1. Introduction
Chlorophenols are toxic and recalcitrant compounds that can be present in industrial wastewaters and in subsurface water because they are used in the production of herbicides, insecticides, antiseptics, disinfectants and wood preservatives (Krumme and Boyd, 1988; Ning et al., 1997). Due to their toxicity, some of them are included in the United States Environmental Protection Agency list of priority pollutants and in the European framework of water policy established in the 2000/60/CE Directive.
Removal of chlorophenols from water has been investigated in a number of studies. Adsorption, the most commonly used non-destructive method, concentrates the chlorophenols on the solid phase, transferring the problem to a solid waste (Dabrowski et al., 2005). Destructive methods, chemical and biological, allow chlorophenols mineralization and are sometimes used in combination. The chemical oxidation methods are faster (Pera-Titus et al., 2004), although they can generate some intermediates that can be even more toxic than the starting pollutants. Biological treatments, aerobic and anaerobic, have been extensively used in the wastewater field because they can work at high efficiencies and low costs. Nevertheless, when toxic and recalcitrant species are present conventional biological treatments are not suitable (Speece, 1996). In anaerobic processes reductive dechlorination and halorespiration of chlorine atom from chlorophenols takes place producing less hazardous compounds, while in aerobic conditions substituted cathecols and other refractory intermediates can appear if oxidation is incomplete (Annachhatre and Gheewala, 1996).
2,4-dichlorophenol (2,4-DCP) is one of the most environmentally representative chlorophenols because it is used as intermediate in the production of 2,4-dichlorophenoxiacetic acid, a well-known herbicide. Anaerobic biodegradation of 2,4-DCP is preferable to aerobic because the activity of the aerobes is rapidly inhibited at 2,4-DCP loading rates above 100 mg L-1 d-1 (Sahinkaya and Filiz, 2007).

As has been previously reported, 4-chlorophenol (4-CP) dechlorination is the limiting step in the anaerobic dechlorination of 2,4-DCP because the time required for the adaptation of the sludge to 4-CP is fairly long, often higher than 30 d (Kennes et al., 1996). This has been explained as a consequence that only few bacteria are able of dechlorinating chlorophenols on p-position (Magar et al., 1999). Even Desulfitobacterium genus, one of the most studied dechlorinating genera, is unable to dechlorinate 4-CP (Villemur et al., 2006). Despite of this fact, complete biodegradation of 4-CP is possible (Majumder and Gupta, 2008).
It has been proved that the addition of another carbon source in an anaerobic medium allows to mitigate the toxic effects of chlorophenols, either with a sole organic source (Atuanya and Chakrabarti, 2003), or with mixtures (Ye and Shen, 2004). Anaerobic biodegradation of 2,4-DCP in the presence of glucose as co-substrate has been studied by Atuanya and Chakrabarti (2004). The results showed that biodegradation of 2,4-DCP strongly depends on the glucose concentration. A high efficiency was obtained at 2,4-DCP concentrations up to 150 mg L-1 and beyond that value a significant decrease was observed. At 124 and 500 mg L-1 of 2,4-DCP and glucose, respectively and 13.2 h hydraulic retention time (HRT), 70% 2,4-DCP removal was achieved.
The upflow anaerobic sludge blanket (UASB) reactor has been widely used for the treatment of industrial wastewaters. This system has proved to be highly effective for medium and high strength wastewaters within a wide range of HRT (3-48 h) (Seghezzo et al., 1988). It is one of the most extended systems for the biological treatment of phenolic wastewaters (Veeresh et al., 2005). The expanded granular sludge bed (EGSB) reactor is a modification of the traditional UASB reactor. Both are inoculated with granular sludge, but the hydrodynamic conditions are different. Superficial velocity in EGSB (2-10 m h-1) is higher than in UASB due to a high height to diameter ratio and a high recirculation rate. These characteristics improve the mixing and the contact between the wastewater and the sludge in the EGSB reactor (Franklin et al., 1992; Zoutberg and Frankin, 1996).
In this work, results on the anaerobic biodegradation of 2,4-DCP in UASB and EGSB reactors using glucose as carbon source are presented. The two types of systems are compared in terms of COD consumption, 2,4-DCP removal, methane production, process stability and microorganisms adaptability.
2. Materials and Methods
2.1. Reactors configuration

The experiments were performed at 30±1 ºC in two 5.4 L continuously fed UASB and EGSB reactors. These had an internal diameter of 10 cm and a height of 72.5 cm. The three-phase separator was located 15 cm below the top of each reactor. The feed was supplied with peristaltic pump as well as the recirculation in the case of EGSB, giving a superficial velocity of 2.5 m h-1. CO2 was removed from biogas using a Mariotte flask with a 4 M NaOH solution trap, and methane was measured with a wet gas-meter.
2.2. Source of biomass
The reactors were inoculated with 100 g of volatile suspended solids (VSS) of a 1:1 mixture of two different anaerobic granular sludges. The first was retrieved from a lab-scale UASB reactor, where it was acclimated to treat cosmetic wastewater for 180 d. These granules presented an average diameter of 1 mm and a specific methanogenic activity (SMA) of 0.73 g COD g-1 VSS d-1. The second was obtained from a full-scale UASB reactor treating pulp bleaching wastewaters. The granules had a diameter of 1.5-2 mm and the SMA was 0.46 g COD g-1 VSS d-1.
2.3. Wastewater preparation
2,4-DCP (Sigma-Aldrich) was dissolved in NaOH 0.1 M to a concentration of 5 g L-1 and aliquots of this solution were used to prepare the synthetic wastewater. The macronutrients and micronutrients media were prepared according to previous work (Sanz et al., 1996). The basal medium was supplied with glucose as main carbon source and with 2,4-DCP solution. Sodium bicarbonate was added at 1 g NaHCO3 g-1 COD to provide alkalinity and maintain a pH in the range of 7.0-7.5. The synthetic wastewater was stripped with a 80:20 mixture of N2:CO2 to remove dissolved oxygen. The medium was stored at 4 ºC and used immediately to avoid fermentation. The samples were taken from the top of both reactors, filtered and stored at -20 ºC before analyses.
2.4. SMA tests and batch experiments
Previous SMA tests were performed with the sludge to be used in the reactors, using the James et al. (1990) procedure. The SMA values were estimated using the Roediger equation (Edeline, 1980). In order to evaluate the effect of glucose on the anaerobic dechlorination of 2,4-DCP, some batch experiments were carried out, where 300 mL serum bottles were inoculated with 1.5 g VSS L-1 of 2,4-DCP-adapted granular sludge from the EGSB reactor. Methane was measured by the aforementioned method. Glucose at 4 g L-1 was used as carbon source and 2,4-DCP was tested at different concentrations ranging from 10 to 250 mg L-1 in duplicate runs. The batch tests were maintained until complete glucose depletion.
2.5. Continuous experiments


A HRT of 48 h was used in the continuous experiments. Reactors were started up with a glucose concentration equivalent to 8 g COD L-1 and 10 mg L-1 of 2,4-DCP, with the aim of acclimating the biomass to this compound. Biomass was considered acclimated when a COD and 2,4-DCP removal efficiencies of 85 and 90%, respectively, were reached and maintained. In these conditions, methane production was 0.15 L CH4 g-1 COD removed.
2.6. Analytical procedures

Analyses of total and soluble COD and VSS were performed according to the APHA Standard Methods (1992).
The concentration of 2,4-DCP and the reaction products were quantified by HPLC coupled with a photo diode array detector (Prostar, Varian) set at 270 nm using C18 as the stationary phase (Valco Microsorb-MW 250-4.6 C18) and a mixture of acetonitrile, water and acetic acid (60:39:1 by volume) as the mobile phase at flow rate of 1 mL min-1. Column temperature was 40 ºC. Retention times were 7.64 and 6.01 min for 2,4-DCP and 4-CP, respectively.
Glucose was quantified by HPLC coupled with a refraction index detector using sulfonated polystyrene resin in the protonated form (67H type) as the stationary phase (Varian Metacarb 67H 300-6.5) and Sulphuric Acid (0.25 M in milliQ water) as the mobile phase at flow rate of 0.8 mL min-1. Column temperature was 65 ºC. Glucose retention time was 7.02 min.
2.7. SEM images
The morphology of anaerobic granules fixed and cut according to a method previously reported (Alphenaar et al., 1994) was analysed by SEM using a digital Phillips XL 30 apparatus.
3. Results and discussion
3.1. Batch experiments

Time evolution of 2,4-DCP and accumulated glucose consumption for 50, 150 and 250 mg L-1 of 2,4-DCP in the batch experiments is shown in Fig. 1. The results of a control run with 150 mg L-1 of 2,4-DCP but in the absence of glucose are also included. As can be seen from the blank experiment, biodegradation of 2,4-DCP is almost negligible in the absence of an easily assimilable carbon source like glucose. Moreover, a decrease on 2,4-DCP biodegradation rate was observed when glucose was depleted. Thus, glucose consumption strongly affects 2,4-DCP removal. In this sense, 2,4-DCP is used as electron acceptor in the glucose fermentation. This fact has been previously described in the o-dechlorination of pentachlorophenol (Shen et al., 2005). On the other hand, it can be observed a significant decrease of glucose consumption rate as the 2,4-DCP concentration is increased, due to the toxic character of this compound. Nevertheless, glucose is consumed even at relatively high 2,4-DCP concentrations indicating that fermentative microorganisms are not completely inhibited within the concentration range investigated.
3.2. Continuous experiments
Both reactors were continuously operated for 180 d in continuous mode. The organic and 2,4-DCP loading rates were increased step by step (Table 1). The 2,4-DCP loading rate was decreased in the last three stages in order to recover the methanogenic activity. For the sake of comparison of UASB and EGSB performances, both reactors were operated at the same working conditions.

3.2.1. UASB performance

UASB performance is depicted in Fig. 2. As can be seen, during the first six stages, the UASB reactor works at a high COD removal efficiency and the same can be concluded with regard to 2,4-DCP. Destabilization problems started around the beginning of the fourth month (stage VII), when an unstable behaviour was registered for a 2,4-DCP inlet concentration of 210 mg L-1. The average removal efficiencies lowered to about 60 and 75% for COD and 2,4-DCP removal, respectively. The length of this stage VII was intentionally extended with the aim of checking if the UASB reactor could adapt to those extreme conditions. As can be seen it was not the case and after an unstable period a sharp decrease of the 2,4-DCP removal efficiency took place. This proves the great impact of 2,4-DCP on the anaerobic activity in UASB reactors, which can be considered more toxic than monochlorophenols at similar loading rates, as can be compared with the results obtained by Bajaj et al. (2008) in the anaerobic treatment of 2-CP. In the last three stages, the 2,4-DCP loading rate was decreased with the aim of recovering the performance of the system. The 2,4-DCP removal efficiency was retrieved (> 80%) but the COD consumption maintained substantially lower levels than the initial three-month period of stable operation (up to about the middle of stage VI). This suggests that an irreversible inhibition in some of the glucose catabolism paths has taken place. Nevertheless, the UASB reactor in this work showed high 2,4-DCP and COD removal efficiencies compared with other studies. 2,4-DCP and COD removal efficiencies around 60 and 40%, respectively, were reported by Sponza and Uluköy (2005) working at organic and 2,4-DCP loading rates comparable to the ones of this work although with substantially lower HRT (20 h versus the 48 h of our case).
3.2.2. EGSB performance

The results obtained in the EGSB reactor are presented in Fig. 3. Both COD consumption and 2,4-DCP removal efficiency were higher than 95% until the stage VII. At a 2,4-DCP concentration higher than 200 mg L-1 the average efficiencies were reduced to 74 and 84%, respectively, which can be considered a fairly good performance in those conditions.

The highest 2,4-DCP exit concentration was registered at the end of the stage VII. Then the system recovered again once the 2,4-DCP concentration was reduced progressively to 55 mg L-1. Collins et al. (2005) found that full recovery of anaerobic EGSB reactor inhibited by 2,4,6-trichlorophenol (2,4,6-TCP) overloading could be achieved if the influent 2,4,6-TCP concentration is progressively down to zero.
In general, the EGSB reactor showed a better behaviour than the UASB under similar working conditions. The 2,4-DCP removal and COD consumption efficiencies are reduced at 2,4-DCP concentrations around 210 mg L-1 in both cases, but the effect was much more accused in the UASB and it did not recover its initial COD consumption efficiency whereas the EGSB recovered its initial performance when the 2,4-DCP concentration lowers at around 55 mg L-1.
3.2.3. 4-CP formation
4-CP was the main concerning intermediate looking at its toxicity. Its concentration was gradually increasing in both reactors up to around 55 mg L-1 in the stage V (40th d). The overall dechlorination efficiency decreased from more than 80% to less than 30%, as can be seen in Fig. 4. Intending to favour 4-CP biodegradation, the concentration of glucose was reduced to one-half at the beginning of the stage VI (73rd d). Since then, dechlorination efficiency progressively improved in both reactors up to almost 60%. This performance dropped down in the UASB reactor at the end of the VII stage when a dramatic decrease of 2,4-DCP removal efficiency occurred (see Fig. 2). Nevertheless, the outlet 4-CP concentration was progressively decreasing in both reactors, confirming that the glucose concentration plays a key role in the p-dechlorination process as reported by Zhang and Wiegel (1990). The rise of dechlorination efficiency coupled to a decrease of the outlet 4-CP concentration imply that the microorganisms were progressively adapting to 4-CP derived from the increasing quantities of 2,4-DCP supplied to the system. Working with 2,4-DCP, Sponza and Uluköy (2008) concluded that dechlorination efficiency varies inversely to the COD loading rate, but they found optimum dechlorination conditions (almost 100% efficiency) at 25-30 g COD L-1 d-1, whereas in our case similar efficiencies were obtained at much lower COD loading rate (around 2 g COD L-1 d-1; see Figs. 3 and 4).
Despite the improvement of 4-CP biodegradation, its concentration in both reactors was above 20 mg L-1 at the end of stage VII (day 140; see Figs. 3 and 4). Probably extending the length of the stages the microorganisms would be completely adapted to 4-CP and total dechlorination could be achieved, but a long period of acclimation is not always possible because of technical and economic limitations. Since aerobic techniques allow treating industrial wastewaters with low and high concentrations of monochlorophenols (Buitron et al., 2005), a good solution would be coupling anaerobic and aerobic processes for efficiently treating complex chlorophenolic wastewaters (Chen et al., 2003; Sponza and Uluköy, 2005).
3.2.4. Methane production

In both reactors methane production was the most critically affected parameter due to the toxicity of 2,4-DCP. Nevertheless, the methanogenic performance of UASB and EGSB was fairly different, as shown in Fig. 5a, where it can be observed the great difference in methanogenesis inhibition in relation to the 2,4-DCP loading rate. While in the EGSB reactor the methanogenic activity remains within fairly high values up to a 2,4-DCP inlet concentration around 130 mg L-1, in the UASB reactor this activity was progressively diminishing up to complete inhibition. This system did not recover its performance until the last stage, under more favourable conditions (COD = 12 g L-1 and 2,4-DCP = 55 mg L-1) where it was possible to recover the methanogenic activity until a value close to 0.15 L CH4 g-1 COD consumed.
Figure 5b shows the COD consumption efficiency and methane production in relation to the 2,4-DCP loading rate applied. As can be seen, methanogenic activity decreased as the 2,4-DCP loading rate increased in both reactors but, while in the EGSB reactor the methanogenic inhibition follows a trend more or less parallel to that of the inhibition in COD consumption, the deviation was much higher in the UASB reactor, where the methanogenic activity underwent a significantly higher deterioration. This fact implies that methanogens are almost completely inhibited in the UASB reactor, so fermentative microorganisms withstand higher 2,4-DCP loading rates. This can be explained by a deeper location of methanogens in the anaerobic granules (Baloch et al., 2008). Thus, when a higher flow rate is applied, as in the case of the EGSB reactor, the concentration of 2,4-DCP into the deeper layers of anaerobic granules is smaller because dechlorinating bacteria carry out the dechlorination of 2,4-DCP before this compound gets in contact with methanogens.
3.2.5. Granular structure of UASB and EGSB sludges
The morphological structure of the granules used as inoculum and those sampled from UASB and EGSB reactors at the end of the continuous experiments are shown in Fig. 6 (a,b,c, respectively). The micrographs on the left show sections of the sludge granules. No significant physical changes such as disintegration and morphological or size variations can be observed. Also, the layer stratification appears fairly similar in both reactors. Detailed pictures of the inside of the granules can be seen in the micrographs on the right. Conclusive differences can not be obtained which would permit relating the microbial sludge behaviour in both reactors with some possible morphological changes. Nevertheless, the higher proportion of microorganisms in the granules from EGSB reactor (96% VSS versus 82% VSS in the UASB reactor) can partly explain the lower tolerance to 2,4-DCP of the UASB system.
4. Conclusions
2,4-DCP can be successfully degraded with anaerobic granular sludge in both UASB and EGSB reactors, but the second shows more efficient and stable. EGSB reactor performance was maintained during the overall continuous assay, whereas 2,4-DCP removal in the UAB reactor was inhibited at concentration of 210 mg L-1. In addition, it is possible to optimize the 2,4-DCP dechlorination via p-dechlorination trough 4-CP if the COD loading rate is conveniently adjusted, resulting in an improvement on the 4-CP biodegradation and the dechlorination efficiency.
Methanogenesis is the stage most critically affected by the presence of 2,4-DCP, but the granular biomass from the EGSB reactor is more tolerant to this toxic species. The methanogenic activity was severely decreased at 2,4-DCP concentrations beyond 200 mg L-1 but it was recovered by lowering again the load of that compound. This recovery was faster in the EGSB reactor.
Conclusive changes in the morphological structure of the microbial sludge in both reactors were not found, although the proportion of VSS in the granules from the EGSB was higher than in the UASB system.
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