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Abstract

BACKGROUND: Anoxic biotrickling filters have been used to 'sweeten’ biogas. Nevertheless, the cost and availability of large
amounts of nitrate could limit the use of this technology in comparison with aerobic biotrickling filters. The development of a
dynamic mathematical model would be useful for the design of control strategies with regard to nitrate dosage.

RESULTS: A dynamic model has been developed to describe the performance of an anoxic biotrickling filter for biogas
desulfurization. The model considers the most relevant phenomena involved in biotrickling filter operation: advection,
absorption, diffusion and biodegradation. Moreover, a fraction of the liquid phase is stagnant - an assumption that increases
the importance of diffusion phenomena for low liquid flow rates. Once the model had been validated, six control strategies were
analyzed for different scenarios and purposes: i.e. to minimize nitrate consumption and/or to maximize H,S removal efficiency.

CONCLUSION: The mathematical model developed from the description of the phenomena involved in the process is a powerful
tool to evaluate all possible strategies when considering and quantifying the savings and improvements in different operating

modes.
© 2015 Society of Chemical Industry

Supporting information may be found in the online version of this article.
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INTRODUCTION

The use of biogas as a renewable energy source is a promis-
ing alternative to conventional fossil fuels. However, biogas
contains some impurities such as reduced sulfur compounds
(RSC), ammonia, siloxanes, aromatics, halogenated compounds
and other volatile organic compounds (VOCs).! Among these
impurities, hydrogen sulfide (H,S) is the most important RSC
and it is present in concentrations between 0.05 and 2%
v/v.2 In recent years, biotrickling filters (BTFs) have been used
to ‘sweeten’ biogas under both aerobic3~7 and anoxic®8~1°
conditions.

In anoxic BTFs, nitrate (NO;~) or nitrite (NO,”) are used as
electron acceptors instead of oxygen (O,). Hence, the advantages
of anoxic BTFs over aerobic systems include reduction of the
explosion risk, dilution and the negligible mass transfer limitations
of nitrate as an electron acceptor.®®'" However, the cost and
availability of large amounts of nitrate lead to a slight increase
in the treatment cost in comparison with aerobic BTFs.® Thus,
optimization of nitrate dosing without affecting the abatement
efficiency isanimportant aspect to improve the economic viability
of this technique.

The main concern with anoxic BTFs is related to the control
strategy with regard to nitrate (or nitrite) dosage. Consequently,
it is necessary to optimize the anoxic BTF performance and the
development of a rigorous model would be useful for the design of
control system strategies. However, to date only empirical models

for anoxic BTFs have been developed.'>'® The application of these
models is limited to the specific equipment and conditions for
which they were developed. As an alternative, dynamic models
were developed to represent the transient phenomena commonly
found in the industrial field (start-up and inlet concentration
peaks).' In these models, the changes in pollutant concentration
over time and space are described by a set of partial differential
equations for each component.’

The development of a dynamic mathematical model provides
a better understanding of the fundamental mechanisms that
occur in biofiltration and allows the parameters that are most
influential in its performance to be identified. Moreover, several
operating conditions can be simulated and the experimental time
can therefore be minimized, thus avoiding costly modifications to
the system.'® The use of dynamic models for the control of nitrate
dosing or for other control strategies has not been studied to date
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with the aim of improving anoxic BTF operation. The main aim of
the work described here was to develop, calibrate and validate
a dynamic model for an anoxic BTF by monitoring an indus-
trial plant located at the WWTP ‘Bahia Gaditana’ (San Fernando,
Spain) for year-round operation. The model was developed by
the application of mass balances and the definition of the main
processes that occur in a BTF: advection, absorption, diffusion and
biodegradation.

MATERIAL AND METHODS

Experimental set-up

An anoxic BTF at pilot scale'” was built and operated for 360 days.
The BTF was built from fiberglass-reinforced polyester and the
diameter and bed heights were 0.5 and 0.85 m, respectively. The
liquid recirculating volume was 0.09 m3, the treated biogas flow
rate ranged between 1 and 5m3h~" (corresponding to loading
rates from 33 to 193 gS m~3 h~") and the recirculating flow rate was
intherange 1-3m3h-",

Industrial water from the WWTP was used to feed the BTF.
This water was supplemented with a nitrate concentrate solu-
tion. The composition of the nitrate concentrate solution was:
NaNO, (500 g L"), KH,PO, (10g L"), NH,Cl (5gL™"), MgS0,-7H,0
(4gL™"), trace element solution SL-4 (5mLL™") and a solu-
tion of FeSO,-7H,0 (2g in 1L of H,SO, 0.1N) (10mLL™").
The composition of trace element solution SL-4 was: EDTA
(0.5gL™"), FeSO,-7H,0 (0.2gL™") and trace element solution
SL-6 (100.0 mL L="). This trace element solution SL — 6 was com-
posed of (gL™"): ZnSO,-7H,0 (0.1), MnCl,-4H,0 (0.03), H,BO,
(0.3), CoCl,-6H,0 (0.2), CuCl,-2H,0 (0.01), NiCl,-6H,0 (0.02),
Na,Mo0O,-H,0 (0.03).

A digital Multimeter 44 (Crison Instruments, Spain) was used
for oxidation-reduction potential (ORP) measurement and pH
control at 7.4, which was achieved by the addition of NaOH
(48/50% (weight/weight), Haupold, Spain). The H,S concentration
in the biogas stream was measured using a gas chromatograph
with a thermal conductivity detector (GC-450, Bruker, Germany).
A specific gas sensor (GasBadge® Pro, Industrial Scientific, USA)
was used for H,S concentrations below 500 ppm,,. Sulfate, nitrite,
nitrate, total solids and total organic nitrogen were determined
according Clesceri et al.’®

BTF operational period
Several studies were performed in the anoxic BTF operational
period. First, the start-up stage and three regimes for nitrate
supply were evaluated, namely manual, continuous and con-
trolled by ORP.'7 Second, the effect of biogas flow rate and
recirculation medium were tested.'? Third, a comparison was
made between two flow operation modes, namely co-current and
counter-current.'®

The model was calibrated by studying the effect of changes
in the flow rate of biogas and recirculation medium'? in the
period from day 173 to 224, the mean inlet H,S concentration was
6.08 + 0.46 g5 Nm~3, For the validation stage, in order to corrob-
orate that the model was able to describe general operation of
anoxic BTFs, three independent and separate operational periods,
without failures, were selected. The first period was from day 135
to day 146 (mean inlet H,S concentration equal to 6.61 + 0.36 gS
Nm~3),'7 the second period was from day 230 to day 242 (mean
inlet H,S concentration equal to 5.74 +0.53 gS Nm—)" and the
third period was on day 293 (inlet H,S concentration equal to

5.81gS Nm™)." The nitrate solution (500 g NaNO, L=, BASF, Ger-
many) was added in discontinuous mode and this process was
automated by ORP. The ORP is directly related to the ion concentra-
tions in an aqueous medium. It was observed experimentally that
the ORP value remained almost constant when nitrate is presentin
the recirculating liquid. Conversely, when the nitrate was depleted
the ORP drastically decreased. The latter behavior is attributed to
sulfide accumulation due to electron acceptor exhaustion. When
the anoxic BTF system is working properly, the increase in sulfide
concentration (or decrease in ORP) is caused by the depletion of
nitrate (Fig. S1). Therefore, when the ORP reaches the set-point
(—360 mV) two sequential steps begin. First, the discharge valve is
open for the time necessary to purge the desired volume. Second,
when the purge is finished, the pump for the nitrate solution and
the industrial water feed valve are simultaneously activated. The
pump for the nitrate worked for a fixed time in order to achieve
the desired nitrate concentration in the recirculation liquid. The
feed valve was open until the working volume was reached.
After the nitrate supply had finished, the ORP returned to normal
(set-point) values.

Simultaneous autotrophic desulfurization and denitrification
can occur through complete or partial reaction and this results in
the formation of sulfate and nitrogen gas (for complete reaction)
or elemental sulfur and nitrite (for partial reaction).?’ The produc-
tion of elemental sulfur, by partial desulfurization, depends on the
ratio of supplied nitrate and sulfide removed and this has a linear
relationship.® The production of nitrite in the pilot anoxic BTF was
below the inhibition concentration (33.3 gN —NO,~ m~3).2! The
nitrite concentration was between 0.1 and 10 gN—NO,” m~=3 in
the calibration stage, between 0.2 and 16.0 gN —NO,~ m~3 in the
first validation stage and between 0.3 and 21.3 gN —NO,™ m~3
in the 2nd and 3rd validation stages. Furthermore, Mora et al.'
found that the anoxic sulfide-oxidizing culture had a high denitri-
fication activity. Hence, partial and complete desulfurization and
complete denitrification were considered. The partial equations
for the complete denitrification with sulfide as electron donor
were described by Mora et al.?’ (Equations (1) and (2)). This study
was performed in a continuous stirred tank reactor (CSTR) of 4.2 L
(pH7.5 and 30°C), and sulfide and nitrate loading rates of 8.6
gS m~3 reactor h™' and a 4.5 gN m~3 reactor h™', respectively. In
their study, the authors found that the microbial diversity was
preserved during the CSTR operation.

HS™ + 0.35NO; + 0.013NH; + 0.059HCO; + 1.40H*+
+0.004C0O, — 0.013C;H,0,N + 0.175N, + S° + 1.21H,0 (1)

$% +0.876NO; + 0.080NH; + 0.379HCO; + 0.023CO,+
+0.343H,0 — 0.080C;H,0,N + 0.44N, + SO;” + 0.824H"  (2)

Model assumptions

The main assumptions made for the model were based on those
commonly made in previous biotrickling filter models,'??2~2 and
adapted to the anoxic BTF. The model presented herein includes
the following assumptions:

1 The biofilm is completely developed over the carrier, is
homogeneously distributed along the bed height and is fully
wetted.

2 Theliquid phase is considered to be divided into two fractions:
flowing and stagnant (both of which can be considered as

J Chem Technol Biotechnol 2016;91:1782-1793

© 2015 Society of Chemical Industry

wileyonlinelibrary.com/jctb




@)
SCI

WWW.50Ci.org

F Almenglo et al.

10

liquid hold-up). Moreover, both fractions are homogeneously
distributed along the bed height.

The area fraction in contact with the flowing liquid phase (a) is
related to the liquid flow rate by a linear function.

The liquid layer thickness is constant, for both liquid phases
and along the bed, for each F,.

Mass transfer between flowing liquid and stagnant liquid, and
between liquid phases and biofilm are described by diffusion
phenomena.

The H,S mass transfer in the gas-liquid interface occurs in
both liquid phases, i.e. flowing and stagnant, and is defined by
Ondas’s equation.?®

The adsorption of the chemical species on the support surface
is negligible.

The axial flows (gas and flowing liquid) are described by a
plug-flow model.

Mass transport into the biofilm is described by diffusion (Fick’s
law).

The biomass-substrate yields in the biofilm are equal to those
described by Mora et al.?' for suspended cultures.

11

12

13

Sulfide and elemental sulfur oxidizing kinetics in the biofilm
are equals to those described by Mora et al.?' for suspended
cultures.

The biological reaction only occurs in the biofilm; there is a
negligible amount of suspended biomass in the liquid recircu-
lating volume.

The effect of pH is only considered to calculate the H,S disso-
ciation in the liquid phase. The effect of pH on the biological
activity is neglected because all experiments were conducted
at constant pH (same value used by Mora et al.?' for kinetics
determination).

The model describes the dynamic of the main species involved
in an anoxic BTF (H,S concentration in the gas, liquid and biofilm
phases; nitrite and sulfate concentrations in the liquid and biofilm
phases and the elemental sulfur production in the biofilm). The
system of partial differential equations was solved by discretizing
the height and biofilm thickness, thus converting them to ordinary
differential equations. The scheme for the model and the dis-
cretization along the bed and within the biofilm is shown in Fig. 1,

Liquid ZF Gas Mass transfer at interface
nvs+1
Advection / \\
nvs/_? dCo/dt
2]
nvg_{ dCu/dt ||<—| dCus/dt
iy ol
dCe/dt g dCas/dt
% Diffusion
|
gas K, aa K, a U-ab LT
il Gl
flowing 12 N W stagnant FT
liquid - L liqui
Al il
flowing % // B stagnant
biofilm a b - «) | biofi
FT /n b FT/nb

< >
/ LSL

LSL/2'

Figure 1. Model scheme and discretization.
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Table 1. Model symbols
Parameters Description Parameters Description
specific bed surface (m? m=3) kg gas individual mass transfer coefficient (mh=")
ap specific packing surface (m? m3) ks, sta(gn;a]n'g)liquid individual mass transfer coefficient
m
C concentration (g m~3) LSL length of the stagnant liquid layer (m)
c* equilibrium concentration (g m=3) LT liquid thickness (m)
D diffusivity (m? h~") M total number of experiments used
Er packing efficiency number (—) m dimensionless gas-liquid equilibrium constant (-)
F volumetric flow rate (m3 h=1) N total number of data sets for each experiment
FT biofilm thickness (m) nb number of biofilm layers
g gravitational constant (m s~2) nvs number of bed height layers
H Henry’s law constant (=) R reaction rate (gm~=3 h~T)
K inhibition constant for sulfur oxidation (g m~3) Re Reynolds number (-)
Kis tas constant for sulfide inhibition (g m~3) Sc Schmidt number (-)
Ks gas overall mass transfer coefficient (mh~1) Sh Sherwood number (-)
K, liquid overall mass transfer coefficient (mh=") t time (h)
Ks s affinity constant for sulfide (g m3) v volume (m3)
Ksnos affinity constant for nitrate (g m=3) Vie volume of one packing cube (m3)
Ksso affinity constant for sulfur (g m~3) Vpic biofilm volume in one packing cube (m?)
Kar first H,S dissociation constant () X biomass concentration (gN m~3)
kaz second H,S dissociation constant (—) Y yield (—)
ke, flowing liquid individual mass transfer coefficient (mh~") z linear dimension of the column
Greek letters
a flowing liquid fraction (—) " viscosity (Pa's)
Pq proportionality constant P density (kg m~3)
I3 gas volume fraction (—) ® liquid volume fraction ()
Subscripts
b biofilm NO3 nitrate
D purge out outlet
Fb ‘flowing’ biofilm P packing material
FL flowing liquid RL recirculating liquid
G gas NY elemental sulfur
H2S hydrogen sulfide Sb ‘stagnant’ biofilm
IN inlet SL stagnant liquid
index for chemical species S04 sulfate
L liquid T total
MM nitrate concentrated solution w water
Superscripts
EXP experimental

each subdivision is ideally mixed. The bed height and biofilm
thickness were divided into ‘nvs’ and ‘nb’ slices, respectively, and
the discretization was optimized to reduce the computational res-
olution time. The numerical solution was obtained using MATLAB
7.7 (Mathworks, Natik, MA). The main equations for the model are
listed in the following section.

Mass balances
The main mass balances are described by the following equations.
Table1 provides a description of the model symbols. The
conceptual scheme is represented in Fig.1, in which the rela-
tionship between phases (gas, liquids and biofilms) is shown
along with the transport phenomena between phases and the
coefficients used in the interfacial mass transfer.

The model equation for the bulk gas phase describes advective
transport and mass transfer between gas and liquid phases. The

gas-liquid mass transfer occurs in both liquid phases, considering
the specific area in contact with the flowing liquid phase (a-a) and
with the stagnant liquid phase (a-(1-a)).

dCG,st _ aCG,HZS _a .k . <
= FLH,S

i O P s = s ) =

a .
z : KSL,HZS (1I=—a)- (CSL.HZS - CSL.H25> 3)

with the following boundary conditions:

forz=0,C; = Co i

fort=0,C; = 0.

The flowing liquid phase is in contact with the gas phase, the
stagnant liquid phase and the biofilm. These phenomena can be
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described as follows:

dCr x Chr a ;
at ez T @r fovse (CFL* = Cru ) B
D
a Lk LT
B I . S S (o
or (- (LSL/2) LSL (e = Cou)
D
a Lk
a4t 4 (¢, —C 4)
F (FT/nb) ( FL.k Fb,k,l)

The second term in Equation (4), which describes mass transfer
at the gas-liquid interface, is valid only for H,S because the
model does not consider gas-liquid transfer for nitrate, sulfate
and elemental sulfur. The third term describes the diffusion at
the ‘flowing’ and ‘stagnant’ liquid interfaces using Fick’s law; this
term considers the specific interfacial area as (a-(1 — «)-LT/LSL) and
the average length as (LSL/2); in which LT is the liquid thickness
and LSL is the stagnant liquid length (Fig.1). The mass transfer
between the flowing liquid and the biofilm is described in the
fourth term, in which the specific flowing area is used (a-a) and
the length (FT/nb) considers the biofilm division. The boundary
conditions were:

forz=2z,,,C = C pec;
fort= 0,Cy = 0.

The stagnant liquid phase is described by similar phenomena,
excluding advective transport.

dCqx a y
ar (’TSKSL,k (1T—a)- <C5L,k - CSL,k) +

a DL G- C
o _a)'m’ﬁ'(ﬂ,k_ sk

_a Pu
95 (FT/nb)

(1 —a) - (Cox — Copsnr) (5)

with the boundary condition:

fort= 0,C; = 0.
Mass balances in the biofilm are divided into ‘flowing biofilm’
(which is in contact with flowing liquid, Equation (6)) and ‘stagnant
biofilm’ (which is in contact with stagnant liquid, Equation (7)). The
mass transfer is due to diffusional processes and is described by
Fick's law. Moreover, the biological reactions (Equations (17) and
(18)) occur in both biofilms.

dCFb,k aZCFb,k
T = Db.kv - k/stRst¢Fb - Yk/SO RSO,Fb (6)
dCSb,k aZCSb,k
T = Db,kW - Yk/HZSRHZS.Sb - Yk/SORSO,Sb 7)

The mass balance in the recirculating volume is described by
Equation (8) for the concentration in the recirculated liquid and by
Equation (9) for the volume of the recirculated liquid.

dCpy F F F F
a 7: (CFL,kJ - CRL,k) + %;WCMM,k - V:CRL,k + V_V:Cw,k (8)
dv,
?ZFMM—FP‘{‘FW (9)

Determination of mass transfer coefficients

Onda’s equations®® were used to calculate the local individual
liquid (k;) and gas (k;) mass transfer coefficients. In Equation (10),
the area in contact with the flowing liquid (a-«) was used instead
of the wetted area described by Onda et al.:?

1
kg =1523-a-Dg-Re - ScG/3 - Er? (10)

2/3
L R R
kg, = 0.0051 - <7F) =S¢, /Z'Er‘o"‘ShL 5 (1

@-a)- p

The individual mass transfer coefficient for the stagnant liquid
was calculated using an equation similar to Equation (11). In this
equation, the stagnant area (a-(1 — a)) was considered instead of
the flowing area (Equation (12)).

L

2/,
7> s Erotsn (1)
(@-(—a)-p

kg, = 0.0051 - <

Overall mass transfer coefficients were obtained with the follow-
ing well-known expression, using the dimensionless gas-liquid
equilibrium constant (m):

11 1 13
mKsa ~ Ky (a-a) kg (a-a)  mkg(a-a)

1 _ 1 _ 1 n 1
mKsa  Kg(a-(1-a) kg(a-(1—a)) mks(a-(1-a)

(14)

It is necessary to consider the dissociation of H,S in the liquid
phase and the concentrations of the dissociated species depend
on the pH (Equations (15) and (16)).

HyS o HyS, el HS 4 HY e, = 4o (15)
22(g9) 7 M2°(ag) @ T ap Tt
_ Crisg - A (16)
CHZS,aq + CHS’,aq + CSZ’,GQ 1+ 1:;2:;/-; + :(Slzkz.i

Biological reaction rates

The kinetic model proposed by Mora et al.?' was used and this con-
cerned a sulfide oxidant/nitrate reducing mixed culture obtained
from the anoxic BTF.' For sulfide oxidation a multi-substrate
equation was employed and this included a Haldane-type term to
describe substrate inhibition by sulfide, while a Monod-type term
was used to describe the nitrate contribution (Equation (17)). For
the elemental sulfur oxidation two Monod-type terms were used
for both elemental sulfur and nitrate, along with an inhibition term
that considered sulfide (Equation (18)).

The biomass concentration (X) (N m~3) was considered to
be constant along the bed. The biomass-substrate yields (Y,
and Yy,5) (N (gS)~") were estimated according to Equations (1)
and (2).

1 Cszs,::j
RHZSA,b,i,j = HmAxH,S v ) 2
X5 (Cszs,u)
Kstiys + Comysij + = s
Coor .
. bNOs.ij X ( 1 7)
Ksnoy + Conosij
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Table 2. Parameters used in the calibration stage

Parameter  Value Description

a 359.5 specific bed surface (m? m~3)

ap 600 specific packing surface (m? m=3)

Dg pas 1.80-10™*  H,S diffusivity in biogas?’28 (m? h~")

Dy ti2s 8.58-107% H,S diffusivity in water?® (m? h=")

Dy nos 7.61-107% NO,~ diffusivity in water?® (m? h™1)

Dy 504 426-107%  S0,2~ diffusivity in water®® (m?h~")

Fiw 5 volumetric flow for water (m3 h~")

Frm 7.9-1073  volumetric flow for nitrate solution
(m3h)

T 4.17-107*  biofilm thickness (m)

g 9.81 gravitational constant (m s~2)

gNp 0.068 grams of nitrogen in biomass by packing
gram (gNg~")

gP 2289.36  packing grams in bed (g)

H 0518 Henry’s law constant (30°C) 3 (-)

K 5.13 inhibition constant for sulfur oxidation?'
(@S m™3)

Kis Has 78.1 constant for sulfide inhibition?' (gS m—3)

Ks as 8.4 affinity constant for sulfide?! (gS m~3)

Ksnos 13 affinity constant for nitrate?’ (gN-NO; m~—3)

Ks 50 0.609 affinity constant for sulfur?' (gS m~3)

ka1 9.11078  first H,S dissociation constant3? (-)

kg 1.1107"2  second H,S dissociation constant3? (—)

m 0.1579 gas-liquid equilibrium constant

Y No3/H2s 0.1531 yie(ldst))f1l\)103 and H,S (equation 1) (gN-NO;
9

Y nossso 03832  yield of NO; and S (equation 2) (QN-NO;
@)™

Yy/ha2s 0.00568 vyield of biomass and H,S (equation 1) (gN
@)™

Yy/s0 0.035 yield of biomass and S° (equation 2) (gN
@)™

U 1.89 10>  biogas viscosity33 (Pas)

m 8.2010~*  water viscosity (Pas)

HMAX H25 0.126 maxin11um growth rate for equation 172’
(h=")

Himax,so 0.199 maxin11um growth rate for equation 172
(=)

PG 1.094 biogas density>3 (kgm~3)

oL 995.7 water density (kg m~3)

R 1 ( Coso 1 ) Cono,.ij
0bij = Hmaxso\ v )° : ’
Y Yx0 Kss0 + Cpso,i; Ksno, + Cono, i

K
A — )X (18)
< K+ Copysij >
Model calibration

The parameters that describe the anoxic BTF are given in Table 2.
The specific bed surface was calculated according to Equation
(19) - this equation relates the specific packing surface, the pack-
ing volume and total volume of the bed. The biofilm thickness
was estimated from the measured biomass volume (31.27 cm3),
contained in a packing cube (125 cm?3), and the specific packing
surface (600 m?2 m~3) (Equation (20)). The total organic nitrogen, in

a cube of packing, was 0.068 gN (g packing)~'. The biomass con-
centration was estimated by considering a planar geometry for the
biomass volume (Equations (21) and (22)). The liquid volume and
the purge flow rate were experimentally estimated as a function
of the liquid flow rate (Equations (23) and (24)). The liquid layer
thickness was calculated as a function of the liquid volume, sup-
posing planar geometry (Equation (25)). The flowing liquid frac-
tion (a) was considered as a linear function of the liquid flow rate
(Equation (26)).

a=a Ve (19)
=
v,
FT = %1€ (20)
Vic-ap
gN, = gN, - gP 1)
N
x=—T% (22)
a-V;-FT
V,=(427-214-F)-107 (23)
F,=241-046-F (24)
IT = i (25)
Ta-Vv
a=p,-F (26)

The developed model was calibrated by means of only two
parameters and these are difficult to determine experimentally:
the length of the stagnant liquid layer (LSL) and the proportional
coefficient (p,) for the flowing fraction calculation. The deviations
in the H,S outlet concentration between experimental data and
those predicted by the model were used to obtain these param-
eters. Therefore, the objective function (OF) to minimize for each
period simulated was:

N 2
> [ Caour (L5Lp.) - €25 27)

i=1

M
OF=)
j=1

Control strategies

Six control strategies (CS) for dosing the nitrate solution were pro-
posed (Table 3) and the control variables were the concentration of
H,S in the gas outlet and/or sulfide in the recirculated liquid. Two
dosing modes for the nitrate solution were evaluated, namely dis-
continuous mode and continuous mode. In discontinuous mode
two sequential steps occur: (i) the purge of the recirculated lig-
uid; and (ii) the dosage of the nitrate and industrial water up to

Table 3. Summary of the control strategies

Nitrate solution Biogas Set point
cs dosage flowrate [gSm3]
CS#A Discontinuous Constant CirecHas <10
CS#B Discontinuous Constant Couthas <0.4
CS#C Continuous Constant Couthzs <04
CS#D Continuous Constant ClrecHas <5
CSHE Discontinuous Variable ClRecH2s <10
CS#F Discontinuous Variable Coutpas <049
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the working volume. In continuous mode the nitrate solution was
added continuously and its flow rate was varied to maintain the
set-point of the controlled variable. Similarly, the industrial water
flow was constant in order to keep the sulfate concentration below
the desired value. For all the CSs the recirculation flow rate was
3m?h~', the simulated period was 100 h (i.e. longer than a com-
plete cycle) and the volume purged was ten times the volume of
the nitrate concentrate solution. It was considered that the inlet
H,S concentrations fluctuated with time in order to represent the
behavior of an industrial effluent by means of a sine function. The
conditions for all CSs were within the calibration range: the calibra-
tion liquid flow rate was between 1 and 3m?h~', the input load
was between 20.1 and 176.5 gS Nm~3 h~" and the nitrate concen-
tration between 1.4 and 423.7 gN — NO,~ m~—>. Likewise, the liquid
flow rate and the input load were within the range of the validation
experiments; liquid flow rate of 1.5 and 3m*h~"! and input load
between 35 and 193 gS Nm~3 h~'. To evaluate the most appropri-
ate CS, the average and maximum H,S concentrations in the out-
let gas, the total nitrate consumption and the total nitrate purged
were considered as target variables.

In CS#A the nitrate dosage was discontinuous and the sulfide
concentration in the recirculating liquid was used as a control vari-
able. In CS#B the dosage was also discontinuous but the outlet
H,S concentration in the biogas was used as a control variable.
As the set-point a value of 0.4 gS Nm~3 (around 300 ppm,) was
selected and this set-point is below the limit required in cogener-
ation engines (500-800 ppm,, depending on the manufacturer).

In both cases, the maximum nitrate concentration was established
as 2000 gN —NO;~ m~3,

In CS#C and CS#D, the nitrate solution dosage was carried out
in continuous mode. In CS#C the flow of the nitrate solution was
varied according to the outlet H,S concentration; the set-point
was established to maintain an outlet H,S concentration of 0.4 gS
Nm=3. However, in CS#D the sulfide concentration in the recircu-
lating liquid was the control objective and it was established at
5gSm73,

In CS#E and CS#F a variable biogas flow rate was evaluated
with discontinuous nitrate dosage used once again, with the
same set-points as in CS#A and CS#B, respectively. The variable
biogas flow rate was controlled by the outlet H,S concentration.
This control mode keeps the outlet H,S concentration equal to
0.36 gS Nm~= (90% of H,S concentration used as the set-point
for CS#B, CS#C and CS#F) and the minimum biogas flow rate
was 1m3h7',

RESULTS AND DISCUSSION

Model calibration and validation

The values for the parameters obtained in the calibration step
were 243X 1073 m for LSL and 0.19hm= for p,. The model fit-
ting, for the 9 experiments selected, using the estimated param-
eters is shown in Fig. 2. It can be seen that the outlet H,S concen-
tration and the nitrate concentration are close to the experimen-
tal values. The temperature effect was simulated and it was not
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Figure 2. Model calibration. Experimental and simulated data. Upper graphs: outlet H,S concentration. Lower graphs: nitrate concentration in the

recirculation liquid.
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significant (Fig. S2). The largest difference between the simulated
and experimental data was found at a biogas flow rate of 5m3 h~!
and a liquid flow rate of 2 m3 h~', where the mean divergence was
0.36 g5 Nm=3. The mean difference between experimental and
simulated values for a biogas flow rate of 3 m3 h~' and a liquid flow
rate of 1 m3h~" was 0.20 gS Nm~3. For the other cases the mean
difference was less than 0.08 gS Nm~3.

In terms of RE (%), the differences obtained were less than 1%
when the biogas flow was 1 m3h~" and they were below 2% for
the remaining cases, with the exception of flow rates of 5m3h-!
of biogas and 2 m3 h~! of liquid, which gave a value of 6%, and for
3m3h~" of biogas and 1m?h~" of liquid, which gave a value of
4%. A Friedman test was performed to evaluate the goodness of fit
between experimental and simulated H,S concentrations, giving
values for the P-value and R? of 1.2 x 10~* and 0.99, respectively.
Regarding to nitrate concentration, the Friedman test parameters
were 2.0 X 10~* and 0.97, respectively.

A sequence to emulate the automatic dosage for the nitrate
solution was programmed in MATLAB. There are numerous species
that contribute to the ORP value and it is difficult to consider all
of these when modeling the ORP. As a result, the concentration of
sulfide in the recirculation liquid was used instead of ORP and the
set-point was 10 gS m~3.

A comparison between experimental data and the model pre-
dictions in the validation step is shown in Fig.3. The first set
of experimental data used in the validation are represented in
Fig. 3(A), where the liquid flow rate was 1.5 m* h~' and the biogas
flow rate was increased from 1 to 2.8 m? h~'; the maximum nitrate
concentration was 2100 gN-NO;~ m=3. In this set of experiments,
a period without biogas feeding was also simulated between hour
143 and hour 240. The second set of validation data are shown
in Figure 3(B), where the liquid flow rate was 3m3h~" and the
biogas flow rate was increased from 1 to 5.2m?3h~'; the maxi-
mum nitrate concentration was 350 gN-NO;~ m~3. The Figure 3(C)
shows the third set of experimental data used in the valida-
tion, where the liquid flow rate was 3m3h~', the biogas flow
rate was ranged between 1 and 5m3h~" and the start nitrate
concentration was 1400 gN-NO;~ m~3. Fluctuations in the inlet
conditions were observed, mainly because the biogas composi-
tion was not controlled. Inlet H,S concentration and the liquid
and biogas flow rates were introduced in the model as input
parameters.

The range of simulated nitrate concentrations was between 0.18
and 2127 gN-NO;~ m~3 for the first set of validation data and
between 0.03 and 357 gN-NO,~ m~3 for the second set of val-
idation data. Furthermore, the simulated sulfate concentration
was between 3749 and 8467 gS5-50,2~ m~3 and 4966 and 9072
gS-50,% m~3, for the first and the second validation, respectively.
The experimental data were between 3219 and 9062 gS-SO,%~
m~3 and 5851 and 8684 gS-50,2~ m~3. The uncertainty in the
initial elemental sulfur in the packing bed (not measured) could
explain the divergence between simulated and experimental
values. Instead, the third validation set of data (Figure 3(C)) shows
an increased goodness of fit of nitrate and sulfate concentration.
The mean difference between experimental values and simulated
was 4.0% + 2.5% and 1.6% =+ 1.3% for nitrate and sulfate, respec-
tively. The key parameter to be simulated was the outlet H,S con-
centration, because this is the target compound to be removed.
If the prediction of the outlet H,S concentration were imprecise
the proposed model would be useless. Better predictions could be
achieved with an improved knowledge of the initial elemental sul-
fur content in the packing material since this parameter has a high

sensitivity in model predictions, mainly with respect to the nitrate
consumption rate and sulfate production rate.

A Friedman test was carried out to quantify the differences
between the experimental data and those predicted by the model.
In this case, the P-value and R? were 0.021 and 0.91, respectively.
This result indicates that the difference between the concentra-
tions of H,S measured experimentally and those simulated by
the model were not statistically significant. Figure 4 presents each
experimental RE value against the simulated data in order to show
a more representative idea of the goodness of fit. Most of the
results are included in the 95% confidence level and the average
error between simulated and experimental values is 2.8%.

Thus, the model predictions were satisfactory to describe the
performance of the anoxic BTF.

In order to obtain an appropriate model it is necessary to
simulate correctly the influence of both the nitrate concentration
and the recirculation flow rate, which increases the distribution
of liquid along the bed and the accessibility of nitrate to the
biomass. The model simulates, as monitored in the industrial
anoxic BTF, the increase in the outlet H,S concentration when
the nitrate is depleted in the liquid. Once the availability of the
final electron acceptor decreases below the threshold limit, the RE
drops instantly until a new cycle starts again with further dosing of
nitrate solution (Fig. 3). Soreanu et al.'® detected similar RE drops
for nitrate concentrations below 20 g m=3 when the inlet load was
4.9gSNm~3 h~" and the TLV was 1.7 m h~'. Depending on the final
use of the treated biogas, the fluctuations in H,S at the outlet could
be a significant limitation for its exploitation.

To overcome this drawback, several control strategies have
been developed to optimize the BTF performance and these are
focused on obtaining the maximum sulfide removal and on opti-
mizing the nitrate dosing with the minimum loss of nitrate in
the purge.

Control strategies

The results obtained in the simulation of each control strategy are
shown in Table 4. The outlet H,S concentration and the concentra-
tions of nitrate and sulfide in the recirculation liquid, for the first
four CSs, are shown in Fig. 5.

In CS#A, when the nitrate concentration is below 60 gN —NO,~
m~3 the outlet H,S concentration starts to increase and similar
behavior was also observed for sulfide in the recirculation liquid.
The nitrate concentration in the discharge liquid for CS#A was 0.07
gN —NO;~ m~3. CS#A showed the highest maximum outlet H,S
concentration (1.46 g5 Nm™3) of the first four control strategies and
the lowest amount of nitrate purged during the simulation period.

CS#B showed similar behavior but, as the outlet H,S concentra-
tion was used as a control variable, the maximum outlet H,S con-
centration was controlled so that it did not rise above the limit of
0.4 gS Nm~3. Nevertheless, the nitrate concentration in the purged
liquid was higher than in CS#A (25.52 gN — NO;~ m~3) and this rep-
resents an undesirable waste of reagent.

In CS#C and CS#D, the addition of the nitrate solution in con-
tinuous mode avoids sudden peaks in the outlet H,S concentra-
tion (Fig.5). In CS#C, the nitrate concentration was in the range
11.9 - 80.8 gN — NO;~ m~3 depending on the inlet sulfide concen-
tration. The outlet H,S concentration was constant and was equal
to 0.4 gS m® h='. The sulfide in the liquid recirculation medium
showed similar behavior to that observed with the nitrate. In CS#D,
the use of sulfide concentration in the liquid as a variable to control
the flow of the nitrate solution allowed a constant sulfide concen-
tration to be achieved in the liquid phase (Fig.5(C)). As shown in
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Figure 3. Validation: (A) first experiment; (B) second experiment; (C) third experiment.

Fig. 5(A) for CS#D, when the inlet H,S concentration was low, the
base outlet H,S concentration was the highest. This unexpected
behavior is related to the lower nitrate concentration in the liquid
phase (Fig. 5(B)), which is fixed by the constant sulfide concentra-
tion in the liquid medium (Fig. 5(C)).

In CS#E and CS#F (Fig. 6(A)), the biogas flow rate was increased
if the outlet H,S concentration did not rise above the limit of
0.36 gS Nm~3. The fluctuations in the biogas flow rate could have
two consequences. First, the BTF could work at maximum load
regardless of the inlet H,S concentration. Second, the biogas flow
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Figure 4. Experimental RE against simulated RE for the three validation
experiments.

rate could decrease when the nitrate concentration is low in order
to minimize the nitrate purged. In these cases (CS#E and CS#F), the
nitrate concentration in the purge liquid was lower than in CS#A
and CS#B. More specifically, the nitrate concentration in the purge
liquid was 2.9 x 10~ and 1.65 gN — NO,~ m~3 for CS#E and CS#F,
respectively. The duration of the peaks in the outlet H,S concentra-
tion, produced as a result of the discontinuous mode, was reduced
in this case but the maximum outlet H,S concentration was not
reduced (1.47 and 0.38 gS Nm~3 for CS#E and CS#F, respectively).
The sulfide concentrations for CS#E and CS#F are shown in Fig. 6(B).
In both cases, the sulfide concentration was stable and equal to 4.7
gS m3, except when nitrate dosing occurred. Just before nitrate
dosing, the sulfide concentration decreased to 3 gS m~3 due to
the decrease in the biogas flow rate. When the nitrate dosing was
controlled by the sulfide concentration (CS#E) the sulfide concen-
tration increased to 10 gS m=3. However, for CS#F an increase in
the sulfide concentration, caused by the nitrate depletion, was
not observed.

Very few studies have been carried out on CS for biogas desul-
furization in anoxic BTFs and those that have include a pro-
grammed feeding routine® and an automatic nitrate dosing using
ORP?. In this sense, Fernandez et al.® found that the critical elim-
ination capacity (EC) was 30% higher on using a programmed
nitrate feed than for manual nitrate dosing. In the programmed
feeding routine, the flow of nitrate solution was varied manu-
ally according to the H,S inlet load. Monitoring of the automatic
nitrate dosing by ORP has been carried out by Fernandez et al.’
This operation mode is closely represented by the case CS#A.

Measurement of the electron acceptor concentration as the con-
trol variable has recently been implemented in an aerobic BTF for
biogas desulfurization.” In contrast, in the work described here
the electron acceptor was nitrate and an ion-selective electrode
(ISE) could therefore be used to measure the nitrate concentration.
However, interference with sulfide is the most significant drawback
for the use of this method.® In the present work, all of the CSs pro-
posed involve model-based feedback control in order to avoid the
limitation of the feed-forward control system, which is more sensi-
tive to unpredictable perturbations.3*

Among the CSs analyzed, when nitrate is dosed in discontinuous
mode and the flow rate is constant, CS#A is the most economical
strategy because less sophisticated equipment is required to con-
trol the operation and the nitrate purged is the lowest (Table 4).
Operating at low nitrate concentrations means a higher fluctua-
tion in the H,S outlet concentration and this periodically reaches
values in excess of 1 gS Nm~3. In contrast, when it is necessary to
reduce the outlet H,S concentration peaks, the control mode used
in CS#B should be chosen because the outlet H,S concentration
peaks are buffered. Nevertheless, in CS#B a higher amount nitrate
is purged (from 0.3 to 5 gN). The EC achieved in the CS#B case is
slightly higher than in the first option (0.2 gS m~3 h~" higher) and
markedly higher than those in the rest of the control modes at con-
stant flow rate (up to 2% higher). However, the amount of nitrate
that is not used is almost 17 times higher than in CS#A.

When the main requirement of the facility is to ensure a constant
H,S RE the best option is CS#C. The nitrate purged is higher than in
cases CS#A and CS#B, but the outlet H,S concentration is stable. It
can be seen in Fig. 5 that the fluctuations in outlet concentrations
are completely smoothed but the EC is consequently lower. More-
over, itis expected that the continuous dosing of nitrate will reduce
stress on the microbial population, which is subjected to peri-
odic starvation when discontinuous dosing is applied - as widely
reported for aerobic biofilters.336

If the main purpose of the facility is to treat the maximum load
possible without reducing the performance of the BTF, strategies
CS#E and CS#F should be considered. In these cases, the biogas
flow rate is adjusted when the inlet H,S concentration decreases in
order to maximize the inlet load (Fig. 6(A)) prior to biogas storage.
Besides, the predicted EC is higher by up to 30% in comparison
with the rest of the strategies (Table 4). This finding is consistent
with the increase in the load treated. CS#E and CS#F are interesting
alternatives when biogas can be stored before its energy exploita-
tion. The choice of H,S outlet or sulfide concentration as the con-
trol variable gives rise to marked differences in terms of operation
(Fig. 6(A)). Furthermore, CS#E and CS#F affect the instrumentation
required for the control system and, therefore, the installation cost.

Table 4. Outlet sulfide gas concentration mean and maximum; biogas flow rate; inlet load; elimination capacity; amount of nitrate added, purged
and spent for each control strategy

CS#A CS#B CS#C CS#D CSH#E CS#F
Cias,out (Mean) [gs Nm—3] 0.22 0.22 04 0.58 0.36 0.35
Chas,out (Max) [gS Nm~3] 1.46 0.38 0.4 0.64 1.47 0.38
F6,mean [M>h71] 3 3 3 3 4.75 4.82
LIgSm~3h~T] 94.1 94.1 94.1 94.1 149.4 151.6
EC[gSm~3h~1] 90.0 90.1 86.9 83.7 1389 1412
N feg [gN-NO;3 7] 920 920 817 737 1380 1380
N purged [GN-NO3 7] 0.006 213 4.55 0.03 41%x107° 0.23
N,spent [gN-NO5 7] 811.2 8144 807.4 736.7 12133 1235.5
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However, outlet H,S concentration is controlled in a satisfactory =~ mathematical model developed from the description of the
manner and the nitrate purged is the minimum possible. phenomena involved in the process is a powerful tool to eval-

uate all possible strategies when considering and quantifying

the savings and improvements in different operation modes.
CONCLUSIONS Furthermore, as the model has been calibrated and validated
The analysis of the different control strategies suggested in the  with data obtained by monitoring an industrial plant located in a
work presented here shows that the best option depends on ~ WWTP, one can expect a high level of fitting between the behav-
the characteristics of each individual scenario. However, the ior predicted and the results reported. The mathematical model

_________________________________________________________________________________________________________________________]
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