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Abstract An algal-bacterial microcosm was synthetically

constructed of Chlorella vulgaris MMl and Pseudomonas

MTl. This microcosm was able to treat simulated wastewater

supplemented with mixtures of phenol and pyridine up to 4.6

and 4.4 mM, respectively, in a continuous stirred tank bio-

reactor (CSTR) using photosynthetic oxygenation. Com-

plete pollutant removal and detoxification and 82 %

removal of introduced chemical oxygen demand (COD)

were achieved at a hydraulic retention time (HRT) of

2.7 days. Increasing the influent load to 5.3 and 6.3 mM

reduced the removal of phenol, pyridine and COD to 78, 21

and 59 %, respectively. Fertilization of the photobioreactor

with 24 mM NaHCO3 restored the treatment and detoxifi-

cation efficiencies. The system was able to additionally

mitigate up to 72 mM NaHCO3 at the same HRT. Although

the fertilization increased the system treatment efficiency,

the settleability of the algal-bacterial microcosm was sig-

nificantly reduced. When the photobioreactor was operated

at HRT of 2.7 days in a 12/12 h of dark/light cycle, complete

removal of 4.7 mM phenol was recorded but only 11 % of

5.7 mM pyridine was removed. The COD removal effi-

ciency and CO2 mitigation were also reduced to 65 and

86 %, respectively, and the effluent retained significant

toxicity where 73 % inhibition was recorded. Elongation of

the illumination time to 48 h (HRT of 4 days at 12/12 h

dark/light cycle) restored the treatment and detoxification

efficiencies.
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Introduction

Biological methods for wastewater treatment are much

preferable for being more economical and environmentally

friendly (Munoz 2005; Tamer 2006). Biological treatment of

wastewater using algal-bacterial culture biotechnology has

received considerable attention in the last decade (Munoz

et al. 2005a; Godos et al. 2009). Much attention to this

promising strategy has been recently paid in developing

countries, where sunlight is abundant but large investments

are not affordable (Tamer 2006).

In the algal-bacterial treatment under illuminated condi-

tions, algae produce O2 by photosynthesis, which is required

by the bacteria to mineralize organic matter. This should

overcome most of the drawbacks and limitations of the

conventional biodegradation methods based on mechanical

aeration (Tchobanoglous et al. 2003). For instance, appli-

cation of this strategy would avoid the high risk of volatil-

ization of aromatic pollutants and the relative high cost of

the mechanical aeration which represents up to 55 % of all

the energy used during wastewater treatment (Munoz and

Guieysse 2006). Additionally, the CO2 released by the

bacteria is then consumed by photosynthetic algae, thereby

mitigating greenhouse gas emission (Munoz and Guieysse

2006; Tamer et al. 2007).

Recently, several studies have reported the investigation

and optimization of algal-bacterial based biological treat-

ment of organic pollutants on both scales; shake flasks and
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photobioreactors (PBRs) (Munoz et al. 2003; Tamer et al.

2006; Munoz et al. 2009; Yecong et al. 2011). However, to

the best of our knowledge, most recent studies on both

scales were conducted using only single organic pollutant

as a model. Even when studies have been attempted to treat

a mixture of pollutants (Tamer et al. 2007), it was con-

ducted using batch mode on shake flask scale.

In this perspective, the present study was conducted as

an attempt to optimize the algal-bacterial biodegradation of

mixtures of organic pollutants (phenol ‘‘aromatic’’ and

pyridine ‘‘hetero-aromatic’’) in a continuous PBR by a

phenol- and pyridine-degrading bacterial strain (Pseudo-

monas MTl) and a microalgal strain (Chlorella vulgaris

MM1). The maximum capacity of the PBR to treat the

pollutant mixtures and mitigate CO2 was estimated and

enhanced. Finally, the effect of the natural diurnal (dark/

light cycles) on the treatment and detoxification efficien-

cies was investigated. The impact of all tested changes on

the settleability pattern of the algal-bacterial biomass was

monitored.

Materials and methods

Unless otherwise specified, all tests were conducted under

aseptic conditions and in triplicate.

Microorganisms

A phenol- and pyridine-degrading Pseudomonas MTl strain

(Genbank accession number JQ 178342) and a microalgal

strain morphologically characterized as Chlorella vulgaris

MMl were isolated, cultivated and maintained in metal salt

medium (MSM) according to Tamer et al. (2010) and El-

Rakaiby et al. (2012).

Establishment of the photobioreactor

The dynamic system was established using a 600-ml con-

ical glass PBR in a continuous stirred tank reactor ‘‘CSTR’’

mode according to Tamer et al. (2006) with minor modi-

fications (see Supplementary Material). Illumination was

provided to the CSTR by two fluorescent lamps (Gelia E27,

36W) placed in a parallel configuration around the reactor

(illumination intensity of 5,000 lux at the reactor surface).

The PBR was first filled with the artificial wastewater

(composed of MSM supplemented with the pollutants

mixture) and tested for abiotic removal for at least 14 days

by the addition of 3 mM CUS04. The PBR was then

properly washed, refilled with the artificial wastewater

supplemented with 1.06 mM phenol and 0.63 mM pyridine

and inoculated with 10 % v/v of the algal-bacterial con-

sortium at a ratio of 5:1 according to Guieysse et al. (2002).

Once the microbial growth was established, the waste

stream was added to the reactor using a fed-batch mode, by

injecting 100 ml of fresh influent per day (i.e. approximate

hydraulic retention time (HRT) of 6 days). The bioreactor

was then shifted to a continuous mode by supplying the

waste stream using a peristaltic pump (Watson Marlow,

101U, England) at HRT of 4 days then this time was

shortened to 2.7 days.

The PBR was challenged by increasing the influent load

(Table 1) at constant environmental conditions; tempera-

ture of 25 ± 2 �C, agitation of 200 rev min-1 and HRT of

2.7 days. Once the maximum treatment efficiency was

reached, fertilization of the artificial wastewater supplied to

the PBR was started with increasing concentrations of

NaHCO3 (Table 1). Finally the PBR was operated at a

diurnal cycle of 12/12 h of dark/light conditions (Table 1).

Regularly, samples of 80 ml were taken from the PBR

outlet for analysis of phenol, pyridine, COD, pH, chloro-

phyll-a content, OD6oonm and phytotoxicity. Temperature

and dissolved oxygen (DO) were measured using a DO

meter (Adwa AD610, Hungary) coupled with a tempera-

ture sensor. Every time a parameter was changed, the

system was tested for a period of at least 3–4 HRTs before

a new change was made.

Settleability test

Settleability tests were conducted in 100-ml glass beakers

filled with 80 ml of the sample withdrawn at each stage.

These samples were allowed to settle for 1 h in the absence

of stirring. A liquid sample of 5 ml was drawn after 10, 20,

30 and 60 min for chlorophyll-a content analysis. Samples

were gently pipetted at 1 cm below the surface of the

microcosm culture. The settleability was calculated based

on the percentage of the reduction in the chlorophyll-

a content values compared to that recorded at zero time.

Analysis

Analysis of phenol and pyridine was conducted by HPLC–

UV using a Shimadzu HPLC system equipped with a

Supelco LC-18 column according to El-Rakaiby et al.

(2012). Microbial density and pH were measured according

to El-Rakaiby et al. (2012). Chlorophyll-a content was

measured according to Xue et al. (2011) and the COD was

measured according to Tamer et al. (2007). The remaining

CO2/CO3
-2 were measured by acid–base titration using

0.1 M HCl and methyl orange as indicator. Phytotoxicity

(seed germination test) was conducted according to Tamer

et al. (2007) using seeds of Lepidium sativum. Potential

outliers were identified and rejected using the Grubb’’s test

at the 5 % significant level.
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Results

The recorded removal of both tested pollutants and water

evaporation was always less than 10 % even after 14 days

of incubation under abiotic conditions. When the PBR was

inoculated and the microbial growth was established, the

treatment efficiency and growth parameters were moni-

tored. No considerable difference was recorded in either

the treatment efficiency (COD removal %) or the microbial

growth (chlorophyll-a content) within the PBR, when it

was shifted from fed-batch mode with HRT of 6 days to

continuous mode with HRT of 4 days (Fig. 1). Further

shortening of the HRT to 2.7 days had also no effect on the

COD removal % however, the chlorophyll-a content was

even augmented (Fig. 1).

The PBR showed an efficient and consistent treatment of

different COD loads up to a COD load of 1,316 mg l-1

where complete pollutant removal and detoxification were

achieved (Table 1). Although the recorded percentage COD

removal at all tested influent loads was almost in the same

order of magnitude of 82–88 % (Table 1), the COD removal

rate increased with the increase in the COD loading rate

(Fig. 2). The highest COD removal rate (400 mg l-1 day-1)

was recorded at COD loading rate of 487–530 mg l-1 day-1

(Fig. 2). These stages of high COD loading and removal

rates (stages C, D and E) were accompanied by remarkably

high optical density and chlorophyll-a content (Fig. 3).

Increasing pollutant concentrations in the influent to 4.8

and 5.7 mM of phenol and pyridine, respectively, resulted

in a considerable reduction in pyridine removal to 30 %

and a slight reduction in COD removal to 76 % (Table 1).

When the PBR was loaded with 5.3 mM phenol and

6.3 mM pyridine, the treatment efficiency was further

reduced to 78, 21 and 59 % removal of phenol, pyridine

and COD, respectively. Consequently, the COD removal

rate was also reduced (Fig. 2) and incomplete detoxifica-

tion (36 % inhibition in the effluent) was recorded

(Table 1).

Interestingly, fertilization of the influent with 24 mM

NaHCO3 restored the treatment efficiency of the PBR

where complete pollutant removal and detoxification were

achieved (Table 1). Increasing the NaHCO3 concentration

Table 1 A summary of the conducted sets of experiments on the

photobioreactor and the corresponding recorded treatment and

detoxification efficiencies where the PBR was inoculated with 10 %

v/v of algal-bacterial microcosm and operated at (25 ± 2 �C),

continuous illumination (5,000 lux), agitation (200 rev min-1) and

HRT (2.7 days)

Experiment Influent load content Treatment and detoxification efficiencies

Pollutant conc. (mM) Initial

COD

(mg l-1)

COD

loading rate

(mg l-1 day-1)

NaHCO3

(mM)

Pollutant removal % COD

removal

%

CO2

mitigation

(%)

Phytotoxicity

(%) 9 2a

Phenol Pyridine Phenol Pyridine

A 3.5 ± 0.1 1.6 ± 0.0 754 ± 12 279 – 100 ± 0 100 ± 0 88 ± 4 100 ± 0 0 ± 0

B 4 ± 0.0 2.5 ± 0.1 949 ± 24 351 – 100 ± 0 100 ± 0 83 ± 2 100 ± 0 0 ± 0

C 4.5 ± 0.1 3.8 ± 0.2 1,248 ± 18 462 – 100 ± 0 100 ± 0 85 ± 4 100 ± 0 0 ± 0

D 4.6 ± 0.1 4.4 ± 0.1 1,316 ± 20 487 – 100 ± 0 100 ± 0 82 ± 2 100 ± 0 0 ± 0

E 4.8 ± 0.0 5.7 ± 0.2 1,430 ± 31 530 – 100 ± 0 30 ± 2 76 ± 3 100 ± 0 0 ± 0

F 5.3 ± 0.2 6.3 ± 0.0 1,633 ± 15 605 – 78 ± 3 21 ± 3 59 ± 1 100 ± 0 36 ± 4

G 4.8 ± 0.2 5.7 ± 0.2 1,438 ± 20 533 24 100 ± 0 100 ± 0 78 ± 1 100 ± 0 0 ± 0

H 4.7 ± 0.0 5.6 ± 0.1 1,440 ± 20 533 48 100 ± 0 100 ± 0 80 ± 3 100 ± 0 0 ± 0

I 4.7 ± 0.0 5.7 ± 0.1 1,442 ± 18 534 72 100 ± 0 100 ± 0 82 ± 2 97 ± 2 0 ± 0

Jb 4.8 ± 0.1 5.7 ± 0.1 1,437 ± 23 532 72 100 ± 0 11 ± 1 65 ± 2 86 ± 2 73 ± 6

Kc 4.7 ± 0.1 5.7 ± 0.1 1,451 ± 31 363 72 100 ± 0 100 ± 0 79 ± 2 99 ± 1 0 ± 0

a The attempted dilution factor
b The photobioreactor was operated at HRT of 2.7 days with a 12/12 h dark/light cycle
c The photobioreactor was operated at HRT of 4 days with a 12/12 h dark/light cycle

Fig. 1 The recorded COD removal % (triangles) and chlorophyll-

a content (squares) in the PBR inoculated with the algal-bacterial

microcosm, supplied with simulated wastewater stream and operated

at temperature of 25 ± 2 �C, under continuous illumination (5,000

lux), agitation (200 rev min-1) and different HRTs
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in the influent up to 72 mM had no further improving effect

on the treatment efficiency (Table 1); however, this

increase was accompanied by a gradual and remarkable

increase in the chlorophyll-a content and the recorded OD

(Fig. 3). Almost complete CO2 mitigation was achieved at

all tested concentrations of NaHCO3 under continuous

illumination (Table 1).

Application of a 12/12 h dark/light cycle at the same

HRT with a total illumination time of 32 h considerably

reduced the treatment and detoxification efficiencies;

where almost 90 % of pyridine was accumulated, 73 %

inhibition was recorded and only 65 % of the COD was

removed (Table 1). This was accompanied by a reduction

in the chlorophyll-a content (Fig. 3). Additionally, CO2

mitigation declined to 86 % (Table 1). When the HRT was

elongated to 4 days with a total illumination time of 48 h,

both treatment and detoxification efficiencies were restored

(Table 1). In addition, an almost complete CO2 mitigation

and an increase in both monitored growth parameters

(chlorophyll-a content and OD) were recorded (Table 1;

Fig. 3).

The algal-bacterial biomass within the PBR showed a

good settleability pattern (70 % reduction in chlorophyll-

a content within 30 min) (Fig. 4). This settleability was

negatively affected by the fertilization of PBR (Fig. 4a).

The worst settleability pattern (20–30 %) was recorded

when the PBR was loaded with 72 mM NaHCO3 (Fig. 4b).

However, the settleability was once again improved to

(40–50 %) when a 12/12 h dark/light cycle at HRT of

2.7 days was applied (Fig. 4b). Elongation of the HRT to

4 days slightly reduced the settleability pattern (Fig. 4b).

Interestingly, a correlation between the chlorophyll-a con-

tent and the settleability was observed as the increase in

NaHCO3 concentration was always accompanied by an

increase in chlorophyll-a content (Fig. 3) and a decline in

the settleability pattern of the algal-bacterial biomass

(Fig. 4).

Fig. 2 The recorded COD removal rate in the PBR, inoculated with

the algal- bacterial microcosm, continually supplied with simulated

wastewater stream supplemented with an increasing COD influent

load and operated at temperature of 25 ± 2 �C, under continuous

illumination (5,000 lux), agitation (200 rev min-1) and at HRT of

2.7 days

Fig. 3 The recorded optical density (grey bars) and chlorophyll-

a content (white bars) in the PBR, continually supplied with

simulated wastewater stream containing increasing influent load

andlor NaHCO3 concentrations and operated at temperature of

25 ± 2 �C, under continuous illumination (5,000 lux) and agitation

(200 rev min-1)

Fig. 4 The recorded settleability pattern of algae-bacterial micro-

cosm measured as the reduction % in the chlorophyll-a content when

the PBR was continually illuminated (5,000 lux) and supplied with

simulated wastewater stream containing NaHCO3 at a concentration

(mM) of zero (diamonds), 24 (squares), 48 (triangles) (a) or operated

using 72 mM NaHCO3 at different illumination times (using a

12/12 h dark/light cycle) with a total illumination time (h) of 64 (open
circles), 32 (open squares) and 48 (open triangles) (b). All sets were

operated at temperature of 25 ± 2 �C and agitation (200 rev min-1)
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Discussion

The shortest HRT required to achieve complete removal and

detoxification of the introduced pollutants mixture was

2.7 days. Although no negative impact was recorded on the

treatment and detoxification efficiencies when the HRT was

shortened from 6 to 2.7 days, no further shortening of the

HRT was attempted since preliminary studies carried out on

the algal strain used showed that the minimum time for a

significant algal growth was 48–72 h (El-Rakaiby et al.

2012). Therefore, further reduction of the HRT to\2.7 days

would jeopardize the treatment efficiency of the system.

Yet the attempted HRT in the present study is considered

among the shortest for an algal-bacterial PBR to treat rele-

vantly toxic pollutants such as phenol and pyridine espe-

cially in a mixture form; for instance, Tamer et al. (2006),

reported that the required HRT for complete removal of

3.5 mM phenol was 6 days; however, when the PBR was

shifted to a continuous mode at HRT of 3.6 days, the

treatment efficiency was significantly dropped, although

other studies such as Munoz et al. (2004) have reported

relatively shorter HRTs (1.5 and 0.9 days) to completely

remove sodium salicylate. Both phenol and pyridine are

classified as more toxic pollutants than salicylate on an

individual basis (Tamer et al. 2006). Hence, the toxicity of a

mixture of phenol and pyridine would be much higher, that

would logically necessitate a longer time of treatment.

The highest COD removal rate recorded was

400 mg l-1 day-1 Comparatively, higher COD removal

rates of 563 and 1,223 mg l-1 day-1 have been reported in

similar PBRs (Munoz et al. 2004; Munoz et al. 2005b) but still

for much less toxic pollutants (acetonitrile and salicylate,

respectively) and on individual basis. On the other hand, the

recorded COD removal rate was higher than that reported by

Tamer et al. (2006), who have reported a COD removal rate of

125 mg l-1 day-1 when treating 3.5 mM phenol.

In the present study increasing the influent COD load

above a certain limit (1,430 mg l-1), severely reduced the

treatment efficiency. Indeed, the increased toxicity of the

introduced pollutants in the influent retarded algal growth

(Munoz and Guieysse 2006; Tamer et al. 2007). Conse-

quently, the magnitude of the photosynthetically generated

oxygen essential for the efficient bacterial removal of the

pollutants was reduced (Tamer et al. 2007). Interestingly,

whenever the treatment efficiency of the PBR was reduced,

the pyridine load started to accumulate, while the phenol

load remained efficiently removed by the algal-bacterial

microcosm. This could be explained by the higher affinity of

the phenol hydroxylase enzyme (the key enzyme included in

the degradation of aromatic compounds) towards phenol

than pyridine (Sun et al. 2011).

Fertilization of the influent with 24 mM NaHCO3

restored the treatment and detoxification efficiencies of the

PBR. The added NaHCO3 provided an extra fast utilizable

source of CO2, that consequently enhanced the photosyn-

thetic algal growth and increased the generated oxygen

required to achieve complete pollutant removal. Similarly,

Tamer et al. (2006) have reported that the algal-bacterial

system restored its complete treatment efficiency of

3.5 mM phenol when the influent was fertilized with

60–90 mM NaHCO3. Interestingly, the algal-bacterial

system was able to mitigate up to 72 mM NaHCO3 and this

was accompanied by a considerable increase in the algal

density represented by the chlorophyll-a content. This

should augment the added value of this strategy, as the

concept of CO2 mitigation by microalgae has numerous

advantages (Mijeong et al. 2003; Tamer 2006).

Implementation of a diurnal cycle (12/12 h dark/light

cycle) reduced the treatment and detoxification efficiencies

in the PBR. Obviously, the reduction in the illumination time

could dramatically affect the treatment efficiency through

the shortening of the available duration of the photosynthetic

oxygenation. Similarly, in previous studies (Munoz et al.

2004; Tamer et al. 2006) shortening the illumination time by

shortening the HRT resulted in a significant reduction in the

treatment efficiency of phenol and salicylate, respectively.

This was confirmed in the present study, where upon

increasing the HRT (applying diurnal cycle) from 2.7 to

4 days, the illumination time increased simultaneously from

32.4 h to 48 h and the system restored the complete treat-

ment and detoxification efficiencies.

Although one of the limitations of the algal-bacterial

biological wastewater treatment is the harvesting of the

algal-bacterial biomass, the algal-bacterial microcosm in

the present study showed a good settleability pattern. This

phenomenon is probably due to the presence of the bac-

terial isolate which led to the formation of large bioflocs

(Yanyan et al. 2011). However, the fertilization of the

influent with NaHCO3 led to a decline in this settleability

pattern. This deterioration in the settleability pattern may

be due to the relative increase in microalgal cell number;

hence, the increase in algal to bacterial ratio and the con-

sequent decrease in the formation of algal-bacterial bio-

flocs. Besides, algal cells alone are difficult to be removed

by gravity sedimentation due to their small size \20 lm,

similar density to water and strong negative surface charge

(Munoz 2005). This suggestion was confirmed, as the

settleability pattern was re-improved when the illumination

time was shortened to 32 hand 48 h, as a result to the

decline in the algal density.

Conclusion

The present study introduced an initiative attempt to

bioremediate mixtures of organic pollutants (phenol and
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pyridine) that coupled with CO2 mitigation in a continuous

PBR. The bioremediation and mitigation efficiencies were

rather governed by the algal growth rate and the illumi-

nation time. However, more studies are needed to reach a

compromise between achieving the maximum treatment

and CO2 mitigation capacities with the highest possible

settleability profile of the alga-bacterial biomass.
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