26 amine sampies testeâ, 8 were positive 

for PCDD in the range of 5 to 500 ppb. Afl but 1 of 21 ester samples were also 

PCDD positive (EPA, 1987). 

According to the National' Library of Medicine (1902) there have been over 

200 independent studies that Iink 2.44 wiai varkus diseases. This general-use 

chernical is known to produœ skin and eye irritation problems. Prolonged 

breathing of 2.4-0 causes coughing, buming, dizziness, and ternporary loss of 

muscle cowdination. The 2,4- D is readily absorbed through the skin and lungs 

in rnammals and is excreted through urine. There have been indications of 

reproductive probiems with moderate exposures. However, in a mutagenic effect 

study, 2.49 witured with human cells showed a potential for mutational 

changes (Schlop et al., 1990). Several studies have linked 2,4D exposure to 

cancer in humans (Hoar et al., IQû6; Zahm, et al., lQQO). 

The Veteram Legal Services Proje& of Washington D.C. reviewed 285 

published studies of human exposure to phenoxy acid herbicides and dioxins. It 

was found that these compounds causeâ specif~c cancers, skin and liver 

disorders, reproductive and developmektal disorders, low spenn counts, 



spontaneous aborüons in the wives of üie alieced individuals, increased biioi 

defeds a f f i n g  the skin. nerves, heart, and kineys. The study wnciuded that 

there was "sound scienüfnc evidenœn of an assoc~~ation betwwn the 24.0 and a 

whok host of M e r  diseases induding cancer of the kidneys. testickes, stomach. 

don.  prostate, liver, as weU as psychological effects, immune system disorders. 

gastrointestinal ulcers, and aîtemd lipid metabolism (EPA, 1994). 

Table 2.4 Maximum Pesticide Concentrations Debctod During Container 

Pesticide 

(Common 

name) 

Collection and Processing Opomtion in Manitoba 

(Adapted from Yee and Omiucke, 1989) 

Metal Container 

Maximum Conc. 

( m m  
A 

Plastic Container 

Yludmum Conc. 

(man) 

Leachate 

(mon) 
Cl R P  U P  ) 

2,4-DIMCPA 

Poast 
1 

Roundup - - 

Trefian 

Avadex 

Hoegrass 
, 

Banvel 

Avenge 

Buctril - 

11,361 

33 

10 

'Cardbord ZRinsed Plastic $Unnnsed Plastic 

164 

620 

1527 

78 

650 

1358 

225 

6q 

10 

19 

10 

10 

42 

88 

251 

51 

9.0 

1.0 

4 . 0  

4 . 0  

4 . 0  

4 . 0  

4 . 0  

1.0 

2.0 

4 . 0  

- 

5.0 

4 . 0  

4 . 0  

4 . 0  

4 . 0  

4 . 0  

2.0 

<1.0 

4 . 0  

4 . 0  

4 . 0  

4 .O 

1.0 

1.0 

4 . 0  



Once a partiwlaf pesticide b released into the environment several 

physical, chemical. and biologlcal fadon c m  influence b behavior (CCME, 

1994). As mentioned eariier the phenoxy herbicides are frequenüy fwmulated as 

aminclalkali metal sait or ester forrns which undergo mpid chemical 

transformation to the corresponding acid, which facilitates the process of 

microbial degradation (Smith, 1972). Like other pe&ickîes, 2,4-D is also 

amenable to photochernical decomposition. A biief description of chemical, 

p hotochemical, and biolog ical degradation processes is g iven below. 

2.2.4. A Chernical ûegradation 

Although phenoxy herbicides have been knom to degrade 

predorninantly via biological processes in natural systems, two main chemical 

readions have also k e n  recognued. These are hydrolysis of ester into 

respective acids and amine salts. Hydroiysis reactions have b e n  shown to be 

dependent upon biotic factors (presenœ of aquatic Me), temperature, and pH of 

the water body. In soi1 environrnents, apart Born pH and temperature, soi1 

moisture has also a profound effect on chemical degradation (NRCC, 1978). 

2.2.4. B Photochernical Degradation 

In order to generate photoinducad transfomation of the phenoxy 

herbicides, 280-290 nm uttraviolet radiation (UV) wavelengths are required. 



Sunlight falling on the earth's surface h composed of wavekngths greater Man 

280 nm, which facilitate the naturaliyloccumng photochemical degradation of 

phenoxy acids. Typical photolysis pathways fw 2,4D are shown in Figure 2. 4 

(NRCC, 1978). 

The number of dilorine atoms on the molecule af'iiects the 

photochemical breakdown of a compound. SubstiRnion at aie ortho and meta 

positions renden the chemical more photochemicalIy reactive than at the para 

position (Bouk et al.. 1082). Important factors in photodecomposition are 

solubility of herbicides in the plant cutick, moisture content, nature of the 

readion sufice, and phytotoxicity of transformation produds (Crosby, 1976). 

Photolysis rates for 2.4-D were obsenred to be enhanœd with the addition of 

adjuvants (ingredients that impmve the properties of a pesticide fomulation). In 

addition, in the aqueous environment pH has an important efkct on 2.4-D 

photochemical degradation. At akaline pH conditions (pH Q), enhanced 

p hotodegradation has been obsewed (NRCC, 1 978). 

Photosensitized degradation of 2,4-0 is an important phenomenon 

(Webster, 1994). Riboflavin has been obsenred to be an effective sensitizer for 

th2 photocataiytb breakdown of 2,4D in aqueous solutions (Hansen and 

Buchhok, 1952). It was also found that the rate of 2,CDniethyl ester photolysis 

was increased in the presence of varkus surfactants (Hautala, 1978). 
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2.2.4.C Microbial degradation 

Since aie fimt evîcienœ of microbial dagradation of 2.40 was 

conclushrely demonstrateci by Audus (1984). a number of studies have further 

explored this subject. Degradation stuclies were mainiy conduded in batch-type 

experiments. The -us of these studies mis to invesügate the degradation 

behavior under difFerent environmental conditions (such as dissohred oxygen, 

temperature). type of microbial species, and cross adaptation (biornass adapted 

on one carbon source employed to utike other carbon sources). Generally 2,4-D 

degradation is fast and effBCtiVe under mobic conditions. whereas. there is 

limited success under anaerobic conditions (NRCC. 1978; Liu et al.. 1981) 

Dissotved oxygen below ImgR may be rate-limiting for the aerobic 

bidegradation of 2.4-D or any oaisr aromatic compound. It has been oôserved 

that oxygen concentration above 2 mgll did not change 2.40 degradation rates 

(Shaler and Klecka. 1986).. Temperature has also a profound effect on the 2,4-D 

degradation. A maximum speciftc gmwth rate of bacterial species on 2,40 was 

reported a a temperature of 25% uyler and Finn. 1974). Also, Smith et 

a1.(1994) have demonsûated that 20-30°C range is an optimum temperature 

range for 2.40 degradation. The same authors reporteci that at 35 OC the rate of 

breakdown was 40-50s lower than that of optimum value. However. during a 

compost study, 2.4-0 has been shown to be mineralized by microbial consortia 

even at 5S°C(Fogarty and Tuovinen, 1 QQ1). 

The depression in bacterial ability to degrade 2.4-D at higher 



temperatures (Smith et al, 1994) can be explaineci on the basis that speciiic 

bacterial species were used in this study. S o m  2.4-D-degmding bacterial 

enzymes a n  heat-labile in nature, which b e  their acüvity at high temperatures 

(Loos et al., 1967). 

Usually. microbes adaptecl to growth on one phenoxy acid herbicide 

can degrade a numbec of dher phenoxy acid herbicides (Kilpi, 1980). 

Microbiological degradation studies using pure culhins have s h m  that several 

microbial s-s are capable of degrading 2.4-D after proper acdimation. 

Representative species are Pseudomonas, Ardhmbacfer, Flavobacterium, 

Achrwnobectec Actinornycetes (Evans et al.. 1 O ï l  ; Gmer et al., 1 990). 

On the other hand, numetous studies have explored in detail 

microbiological and biological aspects of 2,CO degradation using rnW cultures. 

As a resuit, a plethora of infornation easts on degradation pathways, specific 

enzyme invoivernent. and type of daderial species invohred in the degradation 

process. H should be n d d  that a aW of interacting parameters such as 

sequential, synergwtic. and cornetabolic transfomiati*ons play a significant role in 

the degradation of xenobiotic compounds. It has been demonstrateci tha mixed 

cultures are more robust than pure cuttum towards breakdown of cornplex 

organic cornpounds. For example, when a mixture of 2,4D and 2.4.5-T was 

exposed to Wo specific strains (Pseudomonas œpacia and Alcaligenes 

eutrophus) in a Cquid medium, these strains were unabie to compktely degrade 

the compounûs. Hawever, in a sepamte experimental when mixture of several 

species was empbyecl to âegrade a mixture of both of the above herbicides. a 



cornplete degradation was achiwed. The inabili of two s p d ï c  strains to degrade 

a herbicide mixture was attributied to the accumulation of intermediate breakdown 

produds in the liquid medium (Haughîand et al.. 1090; Lappin et al.. 1985). In 

addition. continuously..op8~ng and mixeduJlhire stud-ks provide a more malistic 

approximation of the ml fieM condins. 

Generally, when 2,CD Cs subject to biodegradatkn, after an initial lag 

period, an acceierated degradation has been observed (Steenson and Watker, 

1956). The acdimation penod mquired. is pertiy attributed to the lad< of an 

adequate population of specialized 2.4-0 degraders. Greer et al (1990) 

demonstrated that the lag the  prior to the onset of 2,4D degradation and the 

total tirne required for degradation mne linearfy related to the startïng degrader 

population density and initial 2.60 concentration. Similady, in another study, 

under similar operating conditions, inaeasing concentrations of 2,4D prolonged 

the acdimation pariod (Orhan et  al. ,1989). Direct correlation of concentration 

and length of lag phase is also evident in a study by Parker and Doxtader 

(1982). using fine sandy loam dl. The threshold values at which further 

measurable degradation is not possible is above the 5000 rngll range (Yadav 

and Reddy, 1993). Several batch studies have indicatd an optimum 

concentration of around 500 rngR (Clarkson et al.. 1993; Kilpi, 1980). 

In a microbial consortium, biodegradation is succ~ssful when an 

adequate amount of enzymes capable of metaboliring the target chernicab are 

naturally synthesized. A study has indicated that such enzyme production 

persisted as kng as there was avaibbility of 2,CD in the system. Such capability 



of 2.4-D breakdm existed even afker one year of non erposure to the chernical 

(Smith et ai.. 1Qs4). Hamrwr. genetic bols can be employed to araficially 

introduœ such enrymeproducing genes into non-degrading spe!cies and henœ 

transforming them into 2.4-D degraders (Haugland et al., 1990). On the other 

hand. natural spontaneous mutations also result in the fomiaüon of genes 

required for new enzyme production (hdunann et al.. 1080). 

The previously mentioned concept of biphasic degradation (Section 

2.1) has also been observed in one of the 2.4-D degradation studies. This study 

invohred a 2,443 conœntraüon of 5 mgll in mal  extract medium. Minimal 

percent mineraluaüon was experienœd until the 6th day and followed by a 

gradua1 percent increase between day 6 and 30. and a peak afterwards. This 

behavior was main& atbibuted to metabolic switch h m  the breakdown of the 

target compound to that of intemiediates. 

Often, the concurrent presence of two substrates in a system may 

alter the overall biodegradation pattern (Oh and Tuovinen, 1991). The presence 

of cosubstrates may afled the extent of the degradation as wel as the 

degradation rates, or may in hibit degradation of the target substrate. Micmbial 

consortia that can metabolire two paiocular compounds sepamtely have often 

been shown to pooriy degrade a mixture of th- compwnds. This could be 

attributed to misrouüng of the two types of compounds in catabolic pathways and 

such acüvity leads to the formation of toxic and deed-end intemediates and 

ultimately to the death of the oganisms (Haugland et al., 1900). Conversely, 

additional substrates may enhanœ ceW growth or adaptability for the target 



compound in mixeâ culture conditions. 60th sœnarios, show in Figure 2.5. 

could k the resuk of changes in NAD(P)H and oxygenase enzyme synthesis 

orland use (Chang and Cohen. 1005),0n the other hand, two or more substrates 

present in a culture may be sequenüally utiiiied. The second substrate can be 

degraded only afûsr aie depletion of the prefened compwnd (McTeman and 

Perieni, 1991). 

For a rnixed arbre g m  on 2,4D and glucose, it was observed that 

although both substrates were u s d  concumntly, the presenœ of one substrate 

had a detrimental efbct on the rate of u?ilization of the othet substrate 

(Papanastasiou, 1982). An intewng observation on the specificity of enzymes 

for a particular compound has been cited by Oh and Tuovinen (1992). During 

this study, biornass grown on 2,CD could not degrade rnethylchlorophenoxy 

propionoic acid (MCPP). Whereas, biornass grown on MCPP successfully 

removed 2,4-D and partially degraded MCPP in rnDted substrate conditions. On 

the other hand, due to structural analogies, a culture grown in the presence of 

sodium acetate exhibitecl higher 2,4-0 r e m a l  rates than these grown in its 

absence (McTeman and Pereira, 1991). In support of the above observation, the 

presence of yeast extract faalitateci the amplete degradation of 2.4-D (Oh and 

Tuvinen, 1991). Regarding the efkct of compounds having a simple molecular 

structure on MCPA (stNduraIiy rdated to 2.4-D) degradation, it was observed 

that repeateâ exposure to glucose extended the acdirnation time (Kilpi, 1980). 

This suggests that either the cdls grawn on glucose had to induce the enzymes 
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needed for growth on MCPA or there had been a change in the relative amounts 

of bacterial drains in the populaüons. 

As stated earlier, the simplicity or the complexity of the chernical 

structure has a profound etled on degradation (Alexender. 1981). The presence 

of chlorine atoms at ortho and para positions h 2.4-D is not k n m  to inhibit the 

breakdm potential. Studb have indicated the existence of an etheroxygen 

aliphatic side-chain deavage mechanism in mobacter species to fom 

glyoxylate. Figure 2.6 eluddatee that the reieased gtyoxyfate undergoes 

condensation wiai decarboxylaüon and incorporation of ammonia to fom 

alanine. 

The 2,4D breakdown pathways are species dependent. 

Pseudomonas, Alcaligenes. Flavobacterium, and Arthmbacter species transfomi 

2.44 into 2,edichlorophenol (2,eDCP) with the application of the enzyme 

alphaketoglutarate dioxygenase. Supporting this information, Hausinger and 

Fukumoti (1995) observed that in Alcaligenes eutrophus 2.40 monoxygenase 

was not the first enzyme but dioxygenase was the one which iniaated the 

process. This is a hydroryiation madion. Repeated hydroxylaüon results in the 

formation of 3.5-dichIorocat8Chol, which bads to ortho deavage of the ring 

structure. The chlorornuconate cydoismeme enzyme facilitates the release of 

the para posiüoned chlorine %tom. Later, maleyîacetate reductase releases the 

second chlorine atom ( h m  the ortho position). This mlease of chlorine in ionic 

form profoundly effects the pH of the system (Oh and Tuovinen, 1900). Finally. 
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Figure 2.6 Mechanbm of Side Chain Dissociation During 2,- Bmakdown 
(adaptrd fmm NRCC, 1978) 



as depided in Figure 2.7, the 3axodipate formed leads into the TrCcatbOxylic 

acid (TCA) cyde which m u b  in carbon avaiiability for assimilatory purposes. 

nia paaiway for 2.4-0 degradation b r  Pseudbmonas specks is similar to 

that for AidhmBCfer spacies, exmpt for the presence of a fbw additional 

metabolic products. The degradation pattern in Azotabacter Cnl~coccurn is very 

different fnwn the above cases, where formaüon of chkrophenol as a fimt step 

and pyruvate as last step are important variations (Evan et al., 1971). 

2. 3 Analytical Detemination of 2,490 

Various environmental matrices (soil. plants, water~astewater etc.) pose 

different challenges for phenoxy residue analysis. In most of the previous 

studies, 2,4-D has been detected mainly through indirect methods such as 

chloride assays or coiorimatrk analysis (Lappin et al, 1985; Rathore and Khan. 

1987). Such techniques are of questionable accuracy. A brief description of 

some useful techniques is provided below. 

2.3.1 Hydrolysis 1 Pyrolysh Techniques 

the breakdown of the ride chain of phenoxyacetk acid, when heated at 

150°C for hnro minutes in the presenœ of sulphuric acid is the basis of several 
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semiquantitative dorimeûic procedum. The 2.4-D is hydrolysed/pymlyseâ to 

produce fomaldehyde. To avoid the contamination hindranœ in the proper 

coloration development. often the vaporform of aldehyde is cdleded separately 

(NRCC, 1978). 

2.3.2 HPLC (High Pmmsun Uquid Chiwnrtogmphy) Tachnology 

Due to llie b a t  sensWty of 2+D, a n  HPLC is preferred over Gas 

Chromtography. 2.4-0's strong absohance in the 210-290 range of ultraviolet 

region facilitates detection. Cappiello et al. (1995) have improved the liquid 

chromatography technique to inmase the sensiovity of the equipment for very 

low levels of deteion. lmprwements indudes minimization of decomposition 

and adsorption in the instrument system, which have enabled to acquire a 0.1-1 

pg/l range of detection. 

Esterification (defincd as ester formation using an agent such as 

diaromethane, borontMuoride-methanol, or dimethyl sulphat) of the phenoxy 

compounds is an important step in gas chromatogarphy for increased sensitivity, 

specially in soi1 samples. 

The ethet bond of phenoxyacetic acid is readily broken down by 

wnœntrated hydrogen iodide or pyridine hydrochloride to yield the 



conesponding phenol. The pyridine hydrochloride daavage has been used in 

quantitative analytical rnethods for phenoxy acetic ackl herbicides. The phenolic 

product is being determkied by cokrimetry or gas chmmatography (NRCC, 

1 978). 

Nitration (addition of N doms) af the ammatic nucleus of 2.44 yields 

mainly 2,4-dichIomSnitropheno~CBfiC a d  and traces of 2.4dichloro-6- 

nitrophenoxyacetic aàd. These nitro derivatnres can be detected on thin plates. 

The presenœ of chlorine in the moleCule helps aie detedion of phenoxy 

herbicides on paper and thin layer drromatography (NRCC, 1978). 

2.4 Waste Water Tmatment Approaches 

Waste streams from 2.40 manufacturing industries can carry 

concentrations up to 500 rngll v y k r  and Fin. 1974). It Q important that pesticide 

waste dbposal methods be developed to treat such high concentrations. 

Conventional ph ysicochemical treatment proccisrres such as coagulation, 

fiitration, etc. can not achieve enectiVe removal (Clarkson et al., 1993). 

Minimiration of waste by rhsate and spraying on hatable areas is not ahnrays a 

reasonable and effective means for flnsate disposal (Monsanto, Personal 

Communication). However, the need for pradical, inexpensive, and cost effective 

methods for small volumes of highly concentrated pesticide waste is imperative. 

A variety of potential technologies suitabk for pesticide waste disposal have 

been evaluated, but very few satisfactory methods are civailable to pesticide 

users. For 2,400 contaminated wastewater, the principal removal processes are 



hydrolysis, oxidation, adsorption, and microbial degradati0on (Clarkson et al.. 

1993; ûennis and Kobylinski, 1983; Pignatello and Baeht, 1994). 

A vanety of physical and citemical treatment techniques can be applied to 

treat 2,6D pesticide-laden wastewater. A list of such processes has been 

provided below (Tabk 2.5). 

To convert a lquid waste to a solid waste. sorption plays a significant role. 

The availability of commerdalîy simplified and confined adsorption techniques 

has resufted in wide-spread acceptanœ of adsorption for the treatment of toxic 

wastes (Ahmed and Ram, 1992; Martin and Femndes, 1992). One such 

application of a commercially packageci adsorption system (CARBOLATORO) for 

2,4-D removal ftom wastewater rasulted in 95% ternoval of the iniaally applied 

100 mg/L concentration. This removal was achieved in approximately 21 hrs of 

operation (Dennis and Kobyünski, 1983). Even though, the we of adsorbing 

materia! such as peat moss and activated carbon results in signifiant removal, 

yet associated operational expenses in tenns of spent carbonlpeat regeneration 

or disposal are high (Couillaid, 1994). Overall, the practice of conversion of a 

liquid waste into a solid waste is not an envimmnentally sustainable solution. 

Chernical treatment using a variety of methodo such as reverse osmosis 

and chernical oxidation may offier certain advantages over othet degradation 

processes (Hindin et al., M g ;  Leigh et al., 1969). Ease of treatment and faster 



or more consistent degradation rates are the factors which influenced the choice 

of chemical degradation. Use of chemical oxidants such as Fentons' reagent. 

H,O, etc. for pesticide destruction may be efkcove but œrtainly cogtfy methods 

(Pignatello and Baehr, 1994). One such appmch can be the use of femws- 

ligand complexes. Riese compkxes am capable of cataiya'ng the degradation of 

2.4-D by H202 in water at pH value of 6 (Sun and Pignatello. 1993). These 

studies have explored the use of Fenton's type reacüon of hydiogen peroxide 

with Fe compound. whem OH is potentiCalfy useful for degrading organic 

contaminant in soils. Even in the presence of substantial nahiml sol organic 

matter, fast and effective 2,4-D removal was observed 

- 

I 
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Phydcal Tmatment Chernical Tmatment 1 

1 Peat Adsorption 1 Wet-Air Oxidation 1 

Storage 8 Recycling 

Adivated Carbon Adsorption 

1 Reverse Osmosis 1 Chernical Reduction 1 

UV-Ozonation 

Fentons Reaction 

- 

I 
-- 

Solvent Extraction 1 Microwave Plasma Destruction 1 

Table 2.5 Physical and Chemiul Tmatment Options for 2,CD-L.den 
Wastewatw 

2.4.2 Biological Tmatment 

Involvement of bacterial species has become an important part of 



wastewater treatment operations. Th8 fimt step in this diredion is to provide a 

constant source of bactena to deglada specinc compounds or compound 

ciasses. The second step is to enhanœ the spedïc degrading activities and 

develop an undenrtanding of the major variables controlling the microbial 

populations. Manipulating these variables (e.g.. temperature, nutrient addition, 

organic loading) along mth a careful choice of mactor design has been o h m  to 

be successful in establiihing high specifk microbial adivitbs. 

The folkwing discussion focuses on aerobic tteatment of Iiquid wastes. 

Biological reactor systems fall into two general cabgories 1) suspendedgrowth 

systems; 2) attached growth (imrnobilued-cell or fixed film) systems. The basic 

concept is the same in both cases, that is to bring the biomass in contact with 1) 

organic compounds (substrate or cosubstrate) as a source of energy, 2) an 

electron acœptor (oxygen), and 3) other appropriate nments for microbial 

growth. Suspended growth systems have been further classified into two main 

types: continuous flow (parallel or series) and semicontinuous batch operation. 

The use of the activated sludge system or re(ated suspend& growth systems for 

the treatment of 2,4Olcontarninated wasûwater has been limiteâ and 

unsucœssful. For instance, mixed miwôial consortia have resultcd in only 7 to 

25% 2,4D removal in acüvated sludge systm (Hill et al., 1986). ûther typical 

examples of suspended growth systems indude lagoons and stabilization ponds. 

The microbial immobilkation technology involves the attachment of bacteria to 

inert biocarriers in a reador desgned to support a high îevel of chernical- 

degrading activity by the irnmobilized micrmrganisms. Sorne of the simplest and 

oldest configurations of attached growth systems are tnckling filters, rotating 



biological contactors and submerged fixed film reactors. Other immobilized-cell 

systems indude fluidired beds. and sparged packed beds (Tchobanoglous, 

1992). Immobiliedleelk systems configued as fluidized bed mactors (FBRs) 

offer technical advantages for the biatreatment of conœntrateâ waste stmams. 

volatile chemicals and toxic chernicals (Puhakka and Jarvinen. 1992). In FBRs, 

the biocarrier bed is fluidued by the lqukl mcyded m i n  the reactor. Sinœ 

chernical wasts are injected into the recyded Iiquid, toxic chemicals aie 

immediately dilutcd and mictoorganisms in the FBR are mon, mistant to direct 

chernical toxicity than in many conventional treatment systems. In addition, since 

the FBRs are usually oxygenated by supplying oxygen nto the recycle bop, a 

high level of microbial activ'i may be supportd with minimal air stripping of 

volatile chemicals. 

In packed bed reactois. inert supports such as diatomaceous earth. 

hollow fibers or porous silica serve as bioca-rs for microbial attachment and 

growVi. These systerns are oxygenated by compressed air, are simple to operate 

in a compact area. and may maintain microbial sekdion much easier. However, 

diffusion kinetics can be slow and high b e l s  of microbial growth fmm 

concentrated wastewater can cause operational probiems due to channeling 

(Cooper, 1991). A repmsentative example of such technology for 2.4-0 

wastewatet treabnent used magnetite to f ac i i i i  the bacterial attachment. This 

attempt resulted in 81% removal of the applied 50 mgll concentration (McRae. 

1 985). 



One study involving a biofilm mactor for 2.4-0 contarninated waste 

treatment used genetically engineered sûains. The concentrations applied were 

in the range of 200 to 800 mgll. The system was s u ~ f U l  in removing as high 

as 99% of 2.49 (Clarkson et al., 1993). The same authors have reporteci the 

advantage of mired culhinw over pure cuitures due to the robust and adaptable 

nature against changing influent charaderistics. 

Overal SBR systems have been used suceessfully to treat organic 

compounds. Pacticularty. in industriai-type operations, with a suirement of high 

liquid waste concentrations and spaœ limitation (Le. smalkcale treatrnent 

system). the use of SBRs has been very dkdve. Sequencing batch reactor 

technology has been considerad as an attractive alternative to conventional 

biological wastewater matment systems, mainly because of its simplicity of 

operation. flexibility. and cost etlediveness for smali-scale tmatrnent facilities 

(Irvine and Ketchum, 1989; Kikkeri and Vinrghavan, 1988). SBR is a time- 

oriented suspended growth proœss with waste flow, airInutrient additions, and 

contact time determined by a defined operaüonal strategy. A single tank (or a 

tank sequence) is used in a regime of FILL, REACT. SElTLE, DRAW. and IDLE 

periods. Cycle manipulation (e.g.. air onloff through FIL1 and REACT or periodic 

nutrient additions) can mate a unique microbial ecology Tor treating specific 

wastewater (Ng and Tan, IBQO). 

The nature of this system is such that it can endure fluctuating 

concentrations of toxicants in the influent and henœ it can sustain adverse 

conditions wAh minimum impact. Such conditions are unavoidabk during industrial 



waste generation. No inf9cmatiOn was bund in the lhrature regarding the 

application of SBR systems for aeab'ng 2,CD waste. Consequently, one 

component of the study was to evaluate ternoval perfonnenœ of 24-D in SBRs. In 

parücular, the system's msponse was explored at vaikus HRTs and changïng 

fieed conditions. 

In conclusion, the future of biological treatment for pesticide waste is very 

promising. There is an immense nwd for developing certain treatrnent 

technologies to deal with the rather cornplex fomiulations of pesticides. The 

application of such important new information in the engineering field will 

certainly revduüonize the treatrnent appmach appiied for pesticide wastes. 



Chapter 3 

RESEARCH OBJECTIVES 

As discussed in the ptwious chaptet much of the information available on 

biodegradation of 2.44 has been obtained using pure or mked cultures in batch 

studies. These studies have focused pflncipally on the basic miciobiological and 

biochemical aspects of ZS&D degradation. In many industrial operations, there is 

a requirement for stable conünuouslyninning processes for the treatment of 

wnœntrated liquid waste. However, the fbw mported atternpts to treat 2.4-0 

Iiquid waste in continuously-running suspended giowth systerns have achieved 

limited success. ThereforeS it is an apparent need for fumer investigation on the 

feasibility of suspended growth treatment systerns for 2.443 removal. 

To fulfill the above need, this saidy has attempted to focus primarily on 

the application of SBR technology. Overall the fOIIowing two phases were 

incorporated: 

1. During the first phase. the efficiency and stability of SBR operation 

was expkred by studying the 8ff8Cf of the foIIowing parameters on the 

biodegradation pattern of 2,4-D: 

Need for acclimation 

Hydraulic retention tirne (HRT) 



Pmsenœ and absence of suppkmental substrate (glucose or 

phenol) 

Variation of initial fieed concentrations (target cumpound or 

suppkmental substrate) 

During the second phase of the expriment, batch cultures were 

uoed. This was donc to optirnue the overall time required (both 

phases were conducted concurrenüy) and to fiuther explore certain 

basic aspects of 2,CD degraddon. The effect of fdlowing 

parameten on 2,4D degradaüon was investigated: 

Temperature 

Different types of seed (inocula) 



Chapter 4 

WPERIMENTAL SETUP AND PROCEDURES 

4.1 Experimental Setup and Operation 

4.1.1 SBR Syshn Srtup and Opontion 

Continuous opration of waste ûeatrnent was condudeci in three identical 

laboratory-scak sequencing batch mactors (Figure 4.1). Each reactor used was 

made of 6 mm-thick Plexiglas cylindero with an intemal diameter of 100 mm. The 

operating liquid volume was two liters. Feeding, decanting, and wasting were 

controlkd by appropfiately-calibrated peristalüc pumps. Mixing was provided by 

magnetic stiners. Aention was supplied through submerged diffusen placeâ at 

the bottom of the reactors. All SBRs were running on the same reaction, settling, 

decanting, and filling periods a any given HRT (Table 4.1). All operations were 

wntrolled by optional batteryoperated timers. 

At the end of each reaction period, the biomass was allowed to seffle. 

Tkn,  after decanting one Mer of the supematant, the reactors were replenished 

with an equal amount of fresh W. Throughout the study, the temperature was 

fuced at 22OC 1. The nominal solids retention tlne (SRT) was 20 days and was 

wntrolled by wasting an appropriate volume of biomass just before the end of 



Figure 4.1 Typical Vkw of the SBR Saup 

5A 



the react p%d. This biomass wastage was conduded once a day during the 

morning cyde. There was no attempt to control the pH. which was in the 6.57.0 

range during the reaction petiod. Rie Iquid kswa from the reador due to 

evaporation etc. wem insignifiant in al1 systems. A schernaüc of the reador 

setup is shown in Figure 4.2. 

1 Fill Period 1 1Smin 1 15min 1 15min 1 15min 1 
1 React Period 1 22 hrs 1 10 hrs 1 6 hrs 1 4.75 hm 1 
( sttle period 1 1.50 hrs 1 1.50 hm 1 45 min 1 45 min 1 

Table 4.1 Operating Conditions for SERS 

Draw Period 

ldle Period 

In biodegradation studies, the percent depietion of organic feed may be 

used to represent the efficiency of biimass for degrading xenobiotic compounds. 

The percent moval is calculated as fdows: 

% RemvaIr (influent conc.)-(ef'fiuent conc.)/(infiuent conc.) X 100 

% Remaining = 100 - % Removal 

4.1.2 SBR Biomras and Fmd Chamcterisbia 

5 min 

10 min 

SBR 1 mis d e d  by haivesting biomass, used to degrade 

5 min 

I O  min 

5 min 

10 min 

15 min 

O 
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Figure 4 . 2  Schematic of SBR system used in this study 



chlorophenols in previous experiments conducted at the Environmental 

Engineering Laboratory, University of Manitoba (Baw, 1995). The source of 

seed in SBR 2 was mked cultures collead h m  an adivated sludge system at 

the Norai End Water Pollution C0nh.d Center (NEWPCC) in Wnnipeg, MB. SBR 

3 was seeded using a madure fran SBR 2 and fresh activated sludge k m  the 

above mentioned wastewatet treatment plant. 

The reactors were fed using synthetic feed compnsed of phenol and 2,40 

(SBR l), dextrose and 2,4D (SBR 2), and 2.4-D as a sole carbon source (SBR 3 

and S8R 4). The seîection of phenol in SBR 1 was based on the fact that there is 

a structural relationship between the 2.4-D and phenol. In addition, this type of 

seed has been previously degrading phenols (Basu, 1995). Whereas. SBR 2 was 

decided to be fed with dextrose as a supplemental substrate. Dextrose (an isomer 

of glucose) is an easily degradable carbon source and has been frequently used in 

wastewater treatrnent studies (Hidanan and Novak, 1084). To faciiitate 2,4D salt 

dissolution, 0.05 N NaOH was used. Suffident amounts of NH,CI. and KH,PO, 

were added to the feed solution, based on a 100:20:5 ratio of carbon, nitrogen, 

and phosphorus, tespect'ively. Tap water was useâ to provide the essential 

mi~ron~ents .  

During preliminary run (no 2.4-D addition), 2.40 was inaoduced at a 

concentration of 40 mg/L in the feed Iine (acclimation 1, Table 4.2). Afterwards, 

this concentration was increased to 100 mgR (acdimation 2, Table 4.2). which 

was held constant throughout the study. except in SBR 3 during the last phase 



Operation 

stage 

Pmliminary 

Run 

Acclimation 

1 

Acclimation 

2 

Normal 
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SBR 1 1 SBR 2 

(43.4) (520.9) (43.4) (540) 
leses reprtscnt equivalcnt SOC values 

Table 4.2 Feed Variations in SBR 1 and SBR 2 

Feed Pattern 1 2 ~ m  (m*) 1 soc ( m m  
4 

1 Normal 1 100 1 44 1 

Table 4.3 Feed Variations in SBR 3 



of the experiment. whers higher concentrations were applied (Stages Tl and T2, 

Table 4.3). SBRs 1 and 2 reœnIed an equivaient amount of organic W, in 

ternis of SOC. The deViaüons h m  the ' normal faed ' pattern of supplemental 

substrates are indicated by the S I  to 53 stages raie 4.2). The cleleded 2,400 

concentration is weY beyond the de&cW range in contaminatd natural water 

systems, but it dkts a typical conœnbati0on in industrial waste streams. 

4.1.3 Batch Sy8ûms Iktup and Opmtkn 

Batch experiments wre conducted throughout the study using biomass 

from the SBRs. Conical glass flasks, with total volume of 250 mL were used 

(Figure 4.3). These flasks had a namw mouth for effective plugging. The 

reactors were plugged wiai cotton and were only opened during sample 

withdrewal. Regular pH contrd was also pracüceâ. Aseptic techniques were 

applied to prevent contamination. 

Similar to the SBR units. the 2,CD concentration was fixed at 100 rnglL 

concentration in el1 reactors. The supplemental substrate SOC concentration 

varied fiom 50 to 200 mg/L as indicated in Table 4.4. AU readors were 

duplicated. Two additional maetors having 2,4D as the only source of carbon 

were designated as 2.4-D. Another reactor again having only 2,4D as carbon 

source was installed as a control reactor to observe any potential abiotic losses 

of 2.44. Aîtogether fifteen diRetent reactors were used for each experiment. The 

flasks were placed in a shaker to provide enough mixing and 





aeration to maintain proper 8embic conditions. Sampling ftequency was 

adjustecl based on the percent removal me, Le. slowIacœlerated degradation. 

Apart fmm tempentue variation, in the of 10 to WC, al1 other conditions 

(such as reador operotion, miking, biomass concentrations etc.) were fued 

during the temperature study. Similady, Eor the pH M i  study, mkedarltures 

were W. pH adjustment in batch cultures war, done using a 0.1 N NaoH or O. 1 

N HIO.  solutions to keep pH wiaiin 6.5 to 8.0 range. 

Supplwnental Phenol Reactors De- Reactors 
Substrat8 SOC 

1 

Reactor Phend Reactor Dr,xtmse 
(-' Designdon m m  ûesignatîon (WU 

Table 4.4 Reactor Set-up for pH, Temperature, and Seed Studiw 

Followhg the list provided in Table 4. 5, a mineral medium was 

prepared for use during ün batch studies. Each reactw received 90 mL of this 

mineral medium. 5 m l  af biomass, anû 5 ml. d the 2,6D solution to provide a 

concentration of 100 mg& 2,490 and a biomass amcentration of 75 rngR (Tyler 

and Fin, 1974). 



b 

Constiîuenfr 

Na2HPQ4 

KHzP04 

NH,CI 

MgSO, 

CaC12.H20 

FeCl 

4.1.5 Biomass Pmpantion for W i n 0  Batch Reacbm 

Concentration (mglL) 

7.6 

3.6 

0.5 

0.1 

0.02 

0.01 

Na2Mo0, 

Harvesting of bacterial œls  from the operating SBRs (SBR 1, 2, and 3) 

was donc by withdrawing adequate amount (wah the help of a pipette) of mixed 

liquor to obtain equal concentrations of al1 three types of biomass. A mixture from 

three dwerent sources (SBR 1 to 3) or 2,4-D degrading biomass (SBR 3) was 

poured into a cyünder and allowed to settle. After discarding the clear 

supematant, biomass was msuspended into the basal media (describecl eariier). 

The suspension was transfened into centrifuge tubes, and centrifuged for 10 min 

0.002 

at 4000 RPM using a DamonllEC Division Centrifuge, Model HN - S (Needham 

Hts., Massachusetts). After œntiifugation the supematant was discarded 

Table 4.5 Ingreclient List for Basal Salt Medium 



carefully mth the help of a special)y designed syringe. The biomass was re- 

suspended into basal media and the same procedure was repeated once again. 

Finally equal volumes of this solution wem used to seai the readors. Seed 

material was dispenseci with the help of automatic pipettes. 

4.2. ( 2,CD and Phono1 Analyair 

2,4D and its intemiediate metabdic products were anaiyred by high 

pressure liquid chromatography (HPLC), due to the heat-sensiüve nature of the 

phenoxy compounds (Cappiello et. al, 1995). Phenol was also detennined 

concurrently. Samples were filtered through disposable Nylon Acrodisc R I  3mm 

HPLC certifieci 0.45 prn syringe fiiters. Fiftered 20 pl samples were then injected 

into a Millipora-Waters HPLC system. This system was equipped with a Lambda 

Max 481 LC spedrophotometer at 215 nm wavelength. A Hamilton' PRP-1 

column (Hamilton Co. . Reno, Nevada) was eluted wiar a mixture of acetonitrile 

(100%) and triffuroaœtic acid (TFA 0.1%) (5050 vlir) at a flow rate of 2 mumin. 

The areas, retention times, and W spectra of the sample peaks were compared 

with those of the known standards prepared in acetonitrile and distilled water (1 A 

ratio). The lowest detection liml of this method has been 0.5 mg/L. 

4.2.2 Dextrose Awlysls 

Dextrose anaiysis was also performed by HPLC. This particular setup was 



equipped wiar a Waters 501 pump. A mabile phase of 0.02% H2S0,delhrered the 

20 VI sample thrwgh a Biorad organic acid anaiysis cdunn (Biorad Co., 

Richmond, California). which was heated at 65' C. The final response was 

detected by a Biorad refiactive inâex monitor mode1 1750A. This response was 

integrated through an HP3396A integrator. The peaks were compared with the 

known standards, prepaied with distilled water. 

4.2.3 Solubk Oganic Carbon (SOC) Andysis 

For soluble organic carbon (SOC) analysis, a drop of phosphoric acid was 

added to approximately 3 mL of $ample volume which was f ttereâ through 0.45 

pm pore sire syringe filten. The $amples were purged with pure oxygen for 3.5 

min before injeding into a Dohrmann DC80 TOC analyter. After calibration of 

the equipment with a known standard, the samples were nin in a similar manner. 

4.2.4 Illlixed-Liquor Suspendeâ Solids (MLVSS) Concentration Analysis 

Mixed-liqwr suspendeci solids (MLVSS) were determined during the first 

hour of the reaction period. The gravimeûic mthod followed is outlined in 

Standard Methods (sections 2540 0.2540 E. and 2540 F. respectively) (APHA. 

1992). 



4.2.5 pH and Temperatun Meuumnent 

The pH mter used in this study was digital pH mater by Fisher Scientific, 

Acumet 50 pH meter. Temperahire measui~nents were conduchl with a 

standard themiometet. 

4.3 Reagenb 

The following anaîytical reagents were use& 1) 2,4-dichlorophenoxy 

aœtic acid (2,4-D), Analytical grade. Sigma Chernical Co. ; 2) Sobent 

Acetonitrile (CHFN). HPLC grade, E. M. Science; 3) Buffer solution of 

TriRu roacetic acid, anelytical grade, Sigma C hemical Co. 



Chapter 5 

RESULTS AND DISCUSSION 

5.1 Preliminary Run 

In order to establish a viable ô i ias s  and minimize any potenüaI toxic 

effeds due to the piesence of 2.4-Dg SBR 1 and 2 were initially fèd with the 

conespondhg supplemental subgbate only (Table 4.2) and operated at an HRT 16 

hm. Cornpiete removal of phenol and dexbose was observad throughout the 

duration (approximatefy 2 months) of the preliminary run. 

In this preliminary nin, SBR 1 phenol concentration was step-increased till it 

reached the required 100 mgll level. This was done to avoid any toxic enects of 

phenol on the biomass. Due to the non-toxic nature of dextrose, no sudi substrate 

step incnase procedure was perfonned in SBR 2. Eventualiy, SBR 1 and 2 were 

fed equal amounts of SOC, which conesponded to difirent concentrations of 

phenol and dexbose Fable 4.2). SBR 1 and SBR 2 systems were operated for a 

period of more than two months. at the above conditions. Reactot stability was 

judged by the complete removal of phanol or dedrose akng with a stable biomass 

concentration of 700 and 400 mg/L MLVSS. in SBR 1 and SBR 2 respectively. In a 

previous study Orhon et al. (1980), a similar range of MLVSS concentration (about 

600-700 mg/L) mis employed fw 2.4-0 degradation. 



5. 2 Acclimation 

At this stage (adimaüon 1) 2,44 was inooduced in both systms at a 40 

mgll anœnttation. Theaeticrliy, in bdh SBRs, wpphmmtal subsbate and 

target campound together conbibuted to appmxhably 90 mg/L SOC (Table 4.2). 

A track study was perfonmd to assess the readofs behavior just afbr the 

introduction of 40 mgR 2,- into the bed Iine. First day of monitoring indicated a 

dilution ei%ct in SOC values both in SBR 1 and 2, multing in values near the 

detection limit(12-20 nigll) of the SOC analyzer (Figure 5.1). In the event that the 

total SûC contributed by phenol or dextrose was fuUy depkted, the midual 

amount in the effluent shouid not have exœeded 8.7 mglL (hal of the 2.4-D 

rdated SOC in the feed lim value, mainly due to aie dilulion factor). Due to the 

background SOC and the possible presence of other sdubîe products, generally, 

the lowest concentration detected in the Muent was in the 12-20 mgll SOC 

range. Therefore, it is isard to predid whether aH the W u a l  SOC in SBR 1 and 

SBR 2 was adually assocMd with undepkted dexborw or phenol. However, in 

SBR 2 the residual SOC was &II abare the masked levels. Evidently, there was 

SM some undepieted SOC contributed by dextrose in SBR 2 system. 

A Follow-up ûack study, three days afbr the initial 2,CD introduction, 

revealed that h m  was a d-56 in SOC percent mmoval in SBR 2 particulaily 

(Figure 5.2). This decreasing trend in SBR 2 was evident for the next 6 days of 

operation la1 it mached its kwegt value on dey 10 (Figure 5.3). 60th system 

appeared b recover Wiaiin 20 days after the 2,4D addition. 
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Figure Sm 2 SOC Depletion Pattrm on Day 3 aRer the 2.4-D introduction 



Figure 5.3 lnhibitoy EMct of 2 , W  Addition on Supplemental Substrato 
SOC Removal in SBR 1 and 2 



Fulher analysis i n d i i  an upward ttend in percent SOC removal in both 

SBRs with more pronounced one in S8R2 (Fiiunr 5.4). The average SOC mmoval 

eniciency fw this period (dey 20 to day 80 a h  2,4-O addition) was in the range of 

50 to 55% in both reactors. Typical SOC degradation piofiles. pîoüed in Figures 

5.5 to 5.7, indicate a consistent tmnd through out the acdimation period. 

lt is evident from the above observetions that 2.4-0 even at 40 mgll 

concentration. may have a negative impad on âedrose degradation. Even though 

such inhibitory bfleds wra a shwktmn phenornenon, the severily of inhibition 

(5% removal of the influent SOC at the mmit case scenario) wananîs an attention 

regarâing the initial 2,CD concentration seledian. Related observations have b e n  

also recorded in the literaturs, where 2.44 hes been shom to induœ such 

inhibiiory e fk& on supplementirl substmte utiliradion. For instance, a chernostate 

system capable of utim succinate (an intermediate product of 2.40 breakdom) 

indicated saven redudion in the s-c uptake rates of a i s  compound 

(Daugherty and Karel, 1994). However, no information on the efkct of 2.4-D on 

dextrose depletion was found. Orhon et al. (1989) reported that bidegradation of 

bacto nutrient was severeiy inh ib i  by the addition of 200-600 mgA 2.4-D in a 

continuously-fed chemostat, employing 2.40 acdimated biomass. A study by 

Hickman and Novak (1984) reportecl that the dextrose SUR rate can k, inhibited 

severely by the addition of chloroorganics into an adhrated sludge system. 
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Figure 5.7 SOC ûepletion Pattern on Day 50 after the ?.CD Introduction 



Once again. the SBRs were abie to degrade the supplernental substrates 

completefy alter the initial up& conditions rabkm A1 and A. 2, Appendix A). The 

2.4-D concentration was mised eventualiy to 100 mglL, 17 days &ter the initial 2,4- 

D introduction (acdimation 2). The sektion of this concentration was based on 

previous audies to provide the ksi$ fbr comparison (Orhon et al., 1989, 

McTeman and Pereira, 1991; Yadav and Redcly, 1993). Furthet resuits indiGaed 

that both systems were able to m i n  their potenüal fbr compîete degradababon of 

phenol and dextrose in aie p m n œ  of 100 mgk 2.4-D concentration (Figure 5.5 

to 5.7). The behavior o h w d  in the hno SBRs deariy dictates that prior to 

adopüng a particular fbeâ conœntratkn of a WC compound, it io very aucial that 

acute and subade toxMy to the microtlora be corwidered. The importance of 

such a step is also highiigMed in previous reports (Sullivan, 1Q91; Tucicer et al., 

1975). 

Also, there is ample evidenœ that microorganisms are able to degrade 

many synthetic chernicals provided that favorable condilions prevail. The 

degradation potential is Men achieved as a result of the interaction of biological 

selection and three pmesses: mutation, recombination, and selecoon (Kilbane, 

1986). In environmental engineering temiinology such a peiiod of evolutionary 

changes is tenned as aaa9imatbn stagen. it b also deflned as the change in the 

micmbial comrnunity mat increams the mûs of transfomaüon of the target 

mpound as a rasuft of prkr exposura to this mpound (Spain and Vanveld, 

1983). 



During the first 80 days d opeafion idter 2,eD additkn no signs of 2,4D 

degradation appeared in either macbr (Tables A3 and A l ) .  Hamrver. the 

suppiemental subsûates wre readiiy consumed wïhin the 3 hr of the react period. 

ûexbose was uüked at a M r  rate than phend. Speatically, dextrose was 

wrnpleteiy removeci in about haif  the^ lme required for phenol removal. A typical 

biodegradation paitem has been demonstrated in Figure 5.8. A sharp decnease in 

supplemenbil substmte concentrations in the beginning of react period repressnts 

the dilution factor after the addition of ked in reactors. 

It was evident from both SOC and 2,490 analysis that no detecfable 2,443 

degradation had ooairred during the Mt 80 days of the operation. It &en 

involves a lengthy acclimation period befbre a particular tomplex xenobiotic 

substance is broken dom by microbes. This period is associateci with a series of 

mutational changes and multiplication of oganisms responsible for catabolism of 

compounds (Kilbane. 1986). Also, a study by Gmer et al (1990) has pointed out 

that the starüng population density (of 2,4-D degraders) and initial 2.4-0 

concentration during acdimadion period are directly mlated to the lag time 

obsenrsd prior to the start of 2,4D degradation. The e fk t  of initial 2.4-D 

concentration on lag period has been also emphasized by m e r  mearchers 

(Davidson et al., 1980; Fogarty and Tuovinen, 1991; Ou et al, 1978; Parker and 

Doxtader, 1982). Parker and Doxtader (1982) reported a direct correlation of 

initial 2.4-0 concentrations (in the 1.3 mgA to 135 mg/L range) and length of lag 

period prsceding active degradation in soi1 systerns. Another 2,4D degradation 
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study in soils indicated thst extremely high concentrations (5,000 to 20,000 

mg/L) inhibited the breakdomi of this compound (Ou et al. 1978). A previous 

attempt to degracie 2.40 (100 to 400 mgA) similar conditions, resuited in 35 to 

45 days lag pend (Othon al., 1989). It was also indicateâ that in the ptesence 

of phenol, the 2.44 degradation log period dropped to 20 days instead of the 35 

days obsenred when 2.40 adeâ as a sole tubstriate. However, the authors do 

not specify the type or source of biornam used for reador seeding, so it can be 

inferred that there might be a dinemnt type of initial fkia used. 

The first evidenœ of 2,49 degrdation appeared dter 80 days of 

mntinuous monitoring. This was a partial m a l  stage. A 5.5% removal of 2,4D 

was o b s e d  in SBR 1. and a 10.9% removal was analyzed in SBR 2 (Table A. 3 

and A.4). Further results indicateâ that over a five days period. 56.4 % 2.40 was 

removed in SBR 2. At the same time. SBR 1 had oniy achieved a maximum of 

7.25 % decrease in 2,4D concentraüon. In addition, SBR 1 the 2.49 removal 

proœss did not follow any particular trend. Instead, there were only sporadic 

appearances of 2,400 degradation. Over the next 2 w88ks. degradation of 2.4-0 

œased to exist However, the reactors were kept monbred far two more weeks 

(until day 1 IO), but no signs of 2,ÇD degradation were noticeâ. In summary, for 

both system's. 2.40 degradation pefomanœ was rather Iimited and non- 

sustainable, lasüng only fw a few days. 



5.2.2 Actions to Achkve 2,- Dmgmdatïon 

To impmve the situation, remed'il adion was taken. This invohred 

increasing the reactors' HRT and W suppkmental su- concentration 

values on day 110. The HRT was increaseâ from 16 b 48 hm. to provide the 

longer contact between the b i m s s  and subsbates. The suppiemental substrate 

concentrations wem doubied to 150 mpll suppkmental substrate SOC. In 

addition, the average MLVSS conœntrations of 575 and 1055 mgk in SBR 1 and 

SBR 2, mpeciivety, were a h  enhancd to approximate 2000 mgll by adding 

fresh acüvated sludge from the same source as outined in Chapter 4. Continuous 

high levels of suspended sdid conœntraths in the effluent of SBR 1 reduced the 

MLVSS ievel in the reactot to 985 mgK within a week (Table A6). This was mainly 

the result of poor settling. The use of non-Bpeciaîiied biomass (Le., non phenol 

degraders) for enhancernent purpose may have contributed to this phenornenon. 

Using phenoklegrading cuttums. another attempt was made to restore the 

diminishing MLVSS concentration to about 2000 rngL 

Regarding the pmiongeâ lag periad, apafi fnwn the initial population of 

speciaiized bacteria and 2.40 conœntmtbn, the possibili of the effed of 

suppkmental substrate should not be ignoreci. KJpi (1980) showed that repeated 

exposure of MCPAdegrading cuitures to glu- fumer increased the lag phase 

for MCPA degradation from few days to f6w weewaeks. 

A study by Yadav and Reddy (1993) has recorded that the enzymes 

responsibk for 2.4-D degradation are proâuced constituüveiy (enzymes that are 



permanently p m n t  in the celis) and prior acdimation of the organism for 2.443 

degradation is not mquired. On the contrary, this Wdy and mer studies 

previousiy mentiod have implisd fhat proper acdimation is necegsary in order 

to develop a viable Z,CWe~grading population. 

During the acdimafion period, the physicol appearanœ and consistency of 

the biomass undemnt certain changes. InitiaMy, the physïcal appearanœ of the 

biomass was more or less the same in both madom, havirtg a blackish color. 

Dunng the fimt month of opefation, the bi#ness in the phenokfed system (SBR 1) 

himed yellowish in cdor, whemas the one in the dextrose-ed systern (SBR 2) 

maintaineci b original coior. In addition, the biomass in SBR 2 had a granula? 

consistency and was easy to filter in contrast to tfw the'Wuffy" biomass in SBR 1. The 

above observations indicate that difiemnt microbial consda developed in each 

reador during acdimaüon. No experimnts were conductecl to iûenofy the type of 

biomass. as taxonomic microbial determination was beyond the scope of this 

study. 

5.3 SteadyState Operation 

The succ~ssfiil orRcome of remedial adions was nooced as gmater than 

99% 2.4-D degradation was adiieved within one week priod in SBR 2. Hweveer, 

the response was skwer in the case of SBR 1. This reador achieved gmater than 

99% 2 , M  remval 5 w88ks alter the remedial adon was taken. Before the 



suuccessful 2,4D degradation in SBR 1. a sporadic depleoon pattern was 

obsenred, which ranged from 7% to 80 % 2.44 m v a l  (Table A-1). Such 

behavior led to the condusion that phenol, despite ils stfuctulal similarioes with 

2,4-D. had pmhged the BCdimatrOn peW in this reactor in cornparison to 

dextrose. The delayed response cou# be the mult of invohrement of various 

secondary-level enzymes (assoQaEad with intermediate cornpound breakdown), 

which may have the potentbl of being utilioed during both phenol and 2.4-D 

degradation. A direct com-n for enzymes bebmren two diffemnt substrates 

has ben shown to sned the bidegradation of ailorinatecl organics (Chang and 

Cohen, 1 995). The amount of biomass and enzymes producd are directly related. 

Therefore the low MLVSS concentration can al- exphin the delayecl mponse of 

SBR 1. The kwer MLVSS levels in SBR 1 compared to those in SBR 2) were 

improved tuvice during this study. This validates the decision of inaeasing the 

MLVSS concentration as part of the remedial adion describeci pmriousfy. 

It should be also noteci that in this study, once 2.4-D degradation was 

established, il macheâ aie maximum values rather quiddy, particularly in the 

presenœ of dextrose. In conûast to this observation, in adivated sludge systems 

aiter 5 to 10 days of lag period (no degradation), a small amount of 2,4D was 

degraded (about 10%). This was followed by a trend of graduel incxease in 2.4-D 

degradation till it reached 25% in 45 days (Ladunan et al.. 1980; Orhon et al., 

1989). In summary, it cwid be infbned that for certain species of bacteria, the 

induction of specific genes capable of degrading 2,4D may be a gradual 

phenomenon, as was the case of phenoldegmding cuftures in this sudy. On the 



other hand, in &ter specbs (such as aie dextmedegrading biomass) these 

genetic changes may have oaxinad r&er f&st 

Summaria'ng the sbove thoughts. it can be inkned that iwo factors piayed 

a major mie in schieving consistent 2,4D degradation in both SBR systems: 

longer contad time betw8en the M i  and the target compound and higher 

concentration of MLVSS in the mchs. ln addition, increase in suppkrnental 

subsaste SOC can a b  impmve MLVSS concéntralion in bioreadors. 

S. 3.2 Addition of SBR 3 

Followed the initial inconsistent pariod d 2,CD degradation, a stable 2,4D 

degradation (>99% in every cyde) was observeci. At this stage the thnd reactor 

(SBR 3) was commissioned. which received 2,443 as the sda source of carbon 

and energy. The -or was seedeâ using a mixture of liesh activateâ sludge and 

biomass from SBR 2. Snœ at the time of seeding the SBR 3. thete was not 

enough 2.4-0 degrading biomass available. it was decided to employ a mixaire of 

fresh activateci sludge and 2,4-D degrading bhnass (from SBR 2). Eventually a 

viable population of 2,4D degraciers couid be obtained through the mechanisms of 

conjugation and transformation (Pernberton et ai., 1974; Steiert and Ctawford, 

1085). 

The initial MLVSS conœntraaon in the SBR 3 was kept about the 2000 

mgK ievel. As the systam started opmüng. the MLVSS mœntration fdlowed a 



gradually deaeasing ûed. This was the mît of hîgh concentration of MLVSS in 

the Muent at the end of every cyâe, due to poot 88ffling. Houtever. it stabilized 

around the 150 mgll concenbab-on îevei (Table AS, Appendix A). A possible 

explanation for this kind of behavior could k that the unacdimated biomass used 

as a seed was wsclhed out gradually wRh the diluent. The rate of kss of MLVSS 

in the Muent may have been higher than the rate of conjugational or mutational 

Man isms .  

As far as the reactors perlorrnanœ in tem of SOC depletion is concemed. 

SBR 1 and SBR 2 wsm able to deplete 200 rngîL SOC in every cycle, whereas 

SBR 3 degradecl 45 rngL SOC levek Fable AS). In al1 resutts, a residual I O  to 20 

mg/L effluent SOC was obsenred. This may have been due to two different 

reasons. First, a part of this SOC levels may have been contributed by the soluble 

biomass produds, which may have passeâ through the microfiiter during sample 

preparation for SOC analysis. Second, background SOC contributed by tap water 

can be also held responsble for these residual kvels. Another study in this 

bboratory has indicated similar ievels of residual SOC (Basu, 1995). 

All three reactors were able to degrade an average 100 mg/L 2.40 

concentration in every cycie. Theonaticeliy. this corresponds b 43.4 mg/L SOC. In 

SBR 1 and SBR 2 appmximafeiy 155 mgll suppkmental subsbate SOC was 

being depleted at the same tirna. ît should be n a  that a previous study on the 



behavior of chbrophenoxy herbicides during aclivated sludge treatment of 

municipal wasbwatet achieved only a partial breakdown of 2.40. This breakdown 

resulted in short-chain ester fiormation. However, the nature of the breakdm 

produds was not speded (Saleh et al..lQ80). There are indications that certain 

intermediate producb'during 2,CD breakdm may be toxic to the biomass 

involved (Haugland et al., 1990). lt war, found that 'dead end* (of which further 

degradation does not occur) intermediate pmduds such as 2,4.5bidilorophenol 

and 2,ddichbmphenoI wero aawmulaüng durhg 2,4D breakdown. However, 

during this study regular soluble carbon anaiysis dearty demonsbated that no 

intermediate product has aaximulateâ in the SBRs. In al1 three systems. a 

compkte remwal of 2,4D cou# be assoc~*ated with assimilation into the biomass. 

5.4 HRT Optimitation Study 

HRT, is defineû as the average tirne period the Iiquid remains in the reactor 

in contact with the biornass. It can be calculated as aie volume of the reactor 

divided by the average flow rate. Dunng this study, HRT significantly effected the 

reador behavior. at le& the appearsnœ of the first complete 2.4-0 degradation 

acavii was mainly attributed to the change in HRT of the system and biomass 

enhancernent 

At the stage when al1 three mactors were a b  to attain a steady 2.4-0 and 

suppkmental substrate (where applicable) removal, HRT optrnization studies 

were inioated. A set of four HRTs (Le. 48 hm. 24 hm. 16 hrs, and 12 hrs) was 

tested. At al1 HRTs, aeration in the read period was extendecl fof a minimum of 2 



hm afkr m m p W  disappearanœ of 2.44 was obrefved. This step was taken to 

enhanœ SOC removal. In the past, such an extended penod of aeraüon has 

shown b improve sludge d i n g  charademrtics 
* . (Ng and Tan, 1990). Also, the 

good SBttJing abilii of b i i s s  obseCV6d in this study may have k e n  related to 

extended aeration. As a general observationm good fioc Ibmiaoon was observeci in 

both SBR 1 and SBR 2 systems. This was the reason hat setüing tirne was 

decreased by 15 min during the later part of tha experiment. All reactors were 

operatd a 20 days nominal SR1 at any HRT. At any particular HRT study. the 

reactors were allcmed to operate for minimum of a 1.5 SRT period (about 30 

days). In addition, betwwn the change in HRTs, no iag period was obsarved 

throughout this study. 

Several tepiesentathe percent depletion vs. time profiles have been 

plotted at various HRTs (Figures 5.Q to 5.12). Each of these profiles is the 

average of at least two tomprehensive ûack studies. These degradation studies 

indicated that at al1 HRTs. the supplemental substrate and 24-0 were being 

depleted sequentially. In SBR 1 and SBR 2. phenol or dextrose were the first to 

be removed, and 2,4D removal always followed. ft is also evident that as the 

system progressed towards knger operation. an accelerateâ degradation of both 

the supplemental subsûate and target compound was observeci. Initially, 

degradation of supplernental substrate at 48 hrs HRT has been occuning within 

45 min. Parüwlarly. dextrose was being utilueâ within 30 min of the mact period. 

while phenol nequired 45 min for L c o m p b  removal. The trend at 24 hm HRT, 

was such that dextrose removal accelerated to 15 min and phenol was being 

depleted maiin 30 min dime period. Similarly, a 16 hm HRT further improved the 
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degradation time to 15 and 10 minutes for dextrose and phenol nspectively. 

Howevet, at 12 hrs HRT the response was similat to the one observed at 16 hm 

HRT. 

In addiaon, faster degradation of 2,CD ocained with the progression of 

this study. A cornpiete braakdown of 2,CD was being achieved on average in 6 

hrs, 5 hm, 4 hm, and 2.75 hm at the HRTs of 48 hrs, 24 hm, 16 hm, and 12 hrs, 

respectively (Figure 5.9 to 5.12). Even thorgh i bn  the above observation, it 

seems evident that bdh phenol and dextrose have bwered the 2.4-D specific 

removal rate in compaiison to $BR 3 (which meived 2.4-0 alone), yet the 

depietion of both of these suppiemental substrates has been accekrated in the 

presence of 2,4-D. A cornparison of the pte-acdimation and post acdimation 

period cleady demonstrates the etied of 2.4-D degradation on suppiemental 

substrate depletion (Figure 5. 13). A cornparison of the specific removal rates 

(expressed as mg of substrate per g of MLVSS pet hr) in both reactors at 16 hrs 

HRT before and after 2,CD degradation ocairred is shown in Table 5. 1. The 

dextrose system has been more anieded in tems of incmaS8d specific removal 

rates aftet the &art of 2,CD degradation. Such an increase was up to 14 times 

higher than that during the pre 2.4-0 degradation pariod. Even though, the phenol 

system has a b  indicated enhanced removal, yet it only acoelerateâ up to 5 times 

the pre 2.4-D degradation perbd valm This trend can oniy be justilied on the 

basis of enzyme interadion, which implies that the enzymes produceci for 2.4-D 

degradation must have been invohred in suppkmental subsbate depktion as well. 

A related study which explored 2,CD and glucose depleoon in a dual subsûate 

mode. has pointd out a similar trend of acœierated glucose depietion 
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Figum 5.13 Accalmted Supplenwntal Substmte Removal in 
SBRi and 2at16 hm HRT 



(Papanastasiou. 1982). 

For the enth HRT optirnitaion study, the 2.49 specific removal rates 

were calculateâ. It was observeci that in the p m n œ  of phenol as supplemental 

substrate the specific mmoval mbs wem better than that observeci in the 

presenœ of dextrose. This trend of reîatively kmrr 2,CD specific removal rates 

in the presence of dextrose was consistent (Table 5.2). 

Operational Sprcific R.mowi Rate 

(mg Supphenbl Substratdg MLVSS. hr) 

SBR 1 (Phenol) SBR 2 (Dextrose) 
I 

Pre 2,4-D 18 15 

On the other hand, in SBR 3 where 2.4-0 was the sole substrate, a very 

sharp hcreasing trend in scific i e m l  mte was noüœd. At 48 hr HRT. SBR 3 

had an average specific removal rate of approximateiy 1.3 and 2.4 thnes higher 

than SBR 1 and 2, respecüveiy. V\M)i decreasing HRT. a very sharp rise in the 

specific removal rate was obsenred. The rete observeci at 24 and 16 hrs HRT was 

approximately 9.5 times higher than that at 48 hm HRT. These rates further 

increased about 16 times at 12 hm HRT as compare to the initial value vable 5. 



2). A dired cornparison of the specific removaI rates in the three SBR systems 

indicated that the highest specïic rsmo~l nterr were ohined in SBR 3. Sinœ the 

specilic moval  rate is a fundon of MLVSS m n œ m n  in the reacbr, high 

specific mmoval rates for SBR 3 are îhe direct m u l  of the kw MLVSS 

concentration in thi reactor Fabk 5.3). 

Table S. 2 Average Specific Removal Ra- (mg 2,443 I g MLVSS. hi) at 
OiQhmnt HRTs 

NRT 

(hm 

48 

24 
r 

16 

12 

5.4.1 Overall SBR PerfWmance 

Throughout the HRT optirniration period, a decmasing trend in HRT was 

associated with higher MLVSS concentration in SBR 1 and 2. This could be 

atbibuted to the mom frequent feed cycles as HRT decreased. Speafically, at 48 

SproHie Removal Rab (mg ?&WgMLVSS.hr) 

SBR 1 $BR 3 

4-17 

37.5 

38.0 

67.5 

SBR 2 % Difbmnce (SBR 1 & 2) 

45.5 

44.8 

30.0 

49.5 

3.25 

2.59 

2.56 

3.68 

1 -75 

1 -46 

1 -82 

1 -86 



hrs. 24 hrs. 16 hm. and 12 hm HRT. SBR 1 and 2 systerns were uülizing more than 

90 % of the total of 200 mgld, 400 W d ,  800 mgld, and 800 W d  SOC 

respecaively. On the other hand, the MLVSS concentration in SBR 3 after the initial 

demase, wair eventuafiy stabil i i  m i n  üm 150 and 170 mgll range. Again this 

can be associated wiîh the relaioveiy kwer W SOC value. 

Tabk 5.3 Average MLVSS Concentration8 at Various Stages of HRT study 

L 

HRT MLVSS Conmntmtion (mgll) 

(hm SBR 1 SBR 2 SBR 3 

A direct comparison of al1 HRT studk revealed a maximum treatabilÎty at 

12 hrs HRT. The total amount of waste tteated per unit time indicated a four fold 

increase in treatability, from a 98.4 mg 2.49 1 d et 48 hrs HRT to 393.6 mg 2.40 1 

d at 12 hrs HRT. 

48 

24 

16 

12 

5.4.2 SBR Monitoring for Abiotic Losses 

A conbd reactor was installed to explora the potdntial contribution of abiotic 

losses to the degradation phenomenon obsewed. men such fosses are attributed 

1680 

1650 

2115 

2463 

1949 

2798 

3063 

3925 

1038 

117 

1 74 

148 
a 



to the piocesses of v o W I ' i ,  photodegradation. and chernical degradation. 

This contrd reador was operatad at 48 hm HRT, whidi has been the mmdmum 

applied HRT during this rbdy, and was kept devoid of biomass. However, dher 

parameters wch as reactor vdume. mbdng, temphne. and aeation w ~ e  same 

as in the other SBRs. ReadOT sampling indicated no detedable decrease in 2.4-D 

conœntrations in the eflRu8nt aRer the completion of the react cyck in SBR 

operation. Thb suggest that no abioüc b m m  were occumng in SBR system and 

al1 the m v a l  was due to bidogical pmœsses. 

No attempt was made to quantify the potential of 2,CD adsorption on the 

biomass. Previous biodegradation -dies ( one particularty peiformed using 

adivated sludge) have dearly demonsbated that there was no such adsorption 

mechanism was involvecl during 2.40 removal. (H3 et al., 1986; McTeman and 

Pereira, 1991). In addition the lpck of 2,CD iemoval in SBRs 1 and 2 during the 

long acdimation period (ove? 80 days) obsenred in tha pregent study provides a 

strong evidenœ that 2-40 absorption onto the biomass was negligible. 

5.4.3 Observations Regarding the 2.4-û Degradation Pathmy 

The exploration of the 2 P D  degradation pathways was beyond the sape 

of this study. Huwever, the HPLC equipment was calibrated to detect at least one 

of the main intemiediate produ* (Le- 2.49CP). This pathway involves the side 

chain hydroxylation of 2.4-D wilh the help of the enzyme alpha-ketoglutarate 

dioxygenase fesulting in the f0rmaaOn of CO,, 2,rGDCP, succinate, and gtyoxylate 



(Figure 2.6). There wwe spomdic appearanœs of the metaboli intemiediate 

produd 2,CDCP over the enth shidy perkd. at canœntraoons ~~ 5 mgll A 

typiarl HPLC dimmtogram is cihami in Fium 5.14. This suggests that 

degradation rnay have proceeded via the removal of side chan. Such pathways 

are typically fPIbmd by several bacterial species induding Pseudomonas œpacia, 

Alcaligenes eubophus, and mobadbr (Cîarkson et dl 1903; Daugherty and 

Karel, 1994; Steiert and CrawiOrd. 1085). Details of this pathway have been 

already mentioned earîier (Sedion 2.2. 3. C). Over the enth length of this study, 

2,hDCP was not obs8weâ to accumufate in any SBR systsm. This non 

accurnulaüng behavior of 2.4-ûCP has b e n  also reported in another study, which 

indicated that less than 1 p@ 2,WCP was obsenred in the system (Smith et al., 

1994).. However. the HPLC equipment used in this study had a detection Iimit of 1 

mgL  

Summay: Overall. SBR technology has prwed to be very effecove in 

degrading 2.44. SBRs 1 and 2 were a b  to degrade approximateiy 200 mg A 

SOC at each HRT tested. The seqwntial supplemental substrates and 2,4D 

removal was also evident fnwn thk cutnponent of the stuûy. Despite the higher 

concentration of supplemental substrates applied (after 2.4-D degradation) in both 

SBRs, their depletion was acœierated as compared to aie depletion observed 

during the dimation period. The higher 2.4-0 removal rates obse~ed a the final 

stages of the study may have bean aie result of biokgical selecaon which 

increaoed numben of specialued microbial degraders. It should be noted that the 

main mechanism of 2,490 disappearanœ is biodegradation, since adsoiption on 

biomass and volatilization were negligibk. 
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Figure 5.14 Typical HPLC Chromatogmm Showing 
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5. S Effect of Variation in Feed Concentration 

The last part of the SBR studies was to investigate whether the increase or 

decrease in supplemental substrate concentration (SBR 1 and 2) or increase in 

2,4D concentration (SBR 3) would a M  the 2,40 degradation. To observe such 

effects, a study was organized, where, by changing the feed constituents in a 

particular cyde, the 2,4-0 degradation patterns were studied. Observations were 

also focused to quantify the system's endurance towards shodc loads, which are 

very common in mal field conditions. These effeds were shidied by keeping the 

HRf constant at 12 hrs during al1 feed variation experiments. ûepending on the 

increase or decrease in phenol and dextrose concentration, nitrogen and 

phosphorus sources were al- adjusted accardingly. The potential for nutritional 

complication was alleviateci by keeping the C:N:P ratio at 100:20:5 levels. Care 

was also taken to minimize accumulation of any potential residual matenal. Such 

accumulation often results in system failure (Haughland et al., 1990). Ta overcorne 

this problem, between any two spike periods (the time pend during which 

concentration changes were made in the SBR systerns) the d o r s  were allowed 

to run for several normal fead cycles. In al1 cases the ne* expriment was initiatecl 

after ensuring complete removal of al1 the substrates by performing mass balance 

calculations. However, no such buildup was observeâ during any experiment. In 

addition, spike studies were duplicated to improve the accuracy of the resul. 



5. 5. 1 Effect of Suppkmenbl Substntim Concentration 

Thme dbrent W vaiiafions in supplemental substrate concentration 

were appîi i  in SBR 1 and 2. The ibed compositions duhg these aime sets of 

experiments wre designated as SI, S2. S3 (Tabk 4.2). The SI  stage refers to 

the absenœ of supplemental substmte @hem01 or dexbose) in the W. The sofe 

source of caibon in this case was 2.4-0. The recond stage 52 implies a doubling 

in the feed supplemenlal subgtrath canœnoefions. whereôy keeping the same 2,4 

D levels. The maximum feed concentration applied induda 3.5 times the normal 

supplemental substrate concentrations (S 3). A detaiieâ discussion of these 

experiments is pmvided bakw. 

During stage SI,  the SBR 3 was a h  monitorad for comparison purposes. 

In this expriment, the absence of suppkmental subsbate (phenol or dextrose) did 

not effect the 2.4-D degradation (Figure 5.15). In addition, hgher removal rates 

were obsewed in SBR 1 and 2 in cornparison to SBR 3. This may have been the 

resuit of longer 2.4-0 strass pend on biomass and consequently hster enzyme 

produdion for 2&D degradation. Anoaier possibilii may have been that al1 the 

enzyme system pioduœd at these conditions is dedicated to 2,4D and ifs 

byproduct breakdown abne. On the other hand, a compatison of nonnal feed and 

zero supplemental substrate conditions in Fiiure 5. 16. shows minimal variations 

in 2.40 degradation pattern. ît appears that degradation was slighüy faster (by 

about 10 min) in the absenœ of supplemental substiate. Honiever, due to the 

nature of biological systems in general, such kw kvel of variations may not be 

considered as a diflerent response. This indicab that there was no short terni 
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Figure 6.15 Subotrate Depletion Pattern at Zero Supplemental Conc. in 
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Figum 5.16 Accelnted Degradation Rates Obaemd in the Abscence 
of Supplennntal Substrat. in $BR 1 and 2 



effed due to the absence of eithar suppîemental substmte. During stage S2, 

doubling the n o m l  concentration d supplemental substrate. approximateiy to 400 

mgR phenol and 7% mgll derbocie concentration, y i e W  once agah complete 

removal of 2,CD as wel as the ibspecare wpphmental srcbstmbs. Mails on 

reactor's performance at this ievei of supplemntal substiate concentration are 

shom in Figure 5.17. ît is evident from thîs protiie that them was not signifiant 

differenœ in the 2.4-D degradation pattern. However. the total tirne fbr 

supplemental substrate depletion incmased to 30 min in cornparison b laas than 

20 minutes at the normal feed condition. 

During stage S3. 3.5 tmes the normal amount of wpplemental substrate 

concentratons were appîii in aie W. These concentration changes resulted in 

significantty dinerent degradation profiles than mat observed under normal féeci, 

and stages SI, and S2 of the experinent. The system's response is summarized 

in Figure 5.18. The total time required fw removal of supplemental substrate has 

k e n  60 minutes for phenol and 30 minutes for dextrose. In addition, previousîy in 

both SBRs, 2.4-0 and phenol were king sequenüally utiliied. The suppkmental 

substrate was being utilized first and 2,443 degradation aiways followed. However. 

et such high concentrations this trend was not repeated at kast in the case of SBR 

1. There is evidenœ of concurrent u t i l i n  of both phenol and 2,4D in this 

reactor at high phenol conœnaation. On the ooier hand, the dextrose-fed system 

did not show any noüœabie change in the preferenœ order for the removal of 

substrates. Dextrose has been deplethg first. always preceding 2.4-D degradation 

(Table 5.4). This phenornenon of shift of the microorganisms from one source to 
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Suppkmenta y Substrat. Concentrations (3.5xnomaI) 



anothcr at high concentrations has k e n  also mportsd in another study (Fournier, 

1981). 

Table 5.4 Subotrab üegmdation Patbm rt the Higheat Supplemental 
Substrab Applieâ 

Time 

min 

O 

5 

10 

15 
b 

30 

45 

75 
I 

105 

135 

165 

195 

225 

285 

Overall, the maximum applied phenol and dextrose concentrations of 680 

mgA and 1350 rngk respecüveiy did n a  induœ any toxic effects. In oppose to this 
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observation. a previous shrdy by Oh and Tuovinen (1990) repoW that 500-1000 

mgll of glucose had s h m  severe effaclr, on 2.4-0 degradation. On the mer 

hand, no infiormation was found in the liiratuie regarding the direct d é d  of 

phenol on 2.4-0 degradation. HawcNer, a systm wWi bno supplemental 

substrates (phenol and bado nutrient) shawad an inhibitory ekd on 2.4-D 

degradation at 490 mg/L phanof ievels (Orhon et al., 1989). Similady, present 

study fbund minimal effbct on 2 , W  degradation up to 4W mgR phenol 

concentration. However, a fudher increase (3.5 times the normal level) did show a 

delay in total 2.4-0 degradadion. Details of th@ response are dep- in Figure 

5.1 9. 

fhe s p d c  removal rates in SBR 1 and 2 are given in Table 5.5. It was 

evident from these observations that as the supplemental substrate concentrations 

increased in both mactor systems, a concurrent specilic removal rate inmase was 

ako observeci. However, this trend oniy continueci up to 310 mg/' SOC bels. A 

sharp decrease in the specilic removal rate was noüced, when the SOC value 

fumer increased to 535 mgll. Such deamse was as kwer as 50 percent of the 

highest specific removal rate obsewed. The above observations dearly 

dernonstrate that there is a threshokl value above which the 2.40 degradation 

would experienœ debmental effiect. High supplemental substrate concentrations 

have been shown to induœ detrimental effed on the 2,4D degradation in a 

previous study (Daugherty and Karel, 1994). In this study imxaasing amount of 

succinate had rewlteâ in very kw 2.4-0 remwal rates. A cornparison of consistent 

trend of spsciRc remval rates between SBR 1 and SBR 2 is highlghted in Figure 

5.20. In addition, an average of 42 percent b e r  spedfic removal rate in dextrose- 
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Figure 5.18 2 , W  Degradation in SBR 1 at DiWennt SOC Values 



Figure 5.20 Specific Rernoval Rates at Various Stages of the 
Experimental Period 



kd system (SBR 1) rdative to the phenoî-Wâ system (SBR 2) at al1 S 1, S 2, S 3, 

and normal feed conditions was a b  evidant. As outlined ear l i i ,  degradation of 

both supplemantal subsüabs increased wai the increas8 in readon operation 

tirne. The parliailar signkanœ of enhanced degradation tim is in ternis of 

phenol mrnoval. sinœ phenol is a ptentjal contaminant of natural 

SOC (Suppl.) 

mm- 
n 

(81) 0 

Table 5.5 Specific Removal Ratas at Various Supphmentol SOC in SBR 1 

(Normal) 156 

(S2) 310 

and SBR 2 rt Similar HRT 

Sprcific Removal Rates (mg 2,4-ûIgmMLVSS. hr) 

environrnents. This method has also shown promising resub as far as phend 

removal is concemed. This snidy has been aMe to achiive a maximum of 160 mg 

phenoVg MLVSS.hr (Table 5.6). Andher trend notiœâ during phenol removal has 

been that as the phenol concentration in fbâ was inmeascd decrease in specific 

removal rate was noticed. 

SBR 1 

3.02 

3.64 

4.47 

SBR 2 

1 -73 

2-16 

2.70 

%DifRmnce 

42 

41 

40 



In SBR 3, 2.- abm was empbyed to quanti@ the & m m  treatabiffi 

potential at 12 hm HRT. Ploviding adequate nWnts, 2,- concentration was 

increased to 2 and 3 dimes the nom1 concenfraoai appW (Table 4 3  Tl and T2 

Stages). As f ir  as the first a p p l i  is concemed (Le. 200 mg I L), 2.44 was 

king d e p W  within 225 min thm. whidi wao well within aie read period (4.75 

hm) at 12 hm HRT. SOC removal a h  f01iowed a similartrend (Figure 5.21). 

Table 5.6 Specific Removal R.b. rt Various Levek of Phenol 

Phenol Conc. 

(man) 
L 

100 

Concentrations In SBR1 

The 2.4-D concentration mis futfher incmased in SBR 3 to about 300 mgR. 

This conesponds to neaily 3 t i m  the normal conœnbath in SBR 3. The profile 

of 2,4-D degradation h given in Figure 5. 22. As indicated, the system could not 

cornpbtely degrade the applieâ 2.4-D amount, but a signifiant remaval was 

noticed. A total of 95% of 2.49 was degraded during this period. In addition, 

because of partial remwal of th6 applied concentrations. this can be considered 

MWSS 

(mon) 

510 

Sp.cifk Ramovrl Rate 

(mg phenoUg MLVSShr) 

1 O0 
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Figun 5.21 2.44 Depletion Patbrn at Two Tirne8 the Normal 
Concentratioil. in SBR 3 
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Figun S.22 2,CD ûegradrtion Patbm at T h m  Times the Nomal 
Concentration 



as a breakpoint for system perfomianœ at 12 hn HRT. Fournier (1081) recordeci 

that at high 2,40 concentrations. there is quicker degradation. 

The 2,4D speQlic iemovel Rk#, am g h n  ni Table 5. 7. The systemb 

perlormanœ improved with the i t l~~ea88  in tfm fesd 2.40 as the spedic removal 

rate reached maximum value of (95 mglg.MLVSS.hr) hiihest conœnûaüon 

applied. ît is apparent that no adverse efkcts were nobjeed as 2.4-D concentration 

increased . 

A cornparison of degradation piotiles at the vamus concentrations applied 

in SBR 3 is pmvided in Figure 5.23. A sharp d e n  in percent removal rate in 

the beginning is the resuit of dilution of the feed in al1 cases. Hcmever, after the 

dilution bdw. them was a variation in the degradation patterns between notmal 

and increasing feed conditions. During normal fbed condifions, the reador did not 

indicate immediate breakdom of 2,CD. There has been ahnrays a delay of more 

than 45 min (after the start of the ma& 

Table S. 7 2,- Specit- Removal Rab. in SBR 3 at Various Feed Patterns 

Feed Pa-m 2,- Conc. 

(mon) 

Sp.cific Removal Rate 

(mg 2,4-Wg.MLVSS.hr) 
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Figun, 5.23 ûegndation Pitbm at Various Concentrations 
of 2,443 in SBR 3 



period) before significant removal could ocan (>10%) (Figure 5.24). On the other 

hand, when high concentration (3 times the normal) m s  applieâ mon than 15% 

2,4-0 was removed m i n  30 min. 

5.6 Salient Features of the SBR Study 

Over the entire stuûy penod. a very important observation has been that at 

al1 stages (Le. HRT optirniLation and wppiemental substrate e î k t  studies), 

consistent high specific removal rites wem obsenred in SBR 3 reactor as 

mrnpared to SBR 1 and SBR 2. This can be attributcd to very lw MLVSS 

concentraüon present in SBR 3. Sinœ by deleting supplemental substmte from the 

influent, no 2,40 degradation hindranœ was noticed, it is believed that the 

absence of phenol or dextrose does not show any short-tenn effects on the 

reactor's performance in terms of 2,413 degradation. Honmrer the need for 

supplemntal substrate can not be ignorecl a l  together, specially considering the 

situation during the starting phase of the erperiment. However, if the system's 

stability is concerned, undoubtedly, the madors with suppiemental substrate 

addition appeared to exhibit a better biomass sding behavior in cornparison to 

SBR 3. Through visual examination. the setüing abilii in SBR 1 and SBR 2 has 

been much better and particulady floc skes appeared to be larger than in SBR 3. 

So it can be conduded that there is a requirement of the presenœ of supplemental 

substrate to harbor target mpowid degmkws. ResuL on the role of 

supplemental subsûate suggest that it may increase fiocculation and henœ 

improve settling of the target compound degraders. Few studies have indicated 

such role of dextrose in enhancing flocailation, and not to increase the growth rate 
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of 2,4Dinitrophenol (DNP) degraders (Schmidt et al., 1992; Siiverstein. 1990). 

During the above experimemts the 88ffling biomass was abk to harbot an 

increased number of adive 2,CDNP degiading populaoon. 

No attempt was made during th* prc$d to quantify the amount of biomass 

associateci with 2.4-D degradanion vs. the biornass which obtain iYs carbon and 

energy by utiling supplemental wbstrate or through Comefaboiism. Henœ aie 

MLVSS concentration value may in wme cases repmsent b iome that is not 

adually ass0cltated wtth the 2,CD degradation population. Fournier et al (1980) 

reported that such a bacterial population could be IOW to 10,000 fdd higher (in 

soi1 systems) aian the 2.40 as a sole source of caibon and energy. It could be 

argued that since the same canœntfation of 2.4-D was applied in the W. similar 

numbers of 2.4-0 ~pecial~ed population may have developed in al1 systems. 

As fa? as sequential utilkation of supplernentaî substrate is concemeci, a 

supporting observation by Papanastasiou (1982) has been confirmeci during this 

study. Such preferential ut i l i ion of a mixture in dual substrate conditions has 

been frequently ieportd in the past Kled< and Maier (1988) indicated that 

pentachlorophenol (PCP) and phenol, when fed as a mixture, multed in PCP 

utilization first, which follawed by phenol degradation. ûther studies have indicated 

such a sequential or concurrent utilkation trend as well (Saez and Fütûnann. 1991; 

Shimp and Pfaender, 1987; Tabak et al., 1964). Sequential uüiiion can be 

explained on the basis of enzyme requirements andlor wmplexity of the chernical 

structures. it has been reported that a cornpetition may exist for enzyme systern 

requirements. This compaüüon is among the various carbon sources for specific 



enzymes (Le.. oxygenase). The slighüy different pnbre was observeci in the 

present study at high phenol conœnûatbns rnay be the resuit af e f k t  of direct or 

indirect todcily (Le., intemrediafe pcodud inhibition). Olten biomass shifts its 

M i n g  pattern in such adverse conditions (Chang and Cohen, 1995). Lastiy, 

bacteria prefsmntially tend to disintegmte and uti l i  simple-süudured compounds 

first 

Intemiediate produd inhibition appeared to be insignificant in thL case. 

since al1 mctors did not show any signs of toxic inhibition throughout the period of 

operation of wer 200 days. 

5.7 Summary of SBR Performance 

Overall, SBRs have been very sucœssfi~l in treating high concentrations of 

2,4-D waste. In cornparison to othar biological systems, the SBR system has been 

the most effective biological trwfrnent of 2.4-D contaminated waste. As high as 

300 mg/L appli i  2,4-D concentration was removed to a signifiant amount (95%). 

Aithough P is a significant removal, yet an 11.9 rngiL2.4-D effluent concentration 

may not satisv the disposal requirements. According to Canadian standards the 

maximum 2,eD liml ragarding fieshwater aquatic iii is 4 pg/i (CWG, 1095). The 

system is robust against changing feed conditions, whkh is realistic in field 

conditions* 

The HRT has been a aiocal parameter during this M y ,  first in the 

beginning to achiive degradation and iater to mat high concentrations. The knger 

the compound was in contact with the biomass the higher were the depletion 



percentages. The oniy exception at the hîgheot conœntmtions tested may be 

attributed to aoier factors such as mhibiin toxiaty etc. 

Specific removal rates fw 2.4-0 in SBRs m#e influenœd by the piesence 

and nature of wpplemental su- lâe dextrose w phenol. In trmns of percent 

etnoval rates the presenœ of supp)emental substrate has an insignificant effect 

on total time requned far 2.4-D c8mbv~l. lneopeclive of the p m n œ  of very low 

concemon of MLVSS in SBR 3, degradation ocwned within approximabiy the 

same üme at al1 stages. On the aher hand. the pieclence of 2,443 œrtainly has 

enhanced the supplemental substrate depletion as well. 

Wherever supplemntal su- were pment, their uülization for 

microbial growth was obsewed regardkss of the presenœ of 2.4-0. it was 

Observed that organisms either u ü l M  the supplemental substrate preferentially 

and mpletely before acting on the target substrate, or utike concumnüy both 

substrates. Unlike other chloroorganice such as Cddorophenol, priw exposure of 

biomass to phenol is not the only way of degradation of 2.4-D. The particular 

biomass used in this study was able to use 2,40 as a sole source of enegy and 

carbon (SBR 3). 



5.8 Effect of pH on 2 , M  Degradation 

The pH audy was perfonned ushg the reador S8f4p desciibed in Table 

4.4. Two exprimer& were perrOrmed at 300C temperature in s temperature- 

controlied chamber. AN conditions wem kept simiiar, e x q t  in the first case no pH 

adjustrnent mu pradiœd whereas in tha second case the pH of the reactor 

system was constanüy adjusteci using NaOH or HCI. 

Resolts on 2.4-D conœntration W. fime are ptoüed in Figure 5.25. For this 

expriment, the initial pH of the rsadors was in the range of 7.M O 7.7. First 

sample analysis after 24 hm indicated the cornpfete removal of both supplemental 

substrates in al1 reactom, except reactor P200, which was able to deplete only 

10% of the applied phenol. The parücular reactors, which depleted maximum 

supplernental subsbate had experienceâ a pH drop f m  their respective initial 

values. For instanœ, reactor D200 had the highest drop in pH to 5.5. Ail other 

reactors mre at the 6.0 to 6.8 pH range. Henœ both dextrose and phenol 

mineralkation was also associated with a pH drap in the systems. After 48 hrs of 

operation a slight depletion of 2 ,dD was noüced in the reactor having 2.49 as 

sole source of carbon, This was a ssociated with pH drop d m  to 6.7. By this tinte 

P200 had shown wmpkte remaval of phenol, which also rssutted in pH drop down 

to 5.7. Further sampling on a daily bas. did not show any significant variations 

from above described h h  udl  after 144 h n  of opration (day 6). At this stage, a 
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Figure 5.25 2,CD Degradation at 3 0 ' ~  Temperatun Without 
pH Control 



furoier decrease in pH was naticed along with a slight demase in 2.4-D 

concentration. In most of the madors 810% deaeacle was in 2.4-D mur evident 

A pH drop in the 5.2 to 5.4 range was a b  observed. Afhw thit sampling period. no 

fumer signilicent deaease in 2,4D was nofSeed, up to a total of 102 hrs (8 days) 

of operation. This observation kd to believe that pradicâlly no degradation was 

possible in theme systems. Similarly, Oh and Tuovinen (1990) revealed that 

degradation of 2,413 is an acid-yielding step and degradation belw pH 5.3 is not 

possible. A follow up shidy by the sarne authors indicated that only 40% 

reduction in 2.40 in non-pti adjusting cultures occunad (Oh and Tuovinen. 

1991). There is dired associgtion of the enzyme system invoived in 2,4D 

breakdown and pH of the system (Fogarty and Tuovinen, 1991). 

5.8.2 Conbolled pH Study 

In order to further investigate the reawns for the noridegradation behavior 

in the previous expriment, a second experiment was perfomied under similar 

operating conditions. Temperature, biomass conœntration, and fbed condiüons 

were standardized according to the pmvious expriment The only variation was ta 

adjust the pH to 7.0-8.0 range in the event a pH dmp occurreâ in the reactors 

below pH 6.0. Atietaiieâ degradation pattern is summarized in Fiure 5.26. 

Degradation patterns are s h m  in fables 5.9 and 5.10. There has been a 

24 hrs lag period before any noticeabk (-5%) 2&D degradation occurred. 
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Table 5.8 Percent 2 , W  Removal at 30 OC with pH Conbol 

1 Titne 1 Supplemenlal Subtrate Removal (OC) 1 

Table Sa 9 Supplementd Subtmb ûephtion Pattern with pH Control 
(Values in Parentheses Represent pH Values) 



PhenoCfed readom achiewd lower remOvaI rates in cornparbon to those in the 

dextmefied reactors. 

Among the phenot-fed readOm, the increasing phenol concentraüon 

resuited in decmasing 2,CD removal rates. Similar iesponse was recordeci for the 

dextrose-fed readors. In spiRe of similar envimnmentat condians, P2W reactor 

degradad oniy 70% 2,4-D aRar 6 days ad operation (e~riment temination stage), 

Detaiied pH changes in a l  readors are shown in Figure 5.27. ûverall a 

direct cornparison of the above two 30°C expiments shows that without pH 

adjustment 2,4-D removal can not be achieved during batch studies. In mnhst, 

during the 1OoC temperature studies. mre was not any pH adjustment required. 

This implies that the effect of pH is severe at high temperature during 2.44 

degradation. A possible exphnation for this beharior may be that when 2.4-D 

disintegrates, it refeases chloride ion. If the released Cr ion remains in the reador 

system, it resuits in kufer pH values. The fate of chbride ion is temperature and 

aeration dependent (Steenson and Walker, 1957). Tyler and Finn (1 074) indirectly 

indicated the optimum growth of 2,4-D grown cuttures at 2S°C and at 6.2 to 6.9 pH 

range. 

It can be infemd that due to the tirne period elapsed between the halt of 

degradation after pH drop and readjusting the pH, the observed degradation 

rates may not describe accurately the perlomiance of aie system as it is a non 

continuous operation. Ouring this expriment pH studies (30 '~  controt pH) the 

sampling frequency was lawer aian the previously conducted temperature study 
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(aiso 3û0c unconttdled pH). A h ,  in one of the 2.44 degradation shidies 

reporteâ in the literature, adjustment of pH every fourth day would not be a tnie 

indication of degradation rates (Oh and Tuovinen, 1991). In fact, biomass 

exposd to such uichased pH values rnay require wbstanüel recovery time 

More  firrüier degradation to occur. 



5.9 Effect of Temperature on 2,CD Degradation 

A series of batch studies was conduded to invdgate the effect of 

temperature on 2.40 degradation. The effect of tempefatum was further 

explored in the presenœ of two different suppiemental substrates. Phenol and 

dextrose were aie N o  substrates used in this part of the study as well. 

In Canada, wastewater temperature can Vary signifcantly over seasons. 

Liquid temperatures k l ow  1 O°C and above 25% are usually encountered during 

dimatic changes (Basu, 1995). These variations in temperature cou# greatly 

effect the biodegradation rates. Smith et al. (1094) have indicated a temperature 

range of 25 to 30 OC as optimum for 2.49 degradation. A large number of 

studies have tried to investigate the temperature e%ct on chlorinated pesticides 

as well (Baker et al., 1980; Tykr and Finn. 1974; Viranaghavan et al, 1993). 

S. 9.1 10°C Temperatun Sbdy 

The reactors were seeàed with equal amount of biomass h m  SBR 1, 

SBR 2. and SBR 3 units as described in Table 4. 2. The degradation pattern 

exhibitecl at 10' C has been shown in Tabk 5.10 and 5.11. Even though an 

acclirnated biomass was used in this expriment, yet a 15 hrs lag phase was 

experienced before any disappearanœ of 2,4D notiœd. The readors with either 

no or minimum amount of supplemental substmte (i-e.. 50 mglL SOC of 

supplemental substrate) exhibited a similar 2.44 degrading trend. In the case of 



teadors mai higher suppiemental sub- concentrations (100 and 200 mgll 

SOCS), the dextrose-fied reactors were experiencing bster degradation rates 

than phenol-kd reactonr. Such fbster 2.4-D removal rates m#e more 

pronounced in the case of DZOO reactors. Rernoval rates up to 70% faster than 

P200 reactom were observed. Arnong the difirent phenol reactors, increasing 

phenol concentrations indicated deemasing removal rates. Hawever. such trend 

was reversecl in the case of dextrose macfors. Another observation has been 

that the supplemental substrate and 2,4D removal occurred concurrently. 

1 nme 1 Supplemental Subatrata Removal (96) 

Table 5.10 Supplemenbl Subitrab Removal at 10 OC Temperature 

In addition, except in the case of prsclance of high concentration of 

supplemental substrate (200 mgK SOC), suppimnental substrate has not 

affecteci the 2.4-D degradation. This is also suppoited by the same rate of 2,4-D 

degradation in the teactor 2,4-D. 



2,bD Substnb Removal (96) 1 

Table 5.11 2,CD Removal at 10 OC Tempemtum 

A follow-up analysis indicated that irrespective of the presence of phenol 

still in P l  00 and P200 systems, 2.4-D was the last to be depleted. A detailed 

reador performance at 1OoC has been depicted in Figure 5.28. It can be seen 

that at the end of 330 hrs (a13 days) peiiod, complete removal of 2,4D was 

observed. In cornparison, a study by smith et al (1994) has found that at 10°C 

temperature, 2,4D degrading cultum were abk to degrade 5% of the applied 

2,400 over 7 days period. 
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Figure 6.28 24-û Degradation Pattern 1 1 0  OC Tmp.mture 



5. S. 2 30°C Tempwatur, Study 

A study at 30°C temperature was perbemed under simihr experimental 

conditions as the 1OoC, exœpt that pH was adjusted at regular intervals. More 

ftequent sampling was performed to alkviate any potendial adverse effects due 

to pH decrease. Figure 5.29 summarires the 2.40 degradation exhibited by al1 

reador system at this temperature. 

Initial sample analysis indicated that the supplemcntal substrate removal 

has been particularly faster in the phenol and the dextrose reactors containing 

50 and 100 mg/L SOC. This was also associateci with a decrease in pH from its 

initial values 7.4-7.9 to 7.0-7.1 range Fable 5. 12). No 2,CO removal was 

notked at this stage. As the 24-0 mmoval started after the comptete removal of 

supplemental substrate. the pH value furthet decreased to 6.28.9 range for al1 

reactors. So It can be inferred that drop in pH has been associateci with both 

supplemental substrate and target compound. 

The 2,4-D degradation pattern is given in Tabla 5.13. All readors except 

reactor 050, experienced an initial lag period of 12 hm More any measurable 

2,4-D degradation. Reactor D50 showed faster removal as oompared to al1 other 

reactors. In the case of both phenol and dextrose-fed reactors aie presence of 

increasing supplemental substmte resuhd in decreasing removal rates. 

However, at a lower temperature condition (i.e. 10°C) the dextrose-fed system 

experienced a reverse trend. 



Figum 5.29 2,442 Degradation Profile at 30 OC Temperature 



Supplemantil Subrtnte Removed (96) I 

Table 5.12 Percent Supplementit Subotrate Depletion at 30' C 

(Values in Parentheses Represent pH Values) 

2,443 speafic removal rates at both temperature conditions are given in 

Table 5. 14. At 10°C, the specific removal rates were relatbely lower than at 30' 

C. In addition. as the supplemental substrate concentration increased the 

specific remaval rate decreased in al1 reacton, except in the case of the 

dextrose-fed systems at IOo C temperoture. Minimum specific removal rate was 

obsewed in the p m n œ  of highest phenol concentration a 10°C temperature. 

Overall, phenol-fed system indicated dmasing specific m o v a l  Mes in 

cornparison to dexbose-fied systerns. This shows tha phenol has a detrimental 

effect on 2,4-0 degradation at high concentrations. 
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Table S. 13 Remaining 2,443 Concentration at 30' C Temperatum 

The much b e r  specific removal rates at low temperature may be the 

resuft of several factors. Acwrding to the literature, temperature can exert an 

effect in two ways : by influencing the rate of enzymaücally cataiyzed reactions; 

and by a f f w g  the rate of dfision of the substmte to the cell (Grady and Lim. 

1980). Even though. there was a delay in 2.4-0 breakdown at both 10°C and 

30°C, atter the start of the mactor operation, this period was prolonged at low 

temperature. The much low rates observeci at I O o  C can also be explained on the 



basis that 2,4-D is taken into the micmbial cell and degraded intraœlluariy (Stott 

et al., 1983). As stated above, since temperature has an e c t  on cellular 

difhsion, it is possible that at low temperatures 2.4-D molecule difision into the 

bactefial celk may be nduced. 

Table 5.14 Summay of SpecHic Removal Rates at Difbrunt Temperstures 

The variation in the degradation pattern observeci at 1OoC temperature 

studies indiredly indicate that difbrent enzyme system a n  responsible for 

breakdown of the suppiementaî substrate and target compound. Hence there 

must be a variation in population type, at kast hnro or more different species may 

be responsible fw different responses obsenred et the same temperature. This 

observation is based on the fad that at 10' C, the effed on the breakdown of 

both phenol and degradation was severe in cornparison to 2,4-D breakdown. 



Ovemfl, at high temperature, the degradation has been at much higher 

rate than at low temperature. Phenol has detrimental effect on 2.40 degradation 

at high conœntrations. The disappearanœ of sequential mode of degradation 

(as observed at high temperature) may ôe related to the adverse ded of bw 

temperabires on the mated wîtums. Degradation at 1b C did not need any pH 

adjustrnent, whereas, the pH was continuously adjusted during the 30°C 

expriment. 



5.10 Effect of Seed on 2,4D Degradation 

Dunng the SBR 3 operab*on, 2.4-0 degraders niiere mvet e*posed to 

supplemental substmtes (Le. phenol and dextrose). Further exploration of the 

2,4Ddegraâing culture's patenüal to degrade difibrent mbstmte~ was 

considered important Such a study WOU# indicate whether or not a separate 

biomass prdilierated in SBR 3. where 2,- was the sole source of carbon. To 

investigate this degradation pattern hnro dillerent erperimenîs were conduded, 

using the same reactor setup as in previous batch experiments (Table 4.4). The 

only variation was the source of seeâ (firom SBR 3). In the first set the biomass 

was a mixture of phenol-, dextrose-, and 2,bWegraders, whereas, in the 

second set. only pure 2,4-Ddegradem were used. The temperature was 

controlled at 22°C I 1. 

Sampling t 24 hm i n d i i  a decmase in the suppkmental substrste 

concentrations bdh in phenol and dextrose readors as outlined in Figure 5.30. As 

shown in this figure8 no degradation was obsewed in the control readors. The 

depietion of suppkmental substrate was faster in the dextrose reactors than in the 

phenol mactors. This trend of fWer dextrose depledkn was conünuously obsewed 

in subsequent analysii as well. Furthet anafysi alter 06 hm of operation revealed 

cornpiete suppiemental substrate m m a l  in al1 madors exœpt in DZOO reador. 
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Figure 5.30 2,CD ûegradation Patbm by Mixed Inocula 



Table 5.15 Percent 2,CD Removeci In the M M  Culture Reactors at 22 OC 

As outiined in Tables 5. 15 and 5.16, during the first 48 hrs of reactor 

operation 2.44 remaval was negiigibie or minimal in al1 reactom. Hawever, after 

the disappearanœ of supplernental substrate, increased 2,4D removal was 

noticed. This indicated that almost al1 macton had an initial preferenœ for 



Table 6.16 Percent Supplementd Subotrate Removeâ in the Mixed Culture 



S. IO .  2 Degradation P r d k  h i n a  2,W DqndM 

Under similar environmental and operational conditions, the 2.4-D 

degraders showed a diffemnt pattern of degraddon for supplemental substrate 

and target compound (figure 5.31). No degradation was obaerved in the contml 

reactor. A b  24 hm of operation, a concurrent u t i l i o n  of both suppkmental 

substrate and 2.40 in al1 reactors was obsened (Tabies 5. 18 and 5.19). 

Readors with increasing phenol concentmüons s h d  decreasing 2.4-D 

removal trend. However, in the case of dexbsefied mactor significantly higher 

2.4-0 removal was obsarved in comparison to phenol-fed reador, Ercept in 

highest phenol concentration reador (P200). al1 other naadors had complete 2.4- 

D removal. Apart from lowest supplemental substrate concentration reactors (50 

mgR), al1 other reactors had mmainiing supplemental substrate concentration. 

The P200 reactor was fumer rnonitored up to 120 hm, when there was a 

complete removal of both phenol and 2.44. 

The above observations indicate that between the hnro supplemental 

substrates depletion patterns, phenol depietion was faster in comparison to 

dextrose. This is a very diffemnt response in relation to the majority of the 

observations throughout this in this dudy, whem dextrose was the fimt substrate 

to be depkted. This expriment al- indicatsr that 2.4-D degraders have a 

tendency for faster degradation of structuraliy relateâ compounds. such as 

phenol. During this study, erpsriments with phenoi-acdirnated biornass (during 

the SBR phase) showed a slower 2,443 degradation pattem, which may be 



Figun S. 31 2,CD Degradation piUmm by Pure 2 , M  D.gnding 
Inocula 



strongfy related to the enzyme system involvecl (henœ bacterial species). It has 

been ofken observed that a paiacular enzyme system capable of degrading a Y 

compound may degrade anothet Y compound mai same enzyme mechanism. 

However, the reverse prooeso may not be featble. For instance, Steenson and 

Walker (lQ56) indicated similar response with MCPA and 2,4D mixture, where 

MCPAacdimated biomass degraded both 2.4-D and MCPA. but 2.40- 

acdimated biornass cou# not degrade MCPA. 

1 mm* 1 2 , M  Removal (%) 1 

Tabk 5.17 24-0 Removal Using 2,44 kgraders 

(hm) 

24 

48 

96 

It should be mentioned that 2,4D depletion occurred irrespective of the 

presenœ of supplemental substrates. A representative example of such 

concurrent degradation is shown in Table 5.17 and 5.18. Papanastasiou (1982) 

also indicated that 2 , M  acdimateâ cultures when expased to glucose (55 mgll) 

and 2,4D (50 mgK) simultaneously in a batch reactor, showed an initial 

preferences for 2.4-0 at 20 OC. The MLVSS concentration used was 0.5 mgll 

which is much lower than the conœntration used in this study (75 mg/L). Despite 

the diffeience in MLVSS and 2.4-D concentrations, the present study found that 

P50 

44 

100 

100 

Pl00 

32 

99 

100 

PZ00 

24 

40 

90 

DSO 

79 

95 

100 

Dl00 

84 

100 

100 

0200 

84 

1 O0 

IO0 

2,44 

60 

100 

1 O0 



depletion occuned in approximately 50 hm of reacüon period in comparison to 

approximately 55 hrs in the study by Papanastasiou (1982). 

n 1 ioo 1 roo 

Table 5.18 Supplemental Subrtmb Removal Using Pum ?,CD kgraders 

Overall, it can be inferred that both systems behaved differently because 

of different biomass imrofved in each study. Pure 2,4-D degrading biomass from 

SBR 3 exhibited no preferential behavior for supplemental substrates. 



Chapter 6 

RESEARCH OVERVIEW 

6.1 Conclusions 

Several condusions can be drawn fian both SBR and batch reador studies 

during this project- 

A summary of important absenrations from the SBR study is presented 

below: 

= There is a need for acdimation of the bimass to 2,443 

- The prolonged acclimaüon period (of about 110 days) observed indicated the 

requirement for adequate initial biomass concentration and contact time 

between the biomass and the target compound. 

-Al1 reactors were able to achieve 99% remval of both 2.4-D and the 

corresponding supplemental substrates. at al the HRT applied ranging from 12 

to 48 hm. 

-The use of SBR technology was efküve in treaüng a simulated wastewater 

containing up to 300 mg/L 2.4-0 at the minimum a p p l i  HRT of 12 hm. 



- Even though neither of the wpplemental substratas appear to enhanœ 2,4D 

degradation. yet they both mntributeâ to betû3r reador stabilii. 

-C)extro9e-fied readors indbtd a wnsirdently kwer (by about 42%) 2,4D 

oEven though madors with supplemental sube$ates exhibited huer 2.4-0 

specilic removal rates than the readot without supplernental subsbate. yet no 

inhibitory d k t  was observed at any concentrations applied. 

-The frequenüy observed pattern of sequential degradation of suppkmental 

substrate and 2&D appeared to changelshift to conainent degradation mode 

at higher phenol concentrations. 

- The removal of supplemental substrates has been observecl to acceierate after 

the onset of 2.40 degradation. 

- 2,444 can be used as a soie source of caibon and energy by the biomass for its 

growth and proIlmon. 

= There is no rteed to adjust oie reactor pH during SBR operation for treating 2.4- 

D IQuid waste. Well aerated and cantinuously mixed reactors will have minimal 

or no pH effect. 



Similady, a number of observations were made during batch &dies on 2,4- 

D degradation and are summarked bekw: 

-The 2,CD degradation rate was greaüy anieded by the variation in 

temperature and it was much higher ai 30 OC than at 10°C. 

- Due to the e fk t  of temprature ( b r  degradation rate) on supplemental 

substrate depietion, a concurrent uüIizaîion of 2,CD and supplemental 

substrate was observed, which was more pronounced in the case dextrose. 

- A  concurrent utilbation of both substrates (2.40 and supplemental) was also 

observed during 2,400 degradation studies using a 2.4-D degrading cufture. 

- Phenol appeared to have a detrimental effed on 2.4-0 degradation at 

concentrations higher than 125 mg5. 

-There is a need for pH wntrol during batch degradation experhents 

conduded at 22 OC or higher temperahires. 

- At pH below 6.0. 2.44 degradation was severely aniected, whereas complete 

lack of degradation was observed at pH below 5.5. 



6.2 Recommendations For Futum Work 

Even though this study has provided a number of plausible explanations 

for the long hg period abserved M r e  2.4-D degradation, yet it would be 

beneficial to fiwther explore the refationship betwemn the application of two 

specific substrates usad vs. the lag peiiod oôserved. This cou# help to optimize 

the start-up an operation time in variais precücal applications. 

Some very important operadional parameters such as temperature was 

explored using only batch readors. It is beI'ieved that exploration of the effixt of 

temperature on 2.40 degradation in cantinuous-running systems could provide 

a great insight into the operation of fullacak treatment systems. 

Previous studies have reporteci that in batch reacton. pesticides with 

similar fundional groups are amenable to degradation by a specific biomass. 

However, this study focused on the treatment of a single toxic cornpound (2,4-D). 

thus it would be useful to explore the biodegradation potential of SBRs using a 

variety of other herbicides from aie phenoxy group. This will address the probfem 

of waste segregation for biotreabnent Instead of applying a particular pesticide 

for biodegradation in SBRs. a mixture of several herbicidee could be degraded at 

the same time. 
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