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ABSTRACT

Grey water treatment with rotating biological contactor (RBC) was investigated to assess water
reuse potential. The study involves influent characterization, setting-up and operation of two
RBCs, conformity assessment of the effluent for reuse and determination of the biofilm kinet-
ics. Monod and variable order models were applied. Biofilm characteristics, such as weight per
unit area and thickness were measured. Nitrification and mineralization processes took place
in the biofilm matrix simultaneously. About 85% COD_. and 75% TKN removal efficiencies were
achieved. The average effluent BOD, concentration was 7 mg L. The reaction showed typical
zero-order, 0° kinetic relation. The 0° rate constant was determined as 5.7+1.5. UV light was
used for disinfection of treated grey water. Efficiency, operational ease, reliability, and person-
nel requirements were compared with the other grey water treatment processes. It is concluded
that RBC may be effectively used for grey water treatment and the effluent can be reused for
toilet flush purposes after disinfection. However, it is recommended that detached particles

from biofilm should be further removed by filtration.
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1. Introduction

The negative impacts of climate change are globally
linked to the potential increase in water stress especially
in Mediterranean countries. Hence, a new approach
for water management is necessary to minimize the
adverse impacts and sustainable methods are needed to
substitute current water management practices. Waste-
water reuse implementations are currently carried out
in controlled and uncontrolled manner in arid areas,
especially in Mediterranean countries [1]. The sustain-
able approach or ecological sanitation (ECOSAN) way
of thinking implies that the best quality potable water is
to be saved or utilized for drinking purposes. Whereas,
alternative low quality water sources such as reclaimed
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water can be used preferably for toilet flushing or irriga-
tion purposes provided that hygienic requirements are
fully complied.

Conventional centralized water management
approach is becoming less suitable due to high invest-
ment cost of long sewerage lines, which are sometimes
even higher than the cost of treatment facilities, high
operation and maintenance costs, high amount of good
quality water needed for transportation of wastes to long
distances and high risks involved. On the other hand,
on-site segregation—collection—treatment—reuse of
grey water for residential areas is receiving increasing
attention as an element of decentralized approach [2].
Grey water is defined as low-polluted household
streams from showers, bathtubs, washing basins and
washing machines. Kitchen wastewater is not usually
included in grey water [3]. Properly treated grey water
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can be used potentially for irrigation, toilet flushing and
various type of cleaning purposes. Grey water consti-
tutes about 70% of household water consumption, has
lower concentration of organic compounds and fewer
pathogens as compared to domestic wastewater [4].
Therefore, grey water is thought to be treated and reused
much easier than overall composite domestic wastewa-
ter for the point of applied treatment technologies and
relevant costs. Grey water treatment and reuse stud-
ies and implementation practices were started about a
decade ago; several systems were constructed and oper-
ated. Some of these studies were proved to be success-
ful; however, one forth of the systems was assessed to be
unsatisfactory in Germany [5-7].

Abroad spectrum of technologies, ranging from very
simple to highly sophisticated systems, can be utilized
for grey water treatment and reuse [8]. A number of
treatment options including, natural systems, filtration,
sequencing bath reactors (SBR), and membrane bioreac-
tors (MBR) have been practiced. UV or chlorination pro-
cesses are extensively used for disinfection purposes in
grey water treatment and reuse systems [9-11].

Rotating biological contactor (RBC) has been used for
municipal wastewater treatment since, attached growth sys-
tems have several advantages over suspended growth type
biological systems. They typically exhibit more resistance to
pollutant load fluctuations, can tolerate high organic load-
ing rates, have high biomass content, and are advantageous
for the point of simultaneous removal of organic matter and
nutrients. Depending on the loading rates, up to 90% of
COD, 90% of NO,-N (under anoxic operation conditions),
and 60% of TN removal efficiencies were reported for RBC
implementations running with domestic wastewater [12-15].
Cortez et al. stated that C/N ratio of 1.5 is advantageous for
denitrification [15]. RBC systems were successfully used fol-
lowing to the pre-treatment with upflow anoxic submerged
biofilter (UASB) for domestic wastewater [16-17]. RBC may
also be utilized for grey water treatment and reuse for espe-
cially toilet flushing purposes [18-21]. The treatment scheme
generally includes a secondary sedimentation basin, some-
times followed by a filtration unit and always ended up with
disinfection processes. Although, great variations observed
in grey water characterization, sufficient biofilm growth and
viable results were achieved for treatment of grey water by
RBC. The results verified that, turbidity of 1.5 NTU, COD of
47 mg L*, and BOD; of 4 mg L could be attained [19].

Grey water includes low organic matter, low nutri-
ent content, and imbalance ratios for C:N:P, which may
indicate insufficiency for effective biodegradation [8§].
The average COD/BOD?5 ratio for raw grey water was mea-
sured to be in the range of 1.6-3.4 [18-19]. It should also
be noted that, most of the COD was in dissolved form as
opposed to domestic sewage [19]. Hence, the process design
and kinetic parameters for attached growth type biological

systems operating with grey water may diverge from com-
posite domestic wastewater. These parameters are needed to
be assessed in order to achieve reliable design methodology
and operational ease of the attached growth systems run-
ning with grey water. However, grey water studies by using
RBC, typically focused on treatment by several technologies
to comply with various aspects of reuse/recycle criteria as
well as the optimization of treatment efficiency in the litera-
ture. Studies, in general, aimed to map and increase pollut-
ant removal efficiencies rather than the determination and
assessment of biofilm kinetics for the processes. Along these
lines, the objectives of the present study are; determination
of biofilm characteristics, process design parameters, bio-
film reaction kinetics and evaluation of pollutant removal
efficiencies for grey water treatment by RBC for reuse.

The treated grey water was mainly intended to be
reused for toilet flush purposes. Kinetic variables were
determined by using both Monod and variable order
model biofilm kinetics. RBC performance and suitability
for grey water treatment were assessed by taking into
consideration of the advantages and disadvantages over
other possible grey water treatment options.

2. Methods
2.1. Grey water treatment system

In this study, grey water was collected from the two
lodging buildings of TUBITAK-MRC. The plumbing sys-
tem was modified to allow segregation of black water and
grey water streams in the buildings. Kitchen wastewater
was also included in the grey water stream. Grey water
stream passed through a coarse screen (6 mm pore opening)
first, then 3 mm mash size screen, which was placed in an
equalization-storage basin. Grey water was then pumped
into two separate RBC units operating in parallel. The RBC1
and RBC2 had 36 and 20 discs with 16.0 m? (RBC1) and 2.8 m?
(RBC2) total disc areas. The RBCs were continuously oper-
ated for a period of 10 and five months respectively. Peri-
staltic pumps, which allowed adjustment of the flow, were
utilized to pump the screened grey water to the inlet box
of RBCs. The flow rates of 400 and 150 L d were applied
for the RBC1, whereas, 86 and 43 L d for the RBC2. The
treated effluent from the RBC1 was further subjected to UV
disinfection process. The schematic illustration of the exper-
imental system is given in Fig. 1. Activated sludge taken
from an MBR operated with grey water, was added to the
reactors to acclimatize and accelerate biofilm growth on the
discs at the initial stage of the operation.

2.2. Kinetic studies

Kinetic assessment for the biofilm was commenced
approximately after two months of operation of the RBCs.
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Fig. 1. The schematic illustration of the experimental system.

At this stage, the development of biofilm growth and
relatively stable effluent water quality were attained.
Biofilm growth characteristics, such as biofilm weight
per unit area and biofilm thickness were determined.
Due to the non-uniform structure of the biofilm grown
on the RBC discs an indirect method was used [22].
The procedure involves carefully removing the biofilm layer
and measuring the volume and the weight (incubated at
105 and 550°C) per unit area and calculation of the thick-
ness accordingly. Biofilm samples were taken from the RBC
discs at three different places (front, mid and end) in the
direction of flow. The averages of the measured three val-
ues for the thickness and weight were taken into account in
order to represent the biofilm characteristics of the relevant
RBC. Variable order removal rate and Monod kinetic mod-
els were applied to assess the kinetic relations and param-
eters. The variable order model predicts that the substrate
removal rate can be expressed as a function of substrate
concentration. On the other hand, substrate removal rate
depends on a function, taking into account the substrate
concentration and the amount of attached biomass for the
Monod approach [23].

2.3. Treated wastewater reuse criteria

EPA (2004) suggested guidelines states that, the BOD,
concentration should not exceed 10 mg L, for TSS5mg L,
fecal coliforms should notbe detected in 100 mL sample and
pH should be in the range of 6-9 for all kinds of irrigation
and toilet flushing [24]. Moreover, EPA (1992) water reuse
guidelines refer that total coliform should not be detectable
in 100 ml sample [25]. The other guidelines, such as WHO
guidelines for grey water reuse [26], National standards
for unrestricted irrigation [27] and EU bathing waters stan-
dards [28] have less stringent limits for the relevant param-
eters. Therefore, EPA, suggested guidelines were basically
taken into account for the assessment of treated grey water
for suitability to reuse.

2.4. Sampling and analytical measurements

The performance of the RBC, associated with
hygienic and aesthetic aspects, were monitored by COD

qs

RBC
sedimentation

(total and soluble), BOD,, TSS, total coliform and turbid-
ity analysis. In addition to that, TKN, NH,*-N, NO,-N,
T.P were monitored for process control purposes. The
samples were collected on weekly basis to appraise the
reusability of the effluent. Total and fecal coliform were
measured for the disinfected effluent during the first
month of the operation of the RBCs, afterwards only
total coliform measurements were conducted. The anal-
ysis, were carried out in accordance with the Standard
Methods for the monitored parameters [29].

3. Results and discussion

3.1. Determination and assessment of biofilm kinetic parameters
for grey water

Biofilm thickness and weight were measured as
54 and 35 mm, 34.2 and 184 g m? for the RBC1 and
RBC2 respectively. It was observed that, the thickness
of biofilim decreased slightly from the wastewater inlet
ports to the exit ports of the RBCs through the reactor’s
longitudinal axis. The volatile fraction of the biofilm was
measured as approximately 70% for the samples taken.
As the variable order reaction model was applied, in
terms of bulk COD, concentrations, basically the reac-
tion rate showed zero order kinetic relationship (Fig. 2).
A typical zero order removal kinetics was prevailing for
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Fig. 2. Variable order model kinetic approach—prediction
of kinetic constants.
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COD, concentrations higher than about 15 mgL™. How
ever, it is not likely to encounter lower than 15 mgl™
COD, concentration for practical implementation cases.
The kinetic assessment implied that a portion of the sub-
strate penetrated into the biofilm was consumed through-
out the process and this portion was not dependent on the
bulk COD, concentration. Thus, the zero order removal rate
expression, on the basis of COD, can be derived as follows:

r =k

ao oa

(5.7 = 1.5) gm2d- 1)

where, 7, = Q (5§ -S)/A, r,, is 0° substrate removal rate,
k , = reaction rate constant for organic matter removal
(0°), S, and S, = substrate concentrations based on
COD, (mgL")att=0and t=t, A =Dbiofilm area, m* and
Q = flow rate (m® d'). The attained removal rates and
the rate constants for grey water were lower than cor-
responding values for composite domestic wastewater
treated by RBC reported in the literature [30-31].

As the Monod model applied to the results, the
removal rate expression for COD, can be obtained as
follows (Fig. 3):

XS _ 47 XS @
K +S; 12.4+5,

1, =k,

where, X = attached biomass (volatile fraction), g m=,
k = maximum substrate utilization rate constant, d~,
K = half velocity coefficient in Monod model, mg L.
The Monod model organic matter removal kinetic
parameters were scattered in a wide range in the litera-
ture. The determined values for the relevant parameters
in this study are in agreement with the low values previ-
ously reported [32]. Although, Monod model considers
the unit weight and thickness of biofilm, variable order
removal rate model exhibits slightly better performance
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Fig. 3. Monod model kinetic approach—prediction of
kinetic constants.

than Monod model. The dispersed character of the data
points in the Figures, may be attributed to the consid-
erable fluctuations in the grey water characteristics
encountered through the experimental study to some
extent. However, the results are still important for the
point of providing constants for the design equations of
the attached growth systems operating with grey water.
As the characteristics of the grey water to be treated is
known or presumed in advance, it is likely to determine
the biofilm area requirement for attached growth sys-
tems using the constants and the rate equations derived.

3.2. Assessment of grey water treatment performance of the
RBC reactors

The characteristics of influent raw grey water and
the treated effluent obtained throughout the experimen-
tal study are illustrated in Table 1. The raw grey water
had COD_:TKN:P ratios of 100:2.3:2.8. Consequently, as
compared to the relevant ratios for domestic wastewater
(100:5:1), grey water has imbalanced nutrient content.
Furthermore, the observed COD, :BOD; ratio of 3.4, for
grey water, also implies a high value with reference to
domestic wastewater.

The inlet COD, loading rates, on the average, were
measured to be 8.6 and 3.5 g md" for RBC1 for the flow
rates of 400 L d! and 150 L d! respectively. The corre-
sponding values for the RBC2 were determined to be
12.2 and 5.6 gm™ d™' for the flow rates of 86 and 43 L d™".
The soluble fraction of COD, was measured to be about
58% of the pretreated raw grey water. Especially, for
RBC1 soluble fraction of grey water increased after the
biological treatment on the average. This situation was
attributed to the adsorption of particulate matter by the
biofilm throughout the process along with the biological
oxidation. The average effluent COD, concentrations for
high flow rates were slightly lower for RBC1, which was
due to the relatively low average COD, loading rates
applied. As a result, removal efficiencies of 84-89 %
for COD, and, 85-91% for COD_, were achieved.

The average effluent BOD, concentration was mea-
sured as 6.5 mg L™, which corresponds to the BOD,
removal efficiency of 94%. Similarly, 83% TSS, 90% tur-
bidity and 75% TKN removal efficiencies were obtained
on the average. Additionally, up to 2 log reduction for
total coliform was also observed throughout the biologi-
cal process, In addition to total coliform analysis, fecal
coliform measurements were also carried out during the
first month of the RBC operation period for UV disin-
fected effluent. The results indicated that fecal coliform
was not also detectable after the UV disinfection process.
Although, grey water is considered as nitrogen limited
for biomass growth, effective mineralization and even
nitrification processes occurred, without encountering
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Table 1

Average influent and effluent grey water characteristics treated by RBCs

93

Parameter Influent Avg. Outlet - RBC1 Avg. (min-max) Outlet - RBC2 Avg. (min—-max)
(min-max) flow rate flow rate

Q=400Ld* Q=150Ld* Q=86Ld" Q=43Ld"
pH 71 (6.9-74) 79 8.1 7.7 7.8
T, °C 22 22 22 22 22
COD,, mg L™ 347 (179-525) 42 (21-52) 41 (24-56) 55 (32-68) 35.5 (23-54)
COD,_, mg L™ 214 (89286 ) 33 (18-60) 30 (20-40) 31 (26-37) 18 (11-24)
BOD,, mg L 119 (72-182) 6.3 (5-8) 6.8 (5-8) NA NA
T Coliform/100 mL >10° 5.6 x 10* 0* 2.8 x 10* 0* 6.3 x 10* NA 1.5 x 10° NA
Turbidity, NTU 103 (39-254) 6.0 (1-10.5) 13 (8-17.6) 17.1 (7.3-31.4) 44 (2.0-11.1)
TSS, mg L™ 79 (28-146) 11 (2-35) 14 (8-19) 21 (6-47) 10 (6-18)
TKN, mg L™ 8 (2-13) 2.3 (0.3-5.6) 1.5 (0.4-3.2) 3.5 (1.7-8.8) 2.6 (1.1-5.2)
NH,*-N, mg L™ 2.2 (0.6-5.5) 0.7 (0.1-1.7) 0.1 14 (0.3-6.1) 0.5 (0.1-1.6)
NO,~-N, mg L™ NA 0.9 (0.1-2.7) 1.1 (0.7-1.3) 2.8 (0.2-6.8) 2.5 (1.5-3.8)
TP, mg L 9.8 (3.7-14.6) NA NA NA NA

*Following to the UV disinfection process, NA: not available.

any problem, due to the fact that biofilm processes
have low biomass yield and very high sludge ages. The
ammonia nitrogen loading rate was about 0.06 and
0.021 g m? d* for RBC1 for the flow rates of 400 and
150 L d.RBC2 had also low ammonia nitrogen load-
ing rates as 0.07 and 0.03 g m™ d' for the flows of 86
and 43 L d™'. The nitrification rate was calculated as 0.04
and 0.02 g m=d™ for both RBCs. These figures imply
lower nitrification rates obtained throughout the study
as compared to the values given in the literature [32].
This condition was caused due to the very low ammonia
nitrogen concentration of the raw grey water. TKN load-
ing rates ranged 0.14 and 0.06 g m™ d! for the RBCs at
the stated operational conditions.

The treated effluent quality mostly complied with
the reuse criteria of EPA suggested guidelines for urban
reuse including toilet flushing [24,25]. However, the cri-
teria were violated occasionally for TSS and turbidity
due to the influence of the detached particles from the
biofilm although, sedimentation was provided. For this
purpose, use of a simple sand filtration unit prior to the
disinfection is virtually recommended to comply with
the reuse criteria continuously, which also helps to guar-
antee the efficiency of the disinfection process.

The results were also assessed with respect to other
grey water treatment technology options such as MBR,
which was tested within the context of the Zero-m project
in TUBITAK MRC premises [1]. It should be emphasized
that the pollutant removal efficiency attained by MBR
by using the same grey water during the same period
resulted in 50-100% higher than RBC in terms of COD,
BOD, and suspended solid concentrations [9]. However,

RBC may comprise a promising method for grey water
treatment for reuse, considering operational ease, low
cost of operation and maintenance, less technical per-
sonnel requirement and provision of sufficient effluent
quality. On the other hand, the time period needed for
biomass growth during acclimatization, continuous
electricity supply requirement and filtration process
requirement due to the further removal of detached par-
ticles should be considered in design and operation to
achieve efficient removal performance.

3.3. Energy requirement and cost assessment

The energy requirement of the operated RBCs
was calculated as 1.2 kWh m™ grey water treated and
5.7 kWh kg™ COD, removed on the average. Whereas,
the corresponding energy requirement for grey water
treatment by MBR was calculated as 1.7 kWh m™ [9].
Therefore, the energy requirement of grey water treat-
ment by RBC is much lower than the case of treatment
by MBR. Energy cost for treatment of grey water by RBC
was estimated as 0.1 US $ m™.

4. Conclusions

The biofilm kinetic relations for mineralization of
organic matter were determined for real grey water,
which may be utilized for design purposes of attached
growth type biological systems. The results of RBC oper-
ation indicate that grey water, may be properly treated
by RBC and reused especially for toilet flushing pur-
poses after being disinfected by UV or other methods.
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Due to the detached biofilm particles, a simple sand
filtration is highly recommended to ensure to comply
with the reuse criteria continuously. The proposed flow
scheme includes screening, biological treatment, sedi-
mentation, sand filtration and UV disinfection. Conse-
quently, grey water treatment for reuse by using RBC
may constitute an effective and sustainable approach.
Use of RBC has several advantages, in terms of opera-
tional cost and simplicity, and low technical personnel
requirements, over other more sophisticated grey water
management technologies.
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Symbols

A —  biofilm area, m?

COD, — chemical oxygen demand, total, mg L,

COD_, — chemical oxygen demand, soluble,
mg L

K, —  half velocity coefficient in Monod model,
mg L7,

k, — rate constant for maximum substrate uti-
lization, d !,

k., — reaction rate constant for organic matter
removal, 0°

Q —  flow rate, m*d,

. — substrate removal rate, 0°

T — substrate removal rate, 1/2°

S, — substrate concentration as COD at t=t,
mg L

S, — substrate concentration as COD at t=0,
mg L

TSS — total suspended solids, mg L,

TKN — total kjeldahl nitrogen, mg L™,

X —  attached biomass (volatile fraction), gm
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