Special Issue on "Innovative Technologies for Industrial Waste Management"

J. Indian Chem. Soc.,
Vol. 97, No. 9a, September 2020, pp. 1347-1353

Sensitivity study on moving bed hybrid bio-reactor (MBHBR) system treating composite chrome

tannery wastewater

Supriyo Goswami* and Debabrata Mazumder

Civil Engineering Department, Environment Engineering Division,
Indian Institute of Engineering Science and Technology, Shibpur, Howrah-711 103, West Bengal, India

E-mail: supriyogoswami.ju@gmail.com, debabrata@civil.iilests.ac.in

Manuscript received online 06 January 2020, accepted 21 June 2020

An optimization study was conducted on Moving Bed Hybrid Bioreactor (MBHBR) system while treating composite chrome
tannery wastewater. The aim of study was to explore the influence of important variables on performance of MBHBR. To do
this a simplified solution of MBHBR Model is used, which depicts the correlation between influent COD (Chemical Oxygen
Demand) concentration (So), effluent COD concentration (S), COD flux (J), bio-film density (X;), specific surface area (a), hy-
draulic retention time (0) and solid retention time (6;). The model used, evaluates the performance quickly and accurately for
any known set of input variables. With a view to explore the sensitivity of the said model, crucial parameters like COD load-
ing rate, HRT () and bio-carrier density (C) were varied suitably within their viable ranges. Ultimately, the values of COD
removal efficiency were plotted with respect to the relevant input variables for investigating the optimum state under the steady
operation. The optimization study reveals that COD loading rate, HRT and the bio-carrier density should be 6 kg/m3/day, 8 h
and 75 g/L respectively for the removal of 85% or more COD from chrome tannery wastewater in MBHBR system.

Keywords: MBHBR, mathematical model, simplified solution, optimization study, chrome tannery wastewater.

Introduction

Moving Bed Hybrid Bioreactor (MBHBR) is the modified
version of activated sludge process, in which attached-growth
biomass grown on moving carrier particle can float freely in
the whole reactor vessel!.This hybrid technology ensures
high biomass content within a reactor system so that desired
treatment efficiency can be obtained in a limited volume?.
Apart from that it has lot of benefits like simple maintenance,
better sustainability, higher sludge retention time and capa-
bility to withstand toxicity as well as shock loading®#. The
modeling of biological process in MBHBR system is already
accomplished by different researchers to evaluate its perfor-
mance. However, interestingly most of them showed various
limitations in respect of real-life application®. Earlier research
studies on MBHBR model showed that computations are
complex, lengthy and also not accurate for biofilm. Although
pseudo-analytical solution® was found to be accurate in some
cases, it appeared to be unsuitable for process design and
optimization of MBHBR system’ proposed a fixed bed hy-
brid bioreactor model, which could be used successfully for

optimization of process parameter and treatment of waste-
water containing toxic/inhibitory substances with low biode-
gradability.

In the recent years, many statistical models like factorial
model, fraction factorial model, ANNOVA model, CCD-RSM
model etc. using some computer aided software tools have
been applied to evaluate the performance and to optimize
the MBHBR system treating different domestic and indus-
trial wastewater® tested CCD-RSM model to examine the
effect of HRT, DO and media configuration on MBBR system
for combined COD and nitrogen removal from municipal
wastewater. Similar studies were reported by various re-
searchers including® on anaerobic/anoxic/oxic (A20) MBBR
system to find out the effect of influent COD, HRT and pack-
ing media concentration in case of combined removal of or-
ganic carbon and nutrients from the synthetically prepared
wastewater. However, in most previous studies on statistical
modelling, no definite correlation has been found between
the output and input variables. Mainly the solution of these
models derived some higher order polynomial equations of
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the input variables as a solution. The optimum condition can
be calculated from the higher order polynomial equation us-
ing the value of its’ partial derivatives equating to zero with
respect to the input parameter. However, in most cases the
application of statistical models in biological system, espe-
cially in biofilm environment appeared to be ineffective in
order to describe the system behaviors more precisely.

Under this scenario, a simplified mechanistic model of
MBHBR system has been used to predict the substrate con-
centration in effluent. The developed MBHBR model is based
on three assumptions — (1) Substrate diffusion via liquid bio-
film interface, (2) Simultaneous use of substrate by the bio-
film and suspended biomass and (3) Biomass shear loss,
which is the combination of hydraulic shear loss and loss
due to inter-particle collision®. The analytical solution to this
model was made employing FORTRAN program. With a view
to establish the optimum condition in MHBHR system a se-
ries of simulation studies were carried out employing FOR-
TRAN program. Therefore, the characteristics of composite
chrome tannery wastewater and the design parameters like
COD loading rate, hydraulic retention time (6) and bio-car-
rier concentration (C) were taken into consideration. The
parameters were varied within their workable regime and the
profiles of variation were shown with respect to effluent COD
removal efficiency. Thus the optimum state of such crucial
process variables is established from the graphs. This de-
veloped methodology will also help in the optimization of pro-
cess design of a MBHBR system.

Materials and methods
(A) Simplified MBHBR model and solution procedure:

A simplified mathematical model for MBHBR system has
been developed using a FORTRAN program to determine
the outputs like effluent COD concentration, COD flux, and
biofilm thickness. The developed model is based on steady
state substrate mass balance and biomass balance both
under suspended and attached growth condition concurrently.
Monod kinetics was used for substrate utilization for both the
phases considering no inhibition. Average substrate flux into
the bio-film was also used for calculating the effluent sub-
strate concentration (S). The solution of MBHBR system i.e.
steady state effluent substrate concentration (S) was deter-
mined as follows. Initially, the substrate mass balance equa-
tion was established combining suspended and the attached
growth condition assuming suspended growth biomass re-
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moves a fraction of substrate and attached growth biomass
removes residual fraction. Thereafter, in the combined sub-
strate mass balance equation, the suspended biomass con-
centration (X) was replaced by the entity developed from bio-
mass balance for the suspended growth. Obviously, the sus-
pended biomass consists of hydraulic shear loss from bio-
film and loss due to particle-particle collision. Substrate flux
into the biofilm was calculated using the general solution of
substrate mass balance into the bio-film. Finally, effluent
substrate concentration was calculated replacing substrate
flux value in the combined substrate mass balance equation
using the iteration process. The schematic diagram of
MBHBR system and the basic model equations are given
below.

Steady state equation for suspended biomass can be
written as:

fx[Q(So ) :px[k'x's'vj

oS ()

Steady state equation for attached biomass can be written
as:

{(1-DXQ(Sp- 9} =axJx V (2)

Now, adding the egs. (1) and (2) the combined equation is
derived as given below:

, kX.S.0
S:SO—{axJ x6+[KS+SJp} (3)

The steady state biomass mass balance for MBHBR system
is
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Now, substituting the expression of ‘X’ in eq. (3) the final
equation for substrate balance yields
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Now, average substrate flux (J°) can be calculated using the
general solution of biofilm as given below'©.

J

avg -

. Ko+ Sy

Now the substrate balance eq. (5) can be reduced to
S =§, - [axJx6] - TEMPxJ’ 7
where, TEMP =

><0+{bc.\(.a}+Rabr
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KetS ) 1 k P
i
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Now, the egs. (6) and (8), can be solved by using the itera-
tion process in FORTRAN program. Thereafter, the effluent
COD concentration (S) can be computed provided all the
input parameters i.e. ©, 6, k, Ky, Y, b, by, by, So, X;, a, p,
R

abr @nd L are given.

(B) Identifying variables for optimization:

To optimize the performance of MBHBR system, a set of
important input parameters viz. COD loading rates (OLRs),
HRT (6) and bio-carrier concentration (C) were considered.
Each relevant input parameter was varied within their realis-
tic range. The influent COD concentration was between
(1500+50) and (2500+50) mg/L. The hydraulic retention time
was varied between 4 and 12 h at an interval of 2 h and the
bio-carrier concentration (C) was changed between 25 and
100 g/L in the step of 25 g/L. Apart from that, following set of
kinetic coefficients were considered, K = 3 day‘1, K = 245
mg CODIL,Y = 0.48 mg/mg, b, = 0.13 day™", b, = 0.08 day™",
by = 0.05 day™", D; = 0.75 cm?/day and X; = 25 mg/cc and
steady state bio-film thickness (L;) = 200 pum.

Results and discussion

The effluent substrate concentrations (S) were calculated
using FORTRAN program for the developed MBHBR model
considering other parameters constant. As a result, % COD
removal values were estimated and presented in respect of

Motor
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R
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Attached biomass ___" LS
0 e —

Fig. 1. Schematic arrangement of MBHBR system.

OLRs, HRTs and attached bio-carrier concentrations. The
profile of % COD removal with respect to OLR is shown in
Fig. 2a through Fig. 2d. Similarly, the % COD removal with
respect to 6 is presented in Fig. 3a through Fig. 3d. Again,
the % COD removal in respect of bio-carrier concentration
(C) was plotted in Fig. 4a through Fig. 4d.

The volumetric COD loading rate varied between (3-15)
kg /m3/day, resulting in variation of % COD removal between
(20-91)%. The % COD removal was varied in the range of
(50-60)% for the COD loading rates between (12-16) kg/
m3/day and bio-carrier concentration between 75 and 100 g/
L under the influent COD concentration between 2000 and
2500 mg/L. Similarly, under the same range of organic load-
ing rates and bio-carrier concentration between 25 and 50 g/
L and the influent COD between (2000-2500) mg/L, % COD
removal decreases sharply in the range of (20-40)%. The %
COD removal varied between (65-75)% for the volumetric
loading rate between 6 and 8 kg/m3/day and bio-carrier con-
centration between 75 and 100 g/L. Finally, a volumetric load-
ing rate ranging between (2-4) kg COD/m®/day, % COD re-
moval was observed between (80-90)% under an influent
COD concentration (2000-2500) mg/L. Figs. 2a-2d reveal
that % COD removal decreases with the increase in OLRs.
However, the rate of decrease is greater for the bio-carrier
concentration 25 g/L and 50 g/L respectively than 75 g/L and
100 g/L respectively as shown in Figs. 2a and 2b. The pro-
files of COD removal efficiency are observed to be almost
same with each other, with marginal variation in the different
influent COD concentrations in case of 75 g/L and 100 g/L as
shown in Figs. 2c and 2d respectively. It implies that there
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Fig. 2a. % COD removal vs volumetric loading rate for attached bio-

carrier concentration = 25 g/L.
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Fig. 2b. % COD removal vs COD loading rate for attached bio-carrier
concentration = 50 g/L.
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Fig. 2c. % COD removal vs COD loading rate for attached bio-carrier
concentration = 75 g/L.
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Fig. 2d. % COD removal vs COD loading rate for attached bio-carrier
concentration = 100 g/L.

will be no further increase in % COD removal efficiency with
enhancement in attached bio-carrier concentration for all in-
fluent COD concentrations. It is obvious that for a known
bio-carrier concentration the biomass can degrade COD up
to its maximum capacity beyond that there will be no further
increase in % COD removal efficiency. The results clearly
present that under an influent COD concentration 2500 mg/
L and attached biomass concentration of 75 g/L for 6 kg COD/
md/day organic loading rate, maximum 85% COD removal
could be achieved.

Hydraulic retention time varied between 4 and 12 h re-
sulting in variation of COD loading rates between 3 and 15
kg COD/m3/day for an influent COD concentration 1500, 2000
and 2500 mg/L. The FORTRAN program was run for differ-
ent attached bio-carrier concentration viz. 25 g/L, 50 g/L, 75
g/L and 100 g/L. Accordingly, various % COD removal profile
was drawn as shown in Fig. 3a through Fig. 3d. Fig. 3a and
Fig. 3b depict that % COD removal efficiency increases al-
most linearly with the rise in HRT. It implies that the % COD
removalis directly proportional to the HRT in case of attached
bio-carrier concentration up to 50 g/L. However, in case of
attached bio-carrier concentration 75 g/L and 100 g/L, % COD
removal profile as shown in Fig. 3¢ and Fig. 3d respectively
exhibited that, COD removal efficiency increased up to 8.0
h. After that no tangible increase in % COD removal effi-
ciency was noticed. Almost same profile has been observed
for the attached biomass concentration as shown in Fig. 3d.
It depicts that after 8 h onward, a steady-state condition was
attained. Maximum % COD removal efficiency varied in the
range of 75 to 90% under initial COD concentration of (2000
2500) mg/L for HRT = 8.0 h. Inthis present optimization study,
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to maintain the similarity with conventional activated sludge
process (CASP), the HRT was maintained between (8-10) h
for the removal of organic carbon in MBHBR system.

The optimization study was also conducted using differ-
ent attached bio-carrier concentration viz. 25 g/L, 50 g/L, 75
g/Land 100 g/L. The bio-carrier was found to provide 40 mg/
g biomass on the surface of bio-carrier at steady state condi-
tion. The FORTRAN program was run with initial COD con-
centration varied between (1500-2500) mg/L. The profiles
of variation depict that, % COD removal has been enhanced
in all the runs with change in the bio-carrier concentrations.
The % COD removal was increased with the increase of bio-
carrier concentration. Figs. 4c and 4d showed that (80-85)
% COD removal occurred after 8 h. After that very marginal
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Fig. 4a. COD removal efficiency vs attached bio-carrier concentration
at hydraulic retention time (HRT) = 6 h.
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Fig. 4b. COD removal efficiency vs attached bio-carrier concentration
at hydraulic retention time (HRT) = 8 h.
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Fig. 4d. COD removal efficiency vs attached bio-carrier concentration
at hydraulic retention time (HRT) = 12 h.

COD removal has been observed up to 90%. This is be-
cause with the rise in 0, total attached biomass also increases
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and thereafter it reaches a steady state condition with a con-
stant biomass density exhibiting a constant COD removal
efficiency. Another possible reason is that with increase in
bio-carrier concentration the % COD removal efficiency was
not significantly improved because of depletion of DO con-
centration in reactor resulting in DO constraint in the biofilm.
Maximum 85% COD removal was observed after 8 h for bio-
carrier concentration 75 g/L.

Conclusions

The simplified MBHBR model provides an easy method
to estimate the effluent COD concentration, substrate flux
inside the biofilm along with effective and total biofilm thick-
ness. Apart from that, the same model can be used for an
optimization study, which enables to determine the neces-
sary range of input variables like OLR, SRT, HRT and at-
tached bio-carrier concentration, provided all the kinetic pa-
rameters and bio-film related properties are given. The
present optimization study using FORTRAN program on this
present MBHBR model showed that for a given values of
kinetic parameters and bio-film related properties, there
should be some critical values of input parameters on which
the substrate removal efficiency depends. This is also im-
portant to understand the influence of important input pa-
rameters on process design of a MBHBR system. The flex-
ibility of present approach makes it a useful one to find out
the best possible combination to remove the maximum bio-
degradable substances from wastewater under various op-
erating conditions in MHBHR system. The % COD removal
efficiency decreases very marginally upto a limiting value
with the increase in OLRs. Practically no influence is noticed
up to the limiting value of OLR. Thereafter the % COD effi-
ciency decreases very drastically and the profile is almost
linear after the limiting value of OLR, which is presented in
graphs. The threshold value of OLR is observed to be 6 kg
COD/m3/day. However, the effluent COD concentration is
greatly affected by that of the influent.

COD removal efficiency is almost linearly proportional to
the HRT upto a limiting value. Thereafter the % COD re-
moval efficiency is more influenced by the HRT with a non-
linear profile depicting very marginal enhancement in COD
removal efficiency. The limiting HRT value is found to be 8 h.
The % COD removal is almost linearly proportional to the
bio-carrier concentration exhibiting a positive influence on
effluent substance concentration. The COD removal efficiency
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is affected positively by the bio-carrier concentration upto a
limiting value and beyond that there is no influence. The lim-
iting attached biomass concentration is found to be 75 g/L.
As a whole, it was found from the optimization study that for
85% or more COD removal in MBHBR system, the optimum
conditions of COD loading rate, HRT and the bio-carrier con-
centrations should be 6 kg/m3/day, 8 h and 75 g/L respec-
tively.
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