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Abstract. Cheese whey effluent contains biodegradable organic compounds in the range of 40 to 80 g. L™. In this

study, a three-stage rotating biological contactor was fabricated as a bench scale experimental unit to remove organic

matters from cheese whey. First, the treatability of cheese whey eftluent in the three-stage rotating biological contactor

(RBC) was evaluated. Then the effect of extended specific surface area (SSA) and recirculation rate on COD removal

was investigated. The obtained results showed that the organic removal rate increased with an increase in loading rate,

till other limiting parameters affect the process. Prior to application of the designated modifications to the system,
maximum COD removal efficiency at HRTs of 24 and 36 h with OLR of 50 gCOD.L™".d™! was 90 and 92.4%, respec-
tively. The removal efficiency was improved as a result of increasing the SSA and recirculation rate. Also, recirculation

rate may assist to increase the DO level of the wastewater, especially at high OLRs. To sum up, obtained results showed

that whey effluent has been efficiently treated in a continuous operation of bench scale RBC.

Keywords: cheese whey, COD removal, Rotating Biological Contactor, Recirculation, Organic loading rate.

Introduction

The main priorities for wastewater treatment are efflu-
ent quality, cost, energy efficiency and nutrient removal/
recovery (Reardon et al. 2013). The sustainable develop-
ment of wastewater treatment technology is essential to
improve process efficiency and the long term treatment
plant capacity (Hoyland et al. 2010, Grady Jr et al. 2012).

Cheese whey (CW) is a by-product of the cheese
and dairy effluents. Cheese processing effluents exhibit
chemical oxygen demand (COD) values in the range of
0.8-102 g.L! and biological oxygen demand (BOD) val-
ues in the range of 0.6-60 g.L'which leads to a high con-
sumption of dissolved oxygen in water bodies (Carvalho
et al. 2013; Bylund, Pak 2003; Janczukowicz et al. 2008;
Ebrahimi et al. 2009). It has been reported that cheese
whey effluents have pH values in a wide range of 3.3-9.0.
Typically, the aforesaid composition has a low pH. Sus-
pended solids (SS), Total Kjeldahl Nitrogen (TKN), and
total phosphorus are in the ranges of 0.1-22.0, 0.01-1.7
and 0.006-0.5 g. L™, respectively.

Whey is a source of protein and lactose; it has high
content of organic compounds. Whey as raw material is
used for production of lactate and polylactate which is
used in packaging industry. Also, it can be used in ag-
riculture, pharmacy and food industry as nutritional
supplements and food additives. In the last decades,
technological and economic advancement made it possible
to recover soluble proteins from cheese whey, but still ap-
proximately half of world cheese whey production is not
treated, and it is discharged as eftfluent (Yorgun et al. 2008;
Smithers 2008). If for any reason such as economic, sani-
tary, local and lacking enough equipment, whey valoriza-
tion technologies (such as protein and lactose recovery,
spray drying, freeze-concentration, etc.) or direct utiliza-
tion of whey for animal feed are not applicable, disposal
has become an essential issue. In this case, aerobic or an-
aerobic treatment can be a solution to whey disposal. It
is therefore necessary to process the whey even if it may
be uneconomic (Kaewkannetra et al. 2009). In general,
biological and membrane treatment processes are mainly
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used to treat cheese whey wastewater, but most of these
processes are high energy intensive (Prazeres et al. 2012;
Carvalho et al. 2013).

Rotating biological contactors (RBC) are normally
called disc biofilm reactors which are an efficient alter-
native to wastewater treatment process such as activated
sludge. The RBC technology has been widely used for the
treatment of both municipal and industrial wastewaters
(Mba, Bannister 2007). In this process, microorganism
grows by degrading the substrate which causes microbial
growth in a static biological film (Hassard et al. 2015; Si-
rianuntapiboon, Chumlaong 2013). In cases of wastewa-
ters with high BOD/COD ratio per day such as cheese
whey, some crucial operational challenges like biological
clogging emerge, which are unavoidable and quite fre-
quent in biofilters. Correspondingly, the most recognized
benefit of rotating biological contactors is prevention of
such phenomenon (Vasala et al. 2005; Carvalho et al.
2013; Rodgers, Zhan 2003). Moreover, high oxygen trans-
fer efficiency in RBC is more cost-effective in the final re-
sult in comparison to other processes using diffusers or
surface aerators. Other particular advantages such as high
capacity to tolerate fluctuations in wastewater characteris-
tics and to dampen shock loadings could also be achieved
in a properly designed RBC (Metcalf 2003). Furthermore,
it causes higher degradation efficiencies of organic load-
ings and resistance to toxic shocks than suspended growth
process (Najafpour et al. 2005, 2006, 2008; Ebrahimi et al.
2010). Statistics indicate that RBC demands approxi-
mately 70-80% of the energy requirements of a trickling
filter system and 40-50% of an activated sludge system
(Rodgers, Zhan 2003; Metcalf 2003). In addition, activat-
ed sludge process and trickling filter system bring a sub-
stantial increase in operation complexity and insufficient
efficiency. Therefore, decentralized wastewater technolo-
gies like RBC are gaining more attention in order to deal
with wastewaters having high organic loading rate such
as cheese whey, in terms of both the total cost and energy
consumed. Najafpour and his coworkers (Najafpour et al.
2005) have investigated the treatability of a high strength
organic load of palm oil mill industrial wastewater which
contained COD of about 16 g.L™! through a bench scale
experiment using a modular RBC reactor. After a five-
day HRT, 91, 80 and 89% removal rates were achieved
for COD, TKN and SS, respectively. In the most recent
studies it was indicated that organic loading rate (OLR)
causes a considerable impact on removal rate of biofilm
developed on a polyvinyl chloride (PVC) mesh, polyester
and polyurethane foam in simultaneously operated RBC
reactors (Ercan, Demirci 2013). OLR, stages of RBC, recir-
culation, hydraulic retention time (HRT), rotation speed,
media specific surface area, mass transfer rate and sub-
mergence percentage of disks are important parameters in
RBC performance. There is considerable relation between

some of these parameters which need to be investigated
(Hassard et al. 2015). Staging has a positive effect on per-
formance of RBC considering wastewater strength and its
composition. However, this effect would be insignificant
after four stages (Hassard et al. 2015). Discharge recircula-
tion also increases the process performance by adjusting
the substrate to microorganism ratio. Extensive research
has been conducted on the efficiency of biofilm systems
for cheese whey treatment; however, not much research
was conducted on behavior of RBC systems under various
conditions such as excessive daily loading rates, usage of
modified extended surface discs as media support and ef-
fect of recirculation on removal efficiency in high strength
wastewaters.

In the previous work (Ebrahimi et al. 2009), the per-
formance of RBC in COD removal of high strength waste-
water under various hydraulic loading conditions was ex-
perimented. This work is continuation of previous work
with more detail studies and evaluation of additional pa-
rameters. The effect of increasing SSA and recirculation on
COD removal and DO level were compared. In addition
to variation of COD and HRT, other effective parameters
like dissolved oxygen (DO) and TSS were evaluated. The
main objective was to define the most effective process pa-
rameter which leads to the highest COD removal.

1. Materials and methods
1.1. Experimental setup

A three-stage RBC was built similar to that in our previ-
ous studies (Ebrahimi et al. 2009, 2010). The RBC con-
sisted of three equal-sized compartments (75x35x30 cm),
separated by fixed baffle plates with 16 light-weight PVC
discs in each compartment. The total volume of RBC was
78.75 L. The discs, mounted on a galvanized metal shaft,
had a diameter of 32 cm, 3 mm thickness and interspacing
of 8 mm. The total surface area available for microorgan-
ism growth on discs was 7.1 m?. A changeable speed mo-
tor (NORD motor, model SK 63/4, Germany) was rotat-
ing discs mounted on the shaft. In order to increase the
SSA, some rectangular extended thin blades of PVC plates
in certain dimensions were attached to the disks surface
which increased the surface area by 10%. Five essential
factors including HRT, OLR, recirculation, DO level and
SSA were evaluated to investigate the impact of RBC op-
eration on overall system performance. Based on steady
state condition, the samples were taken for each volumet-
ric flow rate after two times of corresponding retention
time. The fresh raw wastewater was collected in a 20-liter
container, then transported to the laboratory on a daily
basis, refrigerated and stored at 4 °C to prevent any acidi-
fication and undesirable changes in their chemical com-
position. Diluted whey was fed into the reactor at pH 6.5
during the adaptation phase. Several dilutions of CW were
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prepared using distilled water based on requirements of
the tests. In order to adjust the feed pH to 6.5, a 6M so-
dium hydroxide solution was used. The CW used in this
study was obtained from “Gela Dairy Industrial Plant”
(Amol, Iran), which was collected from ultra-filtration
process for the production of cheese. The whey compo-
sition is reported in our previous work (Ebrahimi et al.
2009); otherwise, based on experimental conditions, the
values are stated.

1.2. Analytical methods

The collected samples were settled for 30 minutes to ana-
lyze COD and biomass concentration. Standard methods
for examination of water and wastewater was employed
to determine TSS and DO concentrations (APHA 2005).
In order to measure COD, a colorimetric method with
closed reflux method was developed. Spectrophotometer
(UNICO 2100, USA) at wavelength of 600 nm was used
to measure the absorbance of samples. DO and pH meter
(Hanna, H19024) were used to measure pH and dissolved
oxygen. The reactor temperature was basically maintained
at room temperature.

2. Results and discussion
2.1. Start-up of the RBC

The RBC reactor was inoculated with 10 L of sludge with
MLSS value of 4000 mg. L™, which was obtained from the
mentioned industrial treatment plant. In order to develop
initial biofilm, the reactor was fed with raw whey contain-
ing 0.4 gCOD.L™'.d™" at rotating speed of 4 rpm and HRT
of 36 h. A gradual formation of biofilm on the rotating
discs was observed after two weeks and fast biofilm ac-
cumulation was observed afterwards. The image of fully
developed biofilm on RBC discs is shown in Figure 1.

2.2. RBC performance
2.2.1. Effect of OLR and HRT on the efficiency of system

Due to daily variations of dairy effluents, the performance
of RBC was investigated in 4 different groups of COD
concentrations including 40, 50, 60 and 70 g.L-'. The COD
removals were studied at different HRTs (12, 16, 24 and
36 h). The obtained results for COD variations and COD
removal in certain OLRs and HRTs are summarized in
Table 1.

According to data presented in the Table 1, the maxi-
mum removal of organic load using the lowest HRT was
about 82%, obtained at HRT of 12 h for COD content of
50 g.L-!. This result is much higher when compared to
similar reported data by other researcher which used in a
similar RBC process (Hassard et al. 2015). The RBC ob-
tained a COD removal efficiency of 92.4% for the COD
concentration of 50 g.L™!, when HRT increased to 36 h.

Fig. 1. The RBC with developed biofilm after start-up

However, it is not logical to use long HRTs in order to
reach to high levels of treatment, since it would consider-
ably raise the operating costs by decreasing the capacity of
system. Also possible fluctuation of loading rate in HRTs
of more than 24 h should be considered. Additionally, ac-
cording to the obtained results, excessive growth of bio-
film on the disks is not recommended for achieving more
efficiency in the system as this may result in trapping and
accumulation of inert materials that do not contribute to
the degradation of the organic matters. Oxygen and nu-
trient passage toward interior layers can also be limited
due to generation of thick biofilms on the disks (Ohl et al.
2004).

From the results it is conducted that at the certain
COD concentration from 40 to 60 g.L", increasing the
HRT enhanced the removal efficiency. Such sensitivity
was not observed in COD concentration of 70 g.L™". In
fact in COD content of 70 g/, the removal efficiency was
increased from 45 to 59% due to a shift in HRT from 12 to
24 h, but when the HRT extended to 36 h, COD removal
decreased to 52% in contrast with other HRTs. This can be
explained by development of microbial layer which lead
to reducing the dissolved oxygen required for the growth
of the microorganisms. Overall COD removal with COD
concentration of 70 g.L! was significantly lower compared
to other groups of COD data presented in Table 1. Insuf-
ficient COD removal capacity with COD concentration
of 70 g.L' can be attributed to limitation of oxygen mass
transfer and specific surface area for attached microor-
ganisms in relatively high OLR. Moreover, results indicate
that the maximum COD removal efficiency of 92.4% was
achieved with COD concentration of 50 g. L' and HRT
of 36 h. The obtained results proved that the performance
capability of RBC is mostly dependent on OLR rather than
on the individual organic concentration or flow rate.

DO variation were monitored for each stage of the
reactor. The DO meter probe was placed at the midpoint
in each stage. Figure 2 illustrates the DO level regarding
the designated HRTs in three stages of the RBC reactor.
As it is indicated in this figure, the last stage of the RBC
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Table 1. The COD variations and COD removal in certain OLRs and HRTs

COD in (g.L) 40 50

HRT (h) 12 16 24 36 12 16 24 36

OLR (g COD.L™. d7) 80 60 40 26.7 100 75 50 33.3
COD out (g.L?) 10.8 10.13 5.5 4 9.2 6.4 5.2 3.8

COD Removal (%) 73 75 86 90 82 87 90 92.4
COD in (g.L') 60 70

HRT (h) 12 16 24 36 12 16 24 36

OLR (g COD.L. d) 120 90 60 40 140 105 70 46.7
COD out (g.L?) 21.6 19 15.5 9.7 38.5 30.5 28.6 33.8
COD Removal (%) 64 68 74 84 45 56 59 52

had the highest content of DO. Very low DO level was
observed in the first stage. The averaged DO level in the
maximum COD removal condition (COD concentration
of 50 g.L " and HRT of 36 h) were 2.82, 4.5 and 5.2 mg.L™!
in the first, second and third stage, respectively. This in-
crease in DO level with increasing the number of stages
can be due to the thick biofilm generated on the disks and
effectiveness of n-reactors in series. The microorganisms
attached to the disks consume oxygen to degrade organic
matter which leads to decrease the remained dissolved
oxygen level. In fact, staging in RBC can be considered
as process enhancement and the physical dividers may
separate the flow behavior within the reactor. It causes a
gradual reduction in the organic matters so the reactor ap-
proaches to a plug-flow regime. This stepwise treatment
allows microorganisms to be adapted to each stage condi-
tion. This procedure enhances the substrate removal rate
and stability of the process. In addition staging can im-
prove the ability of system to manage shock loads as well.

From the results it also can be observed that in a cer-
tain COD concentration, as HRT increased, the DO level
gradually increased. The increasing trend for DO concen-
tration in all stages was similar; this means for long HRTs,
as the concentration of organic matter decreased, the rate
of oxygen consumptions slightly declined. For each HRT,
as OLR was in an increasing trend; that caused the DO
levels to show a slight decrease.

Figure 3 depicts the effect of organic loading rates
and number of stages on DO concentration. From the
data, it is observed that the DO concentration in the first
stage significantly decreased while in the following stages
it showed a steady increase. In addition, by increasing the
organic loading rates DO concentrations was decreased.
As illustrated in Figures 2 and 3, dissolved oxygen pro-
files mainly followed a pattern of initial decreased in the
first stage and then gradually increased in the succes-
sive stages. There is a direct correlation between the DO

concentration and organic loading rate which is at high
organic loading rates; it caused a considerable decrease in
dissolved oxygen. It can be a result of heterotrophic uptake
of dissolved oxygen in these stages. At the first stage, high
utilization of substrate and heterotrophic growth were
occurred; which could be related to maximum consump-
tion of dissolved oxygen. As organic substrate is metabo-
lized through the successive stages, heterotrophic growth
decreased; that was a result of an expected reduction in
oxygen demand in the last stages. The collected data are
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Fig. 3. DO concentration profiles in different stages of RBC
with various OLR



238 A. Ebrahimi et al. Evaluation of treatability of high strength wastewater in a three stage-rotating biological contactor

in accordance with data reported in the literature (Chen
et al. 2006).

The effect of organic loading rate and number of
stages on TSS concentration is shown in Figure 4. In OLR
of 26.7 gCOD.I"".d™* TSS decreased from 8 in inlet to 3, 2
and 1.2 g.L - over first, second and third stages, respectively.
In OLR of 47 gCOD.".d", the TSS with the same trend
dropped from 15 in inlet to 11.3, 8.9 and 7.8 g.L ™! in stage
number of 1, 2 and 3, respectively. It showed that increasing
the amount of organic loading rate; resulted in an increase
in TSS concentration. Also about 66% TSS removal was
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Fig. 4. TSS concentration profiles in different stages of RBC at
various OLR
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Fig. 5. DO level with respect to OLR for RBC, extended surface
and recirculation
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Fig. 6. COD removal with various OLR in RBC, with extended
surface and recirculation at HRT of 24 h

achieved in the first stage in OLR of 26.7 to 40 gCOD.I.d
in contrary, only 25% TSS removal was attained in OLR of
47 gCOD.I".d™ (data is not shown in the figure) which is re-
sulted in an insufficient performance of RBC in TSS remov-
al for high organic loadings compared to low OLRs. The ob-
tained results showed that the most TSS removal completed
in the first stage. It is concluded that as the number of the
stages proceeded, the TSS concentration decreased. In fact
the TSS concentration was strictly dependent on both the
organic loading rate and number of stages.

2.2.2. Effect of the modified specific surface area and
recirculation on the efficiency of the system

Figure 5 shows the effect of extended SSA and recircula-
tion on average DO concentration for OLR values ranging
from 40 to 70 gCOD.L™".d™". From the obtained results it
can be observed that recirculation enhanced the average
DO level. In particular, for OLR of 70 gCOD.L™'.d"}, re-
circulation seems to have a more positive impact on the
DO concentration. Also it is observed that the DO level
decreased slightly after increasing SSA in compare to ini-
tial condition (as shown in Fig. 5). It could be result of
sufficient thickness of biofilm as to the formation of new
biofilm and also more dissolved oxygen utilization.

As it was mentioned, we can conclude that increasing
the SSA can enhance the capability of the treatment sys-
tem to remove organic substrate. In order to increase the
efficiency of the system in case of a high strength waste-
water, a 50% recirculation were performed and the SSA
was also extended. Figure 6 shows the COD removal ef-
ficiency for the given OLRs at HRT of 24, after increasing
the surface area and applying the recirculation in compare
to initial setup (see Fig. 6).

The COD removal efficiency at HRT of 24 was in-
vestigated after the SSA was increased by 10%. From the
illustrated data in this figure it can be observed that for the
high OLRs, the tolerance between the initial results and
those obtained after modification has increased, which is
an indication of the improvement of RBC performance at
high OLRs. According to the presented data, the maxi-
mum COD removal efficiency at OLR of 50 gCOD.L'.d"!
and HRT of 24 in initial RBC, after increasing surface area
and recirculation were 89, 94.2 and 96% respectively.

After increasing the surface area, in OLRs lower
than 50 gCOD.I"".d"!, the COD removal efficiency had a
slight improvement (about 4%), but in OLR higher than
60 gCOD.L™. d°}, the removal efficiency was enhanced by
about 10%. Also recirculation improved COD removal
rate by 12% in OLR of 70 gCOD.L".d™". This could be
attributed to the dilution of the substrate concentration
applied to the system. More improved efficiency at high
OLR is attributed to the presence of high concentrations
of DO in the three stages of the system with recirculation
compared to the system without recirculation.
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Conclusions

From the results it is concluded that a properly operated
RBC can effectively be employed for dealing with cheese
whey effluents. The maximum COD removal efficiency in
the initial configuration was 92.4% which was operated at
COD concentration of 50 g.L"! and HRT of 36 h. An in-
crease in OLR (50 to 70 g COD.L'.d™!), a drop (90 to 59%)
in percentage of the COD removal was observed. It shows
that oxygen transfer rate through biofilm would cause a
limiting effect on the efficiency of substrate degradation.
Hence, maximum organic removal rate is attained at the
highest loading before exceeding of biofilms mass trans-
fer restrictions. Both modification of SSA of the discs and
recirculation had positively improved the COD removal
efficiency, especially in higher OLRs. Although increas-
ing the surface area slightly reduced the average DO level,
recirculation had evidently enhanced the DO level. Thus,
the findings of the present study well demonstrated that
the recirculation may be beneficial when the inlet organic
loading rate is extremely high.
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