pH dependency of 2,4-chlorophenol dechlorination by
acclimated anaerobic granules

Z Ning, KJ Kennedy* and L Fernandes
Department of Civil Engineering, University of Ottawa, Ottawa, Ontario, Canada KIN 6N5

Abstract

The pH dependency of anaerobic dechlorination of 2,4-dichlorophenol by acclimated anaerobic granules was investigated.
The results showed that the dechlorination could be performed by these granules at a wide pH range of 6.8 to 7.9, but
dechlorination rate increased as pH value went up. The data analysis considering the effect of sorption indicated that the
increase of the dechlorination rate was due to pH dependence of metabolic activity of the acclimated anaerobic granules.

Introduction anaerobic granules are representative of the immobilised anaero-
bic organisms in UASB reactors.
Reductive dechlorination is considered the initial step in anaero-
bic biodegradation of chlorinated phenols. Although the dechldJlaterials and methods
rination mechanism and pathway have been extensively investi-
gated, little attention has been paid to the pH dependency of thisclimated anaerobic granules
biodegradation process. Information on the effect of pH on
reductive dechlorination was diverse, and sometimes conflictinhe 2,4-DCP acclimated anaerobic granules were cultivated in a
Mohn and Kennedy (1992) reported the reductive dechlorinatidaboratory-scale continuous UASB reactor with an effective
of 2,3,5-trichlorophenol by a dechlorinating bacterial strainyolume of 5.5¢ (Ning, 1997). The seed anaerobic sludge was
Desulfomonile tiedjeat a media pH of 7.5. £lostridiumlike  obtained from Lake Utopia Paper Ltd., Canada. This sludge was
endospore forming bacterium was identified to be involved insed to treat a chemi-thermal mechanical pulp (CTMP) waste
anaerobic dechlorination at a media pH of 7.0 to 7.1 (Madsen awdter from hydrogen peroxide bleaching processes and had never
Aamand, 1992). Zhang and Wiegel (1990) successfully usedbaen acclimated or exposed to waste water containing chlorin-
pH 8.5 buffer in their study on sequential anaerobic degradatiamed phenols. The average granular size and the VSS/SS ratio of
of 2,4-dichlorophenol (2,4-DCP) in freshwater sedimentshis sludge were 0.5 + 0.3 mm and 0.908 + 0.001, respectively.
Armenante et al. (1993) and Togna et al. (1995) observed tihe feed waste water for the reactor is given in Table 1. The
rapid dehalogenation of 2,4,6-trichlorophenol at alkaline pH (8.6perating temperature of the reactors was controlled at 35 + 2°C
to 9.0) by an unidentified anaerobic enrichment culture. Rend pH in the effluent varied between 7.06 and 7.30 during
cently, Kennes et al. (1996) reported that dechlorination of 2,4,6eclimation. The hydraulic retention time (HRT) and specific
trichlorophenol was achieved by methanogenic PCP-degradingganic loading rate (SOLR) for the reactor were maintained at 16
granules at pH 7.0 to 7.2. A strictly anaerobic bacterium that cénand 0.45 g COD/g VSS-d, respectively. Before the sludge was
grow at an optimum pH 7.2 to 7.8 by reductive dechlorination dfarvested to be used in batch experiments, the UASB reactor had
ortho-chlorinated phenols was also reported (Gerritse et aheen continuously operated for 9 months. The physical properties
1996). Comparatively, information on pH dependency of dechlder the granular sludge were: average diameter, 2.1 + 0.6 mm;
rination in anaerobic reactors is less available. In anaerob#SS/SS ratio, 0.940 + 0.001.
treatment of a simulated high-strength industrial waste water

containing acetate, phenol, and 2-chlorophenol (2-CP), Suidan et
al (1996) indicated that the effluent phenol and 2-CP concentra- TABLE 1
tion decreased slightly when pH was raised from 7.0 to 7.5. COMPOSITION OF FEED FOR THE
Anaerobic dechlorination of pentachlorophenol (PCP) at pH 7.0 UASB REACTOR
to 7.5 in upflow anaerobic sludge blanket (UASB) reactors was ]
observed by Hendriksen et al. (1992). An earlier study also Substances Concemr?t'on
indicated that reductive dechlorination of CPs proceeded well at @
the normal range of pH (7.0 to 7.5) in anaerobic bioreactors Sucrose 3.00
(WOOdS’. 1985). . L Acetic acid 3.00
In this study, pH dependency of anaerobic dechlorination of NH HCO 1.20
2,4-DCP by acclimated anaerobic granules was investigated to Naliicq3 3.00
better understand the pH dependence. 2,4-DCP was used because KHCO 375
it is a major intermediate product of highly chlorinated phenol_s (NH,) éO 0.30
and other phenolic compounds in anaerobic dechlorination, while KZHP64 4 0.12
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2,4-DCP The wavelength of the diode array detector was set at 280 nm. The

column was maintained at ¥ and the flow rate of the mobile
The 2,4-DCP used in this investigation was from Aldrich Chemphase was set at 0.2/min. For the mobile phase, a mixture of
cals with 99% purity. The solution was made up in @04aOH HPLC grade methanol (60%) and 0.05btlium acetate (40%) at
with distilled/deionised Milli-Q water, adjusted to pH 7.5 usingoH 4.7 was applied. Accuracy limits for 2,4-DCP and 4-MCP in
H,SO, and stored in the dark at 2~4°C before use. the measurements were 0.5 fng/

Batch dechlorination tests Suspended solids (SS), volatile suspended solids (VSS), and pH
The SS and VSS of samples were performed according to
Dechlorination of 2,4-DCP was conducted in batch tests using 68tandard Methods1989). The pH of samples was determined
m¢ serum bottles. Sample preparation and dechlorination tesith a Fisher Scientific Accumet pH meter.
procedures are as follows:
Results and analyses
Preparation of sample in serum bottlesSomponents in prepared
samples for all experiments consisted of anaerobic sludge grdie experimental results are presented in Fig. 1. The final pH
ules (14.7 g VS$), dilution solution, phosphate buffer (0.06 M), values measured in the serum bottles for the three initial pHs (6.5,
Na,S (100 mg)); resazurin (1.0 m@/and 2,4-DCP (30, 60 and 90 7.5 and 8.1) were 6.79 + 0.05, 7.52 + 0.14 and 7.90 + 0.15,
mg#k). Three phosphate buffer solutions, with pHs at 6.5, 7.5 amdspectively. Note that the pH values indicated in the figure are
8.1, respectively, were used. The dilution solution used containdt final pH and are rounded up to one decimal. The removal of
the following components (per liter): NEl, 0.5 g; MgCJ, 0.1 g;  2,4-DCP in the liquid phase of the media was shown to be a
CaCl, 0.1 g; KHCQ, 3.0 g; FeC}t4H,0, 1.5 mg; CoCI6HO,  sorption-dechlorination coupled process since the 2,4-DCP con-
10.0 mg; MnCJ-4H,0, 0.03 mg; NiSQ6H,0, 0.03 mg; centration in the liquid phase in the bottle decreased significantly
(NH)MO.0,,-4H,0, 2.0 mg; HBO,, 0.3 mg; ZnSQ7HQ, 0.1 in the first 3 h but production of 4-MCP was only about 1¢mg/
mg; AIK(SO,),:12HO, 0.1 mg. Dilution solution pH was ad- (Fig. 2). From Fig. 1 and 2, it can be seen that, in the first 3 h
justed to a specific pH for the tests using 0.1)8@), before use. reaction time, sorption dominates the removal, and after 3 to 9 h,
Since anaerobic granules were too large in size to be quantiteechlorination dominates. From the slopes of the process curves
tively transferred by pipette into serum bottles, filtered granulester 3 to 9 h for each initial 2,4-DCP dosage condition in the two
without supernatant were added into serum bottles based on Vigures, it appears that the 2,4-DCP dechlorination rate increased
weight. Procedures for preparation of the serum bottles are asthe reaction media pH increased.
follows: Since 2,4-DCP is ionisable (pKa = 7.89), both sorption and
dechlorination of chlorophenols by anaerobic granules are pH
e add filtered granules into serum bottle and purge head spatependent and highly correlated. Figure 1 shows that overall
in serum bottle with nitrogen gas 1 min; removal of 2,4-DCP from the liquid phase in the batch dechlo-
« add deoxygenated dilution water, phosphate buffer solutioripation tests depends on both sorption and dechlorination. For
» bubble the solution in serum bottle with nitrogen gas 1 mirthe initial 2,4-DCP dosages of 60 and 90 #ngiie highest
« add sodium sulfide and resazurin solution, and cap the bottiemoval occurred at pH 6.8 due to the higher sorption capacity at
with rubber cap and aluminum seal when purging head spait® lower pH condition, although the dechlorination rate became

of serum bottle with nitrogen gas; slower at that pH (indicated by the slope of the process curves
« agitate the serum bottles for 72 h at 100 r/min and 35 + 1°@ter 3 to 9 h).
to ensure complete oxygen depletion. However, it was observed that, for the same initial dose, 2,4-

DCP concentration in the liquid phase was higher when the media
All samples were prepared in duplicate or triplicate. ContrgdH was higher, which is because the ionisation of 2,4-DCP
bottles were also prepared according to the above steps, exdepteases as pH increases according to pKa, and the 2,4-DCP
without addition of anaerobic biomass (blank control) or withouphenolate ion has a lower sorption tendency than its molecular
2,4-DCP solution to be injected (positive control). It was obform. From Fig. 1, it is not clear whether the high dechlorination
served during experiments that the reduced conditions (mix#ate under the high pH condition was due to the increased
liquor colorless) could be achieved within 30 min after the serugiechlorination activity of the anaerobic granules, or due to the
bottles were agitated. relatively high concentration of 2,4-DCP in the liquid phase.

Previous investigations indicated that sorption of 2,4-DCP to

Degradation testsAt the initial time of the batch degradation anaerobic granules could reach equilibrium conditions at 3to 5 h,
tests,deoxygenated 2,4-DCP solution was injected into seruand after attaining sorption equilibrium developed, sorption
bottles. Serum bottles were then agitated at 100 r/min and 38#lowed linear sorption isotherm (Kennedy et al., 1992; Ning,
1°C. 1 it samples were taken from serum bottles at time interval®97). Using this sorption linearity that is valid only after the
of about 1, 3, 9, 21, and 30 h for analyses of 2,4-DCP and gerption equilibrium has been achieved, the dechlorination rate
monochlorophenol (4-MCP). The final pH in the serum bottlesan be determined using the differential equation below:
was also measured. The degradation tests showed that 4-MCP

was the major product of 2,4-DCP dechlorination (Ning, 1997). F= (Cocps™ Cocpd (1 + KypeX) B
DCP
(t, - )X

Analytical methods

where:
2,4-DCP and 4-MCPChlorophenol concentrations were deter- T, is the average degradation rate (mg/g VSS/h)
mined using a Hewlett Packard (model 1090) high performance C__ is the measured 2,4-DCP concentration in the liquid

liquid chromatograph (HPLC) with a Hypersil-ODS C18 column.  phase that includes both ionised and unionised forms of 2,4-
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X is the granule concentration in reaction media (g ¥YJSS/ results indicate that the maximum specific dechlorination rates
t is reaction time (h). By using Eq. (1), the real dechlorinaat the media pH of 6.8, 7.5 and 7.9 are 0.07, 0.08 and 0.11 mg
tion rate is determined. DCP/g VSS/h, respectively.

Before using Eq. (1) to determine the dechlorination rate, tH2iscussion
sorption coefficient values, K, at the experimental pH have to
be defined. It was observed in the tests that only about 100 mgH dependency of 2,4-DCP dechlorination by acclimated anaero-
of 4-MCP appeared in the liquid phase at the reaction time bfc granules enriched with sucrose/acetic acid-based waste water
3 h at which the sorption had reached equilibrium (Fig. 2). Sinseas observed in this study. The results show that microbial
the 2,4-DCP loss due to dechlorination at 3 h is negligibldechlorination can be performed by these granules at a wide pH
compared with sorption (< 4% on average), the data for 2,4-DC@Bnge of 6.8 t07.9, but the rate of dechlorination increased as the
concentrations in the liquid phase at 3 h were used to determjnid value increased. This observation could be useful for the
the values of K., The values determined for K .are 0.067, operation of anaerobic reactors treating chlorophenol containing
0.059 and 0.04%g VSS at the media pH of 6.8, 7.5 and 7.9waste water.
respectively. According to the variation of pH dependency of dechlorina-
Consequently, the relations between the dechlorination ratésn observed in this study and reported in other investigations, it
and 2,4-DCP concentrations in the liquid phase under the threeems reasonable to consider that organisms involved in reductive
pH conditions are obtained (Fig. 3). Data in Fig. 3 show thatehalogenation are quite diverse and different strains, and each
dechlorination metabolic activity of the acclimated anaerobibas a different pH preference, although only a few of the strains
granules is pH dependent. The Haldane type degradation kinetizs/e been isolated. As a result, the pH dependency in dechlorina-

is used to fit the data in Fig. 3. tion for a specific anaerobic reactor may vary from system to
system. However, the pH dependency of dechlorination remains
_ 1 dGe, _ KCpcp important in system operation.
foce= = - 2

Since the removal of chlorinated phenols in anaerobic reac-
tors is related to sorption and degradation, the effect of pH on both

where k, K and K are the maximum specific dechlorination rate SOrPtion and degradation needs to be considered in optimising

x dt }<S + CDCP + C:ZDCF/I(I
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system operation. As indicated in Fig. 1, sorption could have a trichlorophenol by methanogenic pentachlorophenol-degrading gran-
significant influence on removal when the initial 2,4-DCP con-  ules.Appl. Microbiol. Biotechnol 44 (6) 801-806. ' '
centration is high. For a continuous anaerobic reactor, the effé#fDSEN T and AAMAND J (1992) Anaerobic transformation and toxic-

PR . : : ity of trichlorophenols in a stable enrichment cultéppl. Environ.
of pH on dechlorination is more critical since direct removal of Microbiol. 58 (2) 557-561.

chlorophenols by sorption in the system is not so significant as lUinN WM and KENNEDY KJ (1992) Limited degradation of chloro-

batch tests shown in this study. phenols by anaerobic sludge granufgspl. Environ. Microbial 58
(7) 2131-2136.
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