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Abstract

The effect of the presence of denitrifying biomass on the reactive absorption of NO in aqué@EB &) solutions has been investigated
(T'=303, 325K Crei epra) = 30-35 mol/M, Ciotar solics= 0—7.5 kg/M, Csuspended soiids 0—1.2 kg/M, Cnoin = 250 vppm). The absorption rate of NO
is affected by the presence of the biomass sludge and high sludge loadings resulted in reductions in the NO absorption rates. The decrease is
due to partial blockage of the gas—liquid interface by inorganic and organic suspended solids and to a lesser extent to changes in the phy
properties of the liquid. For one of the samples, an enhancement of the NO absorption rate was observed, presumably as a result of a shu
effect due to the presence of small, adsorptive particles. A semi-empirical engineering model was developed based on the theory of mass trans
combination with solid particles. The model includes both possible enhancement of mass transfer due to the presence of small adsorptive part
as well as reduction of the mass transfer rate due to the presence of particles adhering to the gas-liquid interface. The experimental profiles
modeled successfully using this approach.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction eration using denitrifying bacteria (E))

Nitrogen monoxide plays an important role in the forma- Fé'(EDTA)*” +NO = Fe!' (EDTA)(NO) @)
tion of ground-level ozone in highly populated areas and acid
depositions. In the last decades, technologies have been dev6E€' (EDTA)(NO) + CoHsOH
oped to rsduce NQ_ emissions from_various industrial sstivities. — 6Fd'(EDTA) + 3N;+ 2CO, + 3H,0 @)
Combustion modification resulted in NO removal efficiencies
of up to 70%. End of pipe technologies, like selective catalyticThe absorption and the regeneration may either be performed
reduction (SCR) and selective non-catalytic reduction (SNCR)in two separate reactors, with the loaded Fe solutions flowing
have been developed with high removal levdls However, continuously from the absorber unit to the bioreactor, or in a
there is still a strong incentive for the development of low costcombined operatiof#].
alternatives. Wet removal techniques, e.g. reactive NO absorp- Absorber performance is expected to be influenced by the
tionin Fé' (EDTA) (EDTA = ethylenediaminetetraacetic acid) or presence ofinsoluble organic particles like the micro-organisms,
Fe' (NTA) (NTA = nitrilotriacetic acid) solutions offers promis- inorganic particles and soluble organic and inorganic com-
ing possibilitieq2,3]. Of particular interest is the so called Bio- pounds (e.g. metabolic secretion products and salts). The reactor
deNOx process, which combines reactive absorption of NO ifmydrodynamics and particularly the volumetric liquid side mass
an iron-chelate solution (E@1)) followed by biological regen- transfer coefficienk, a may be affected by these factors. Both
positive and negative effects of biomass on mass transfer rates
in gas—liquid systems have been repoite€r].
* Corresponding author. Fax: +31 50 363 4479. Unfortunately, general expressions ke in bioreactors are
E-mail address: h.j.heeres@rug.nl (H.J. Heeres). lacking and the effects of biomass on the rate of gas absorption
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Nomenclature

specific interfacial area (fm—2)

area of the interface ()

concentration (mol md)

concentration gas component (vppm)
concentration of suspended solids (k§)m
concentration of total solid (kg/#
concentration of volatile solids (kgfh
concentration of volatile suspended solid (kgym
diameter stirrer (m)

diffusion coefficient (Ms1)

fraction of solids that participate in surface block
ing and in grazing, respectively

molflux of nitrogen monoxide (mol rr? s~1)
absorption rate of nitrogen monoxide (mol$
mass transfer coefficient for the liquid phas
(ms™)

surface adsorption equilibrium constants
stirrer speed (3%

Reynolds numberg(Nsds 11~ 1)

Schmidt numberg p~1 DY)

Sherwood numbewg k. D—1)

time (s)

temperature (K)

volume (n¥)

Greek letters
amax Bmax Maximum fractional surface coverage wit

blocking and grazing, respectively

d volumetric flow rate (Ms—1)
m dynamic viscosity (Pas)

v kinematic viscosity (fhs™1)
P density (kg/ni)

Subscripts

exp experimental value

G gas phase

in inlet

L liquid phase

NO nitrogen monoxide

out outlet

w water

Superscript

b bulk

0 value without solid present

D

n

In the present work, the effect of the presence of biolog-
ical sludge on the absorption of NO in aqueousd (EDTA)
solution was investigated. Three representative sludge solutions
were tested: a denitrifying sludge from a waste water treatment
plant and two BiodeNOx sludge solution from different origins.
The NO absorption rates were investigated as a function of the
concentration of biological sludge using typical BiodeNOx reac-
tion conditions {'=325K, CrgigpTa) = 0-50 mol/n¥, pH 7,
Cnoin = 250 vppm Cyss = 0.2—2 kg/nd). This research was not
aimed at the microbiological properties of the sludge. The main
goal, on the other hand, was to gain insight into the possible
qualitative influences of the sludges on the engineering aspects
of NO absorbers, and to demonstrate the ability of quantita-
tive descriptions of the observed phenomena via semi-empirical
models.

2. Experimental
2.1. Chemicals

Nay-EDTA solution (39% in water) was obtained from Caldic
Nederland, FeS©7H,0 and CeS@4H,0 (>99%) from Acros,
NaCOs and SOy (99%) from Merck, NaOH (33% in water)
from Boom. NO (1008 vppm in By, and N> (>99.99%) were
purchased from Hoekloos. Reverse osmosis water was applied
to prepare the iron chelate solutions.

2.2. Experimental set-up

The kinetic experiments were carried out in a stirred cell
reactor consisting of glass and equipped with four glass baffles.
A stainless steel turbine impeller was used to stir the gas phase,
while a magnetic stirrer bar in combination with an external
magnetic drive was used to mix the liquid phase. The double
wall of the reactors allowed the use of water to regulate the
temperature in the reactor (Julabo, MV basis). Typical reactor
dimensions are given ifable 1

A temperature (PT-100) and pressure transducer (Trafag,
ECO 2.5 A) were used to monitor the temperature and pres-
sure during an experiment. The NO concentration in the outlet
gas flow was measured using an NO analyzer (Thermo Electron-
Model 10). The analyzer was calibrated before and after every
experiment using the NO gas mixture at known concentration.
The NO analyzer, the temperature and pressure transducer were
connected to a computer equipped with a NI-4351 PCI (National
instrument) data acquisition card. The reactor set-up is schemat-
ically represented ifig. 1

. . . Table 1
appeared to be case specific. Expressions from literature thgimensions and characteristics of the stirred cell contactor

model the influence of solids on mass transfer in gas—liquid
reactors always contain one or more parameters that have to E@
found via fitting of experimental results. This is the case in thepg (md/s)
presence of only a single type of solid particles of a uniform size.iquid impeller
and with a well defined regular shape, let alone in the presendeas impeller
of a complex biologically active sludge with various types o

solids present.

£ Ns liquid stirrer (mirr1)

eactor volume (f) 1.245x 1073
m?) 7.79x 1073
8.33x 1076

Magnetic stirretls=0.02m
Six bladed turbing=0.06 m
100

Ns gas impeller (min?) 2000
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NO Nz N0 CO:

Fig. 1. Schematic representation of the experimental set-up. 1a, 1b, 1c, 1d: mass-flow controllers; 2a, 2b, 2c, 2d, 6, 8: open/close valvegalyes, &ndhiilter;
7: digital flowmeter; 9a, 9b: three way valves; B: bypass; 10, 11: magnetic coupling; 12: PT-100; 13: pressure transducer; 14: magnetic platreyl 3:6cilD
analyzer; 17: @ analyzer; 18a, 18b, 18c: vacuum pump; 19: pc.

2.3. Preparation of the aqueous sludge/Fe' (EDTA) BiodeNOXx cultures form two different reactor set-ups. The first
suspensions sample (Wageningen University, The Netherlands) was taken
from a continuous reactor operated at typical BiodeNOXx pro-

Aqueous solutions of BEEDTA) are extremely air-sensitive C€ss conditions. This solution was used as such. The second
and for this reason, the preparation was carried out under nitrd@3iodeNOx sample (University of Delft, The Netherlands) was
gen. The FE(EDTA) solution was prepared by diluting a prede- cultivated and grown under BiodeNOx conditions in a batch
termined amount of EDTA solution in approximately fan3of ~ reactor. This sample was concentrated by centrifugation and
reverse osmosis water. The pH was brought from an initial valué'eated with a buffer solution (a mixture of N&DTA and
of 10-11 to 9 by the addition of a few drops of a 2 M$O4 tris(hydroxymethyl-aminomethane), pH 8) to preserve its bio-
solution. The appropriate amount of FeSTH,O (Fe:EDTA  logical activity. The biological sludge was stored &Gt A
ratio = 1:1.1 mol/mol) was added to the EDTA solution and thesample of 10°m? was used to measure the biological activ-
volume was brought to @ 10~*m?3. Solutions of HSOy or ity [8].

NaOH were used to bring the pH to neutrality. Subsequently, The total solid concentration of the biomass solutiGid)
water was added to adjust the total volume to3®3. This  was determined by measuring the dry weight of a biomass sam-
amount of solution, maintained under nitrogen, was sufficienple (10°>md) after it had been stored in an (electric) oven
to perform several experiments. The biological sludge was actiBinder 9010-0078 2.0) at 10& for 24 h.

vated by the addition of a drop of ethanol, homogenized and The volatile solid concentrationC(s) was determined by
then diluted with reverse osmosis water to the pre-set biomag¥acing a sample in an (electric) oven (Heraeus D-6450 Hanau)
loading. The appropriate amount of the iron chelate solution wagt 600°C for 3 h TheCys may be calculated from thers value
added to the biomass suspension to obtain the desired solid affld the residual mass after the high temperature treatment.
iron chelate concentration for a particular experiment. The pH The concentration of suspended solidsg) was obtained by

of the F¢ (EDTA)/sludge suspensions was adjusted to 7 whediltration of the sludge sample under vacuum (Pall-Supor 200-

necessary. 0.2um) followed by drying of the residue in an (electric) oven
at 103°C for 24 h.
2.4. Biomass characteristics and handling The determination of the volatile suspended solid concentra-

tion (Cvss) was performed by placing the residue of a filtered

The first sample of denitrifying biomass was obtained fromsample in an oven at 60C for 3 h. TheCyss of the sample may
awaste water treatment plant (Veendam, The Netherlands). THe calculated from th€ssand the weight of the residy#].
dark brown sample contained solids in the form of smallagglom-  The measurements were performed on sludge samples before
erates and traces of sand. The other two samples consistedasidition to the F&(EDTA) solutions.
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2.5. Description of a typical reactive absorption experiment 3. Theory; determination of the NO absorption rate

Reactive absorption experiments were carried in the stirred For our set-up, a mass balance for NO for the gas phase leads
cell contactor in a batch mode with respect to the liquid phaséo
and in a continuous mode with respect to the gas phase. The
reactor was filled with the appropriate solution (iron chelate dCR‘o,G b
solution, biomass and water, pH 7). Before closing it, a sam-¢~ g,  — Pc(Cnoin — Cno,e) — (InoA)exp 4)
ple (1x 10~°>md3) was taken from the reactor to determine the
concentration of F§EDTA). The reactor content was degassedWhen the absorption process reaches a pseudo steady state (see
under vacuum for about 15 min. After degassing, the reactor wasig. 4, the outgoing NO concentration is almost constant after
filled with nitrogen gas until atmospheric pressure was reache@00-400 s), the NO concentration in the bulk of the gas phase,
The reactor content was heated to the desired temperature. &, g is constant and equal tByo outand Eq (4) simplifies to
mixture gas of NO in N was prepared and bypassed around
the reactor to the NO analyzer. The NO concentration in thé/NoA)exp = @c(CNoin — CNo oud) (5)
gas phase was regulated using the mass flow controllers and the
composition of the mixture gas was determined using the N@noin, Cno outand andbs are measured continuously, allowing
analyzer. Subsequently, the reaction was initiated by closing theetermination of the absorption rate of NGy6A)exp.
bypass valves and admitting the gas mixture to the reactor. The

NO concentration of the outlet flow was monitored as a function
of the time. 4. Results and discussion

4.1. Biomass characteristics
2.6. Determination of the Fe'! content in the solution
' _ ' . In this study, the effects of the presence of three different
The concentration of Hein the solution was determined types of biomass sludges on the NO absorption rate in agueous
by a titration with a 0.1 M Ce(Sg)2 solution. A 0.025M fer-  Fel (EDTA) solutions were tested. An overview of the charac-
roine solution was used as indicafd0]. In order to obtain teristics of the different biomass solutions is giverTable 2
reproducible results, the iron-chelate sample was diluted witlThe first sample was obtained from a waste water treatment
an approximate 10-fold volume of sulfuric acid (2-4kmaljm plant and contains denitrifying bacteria. The other two samples
and degassed by the addition of approximately 1 g of NaklCO consisted of typical BiodeNOXx cultures, arising from different
reactor set-ups. The micro-organisms present in the BiodeNOx
process consist of a.o. iron reducing bacteria to perform the
reduction of the ferric chelate complex and denitrifying micro-
. . I _
The kinematic viscosityy, of the iron chelate solution in organisms for the regeneration Of. thé KEDTA)-NO complex.
resence and in absence of biomass, was measured with aglé@se blomass was teste(_j on activity before preparation of the
p ) ! " reactive absorption solutions and all showed considerable activ-
Ubbelohde viscometer (PSL-SSLC-2-1505). The densities o
the solutions were determined using an electronic balance (Me&—y' . . .
. The major difference between sample 2 and sample 3 is the
tler PM 2000). These measurements allowed the calculation of X : L
) S . : Co amount of suspended solids and particularly@es. This indi-
the relative dynamic viscosity of the iron chelate solution in the ! . .
resence and absence of biomass usin cates thatthe amount of insoluble organic matter (e.g. in the form
P g of metabolites and dead or alive micro-organisms) in sample 3 is
w oV afactor 7 higher than in sample 2. This is confirmed by electron
= @) microscopy imagedHigs. 2 and B Qualitatively, the number of
Mw PwVw . . . . .
small solid particles (<fm) and micro-organisms in sample 3
Electron microscopy was performed using a Philips CM120s significantly higher than in sample 2. In addition, the imag-
operated at 120 kV, a magnitude of 3000/3800 and using a Gatdfes also allow determination of typical cell sizes, which is in

2.7. Analytical measurements

794 Slow-Scan CCD Camera. the order of Jum.

Table 2

Characteristics of the biomass sludges

# Cts (kg/m3) Cvs (kg/m3) Css (kg/n13) Cyss (kg/m3) Cean (EDTA)a (mollmg) pH
1 55 3.6 n.d. n.d. 0 7
2 22.5 6.8 0.9 0.5 25 7
3 22.6 10.1 3.8 3.4 150 8

n.d.: not determined.
a Based on the intakes in the original reactor-set-ups.
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Table 3

Experimental overview

T (K) Biomass # Biomass status  Cts (kg/mP) Css (kg/md) Crel epTa) (MOIMP) Cnoin (Vvppm) Cnoout® (VPpm)

303 1 Pure 0 n.d. 35 264 74
0.39 n.d. 35 260 112
0.45 n.d. 35 261 98
0.47 n.d. 35 262 95
0.60 n.d. 35 263 103
1.04 n.d. 35 266 123

Filtered 0.5% 0 35 264 76

157 0 35 258 74
1.57 0 35 262 76
1.87 0 35 263 79

325 2 Pure 0 0 30 262 112
0.75 0.03 30 264 112
1.50 0.06 30 262 124
1.50 0.06 30 263 126
3 0.12 30 262 127
4.5 0.19 30 263 129
6 0.25 30 265 131

325 3 In buffer 0 0 30 260 107
0.76 0.13 30 250 103
15 0.25 30 262 105
1.5 0.25 30 259 104
3.01 0.50 30 260 110
3.75 0.63 30 261 110
6.02 1.01 30 265 125
7.52 1.26 30 259 134

2 Values measured after 500 s absorption time.
b Values before filtration.

4.2. Absorption experiments ments are shown ifig. 4. Rapid concentration changes takes
place in the first stage of the experiment due to reactor dynam-
NO absorption experiments in aqueou$ fEEDTA) solutions  ics. Subsequently, reactive absorption takes place and a slow
in the presence of biological sludge were performed in a stirreithcrease of the NO concentration in the outlet is observed. In
cell contactor. Typical profiles obtained for absorption experi-this stageCrgi epra) Slowly decreases due to the reaction with
NO, leading to a slow decrease in the absorption rates. How-
ever, the total P& conversion in a typical experiment is less

Fig. 2. Electron microscopy image of the BiodeNOx sample 2. Fig. 3. Electron microscopy image of BiodeNOx sample 3.
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t Fig. 5. Absorption rate of NO in B§EDTA) solutions as a function of thérs
(sample 1) Crgi gpray = 35 mol/n?, T=303K, Cnoin ~ 260 vppm. Line: for

Fig. 4. Typical NO concentration profiles with and without biom&dss323 K, illustrative purposes only.

Cnoin=260ppmv, pH 7. CrdigpTa) = 30 mol/n®. Dotted line: no biomass.

Solid line: with biomass(Crs = 7.52 kg/n? (sample 3). . . .
phase is of less importance. Negative effects on mass trans-

than 5% and it is safe to assume a pseudo steady state situatif rates by me_rt particles h_ave_ been reported in the Ilterz_ﬂure
11-14] A possible explanation is the adherence of the particles

with a nearly constar@gi andJ/no. The absorption pro- o . X L
cess is affected by thgéa(cljzgft-%n of various amounts of sludgd® the gas—liquid interface, which lowers the effective gas-liquid
interfacial area available for gas absorption (vide infra).

seeFig. 4for details. An overview of all experiments is given in . Lo
Excessive F{EDTA) oxidation due to the presence of the
Table 3 . . o
biomass and the formation of #¢EDTA), which is not capa-
ble of binding NO and thus will also lead to reduced absorption
rates, can be excluded. In a separate experiment, tHEBFA)

.. . . : concentration in the presence of biological sludge in the absence
Initial experiments were carried out with a sludge sample . .
. : of NO and oxygen was followed as a function of the time. The

form a waste water plant (sample 1). It contains various den- : . . .
S ; . ) - concentration of F§EDTA) did not vary considerably, indicat-
itrifying micro-organisms. In contrast to BiodeNOx sludge, it . : - . . )
: . - ing that Fd (EDTA) is not oxidized rapidly by the biological

was abundantly available for testing and was therefore studleS udae
in more detail. The reactive NO absorption experiments with ge-.

this biomass solution were carried out at 303 K. Higher temper- ) ) )

atures were not possible due to excessive foam formation. The? Experiments with BiodeNOx samples 2 and 3

absorption rate of NO as a function of the total solid loading is _ _ : .
given inFig. 5. The absorption rate decreases considerably with A number of NO_ absarption expenme_nts was carried out in
increasingCrs. the presence of variable amounts of the BiodeNOx samples 2 and

The observed trend may be a consequence of the presence of

4.3. Experiments with sample 1

insoluble suspended solids like micro-organisms or small par- 7.0x10°
ticles in the biomass solution. These are known to affect gas
absorption rates. It is also possible that the mass transfer rate "
is reduced by the presence of soluble compounds in solution. e SR
These are expected to have an effect on the physical properties "
of the reaction medium (e.g. surface tension and viscosity) and _ 6.0x10" |
as such may affect the mass transfer coefficients. 53
In order to test whether the NO absorption rates are affected "2 . . ,q®-
by the presence of insoluble material a group of experiments =
was performed using filtered biomass sample 1. The results are .
given inFig. 6. SR
The absorption rate of NO decreases slightly when increasing
the amount of filtered biomass medium. However, the decrease 45x10% T —
0.0 0.3 0.6 0.9 1.2 15 1.8

is much lower than observed when using the original, unfiltered
solution. This suggests that the insoluble particles and micro-
organisms are primary responsible for the decrease in the N€g. 6. Absorption rate of NO in BF¢EDTA) solutions using filtered biomass
absorption rates and that the composition/properties of the liquidf sample 17=303K, Cggi gpray = 35 mol/n?, Cnoin ~ 260 vppm, pH 7.

C rgbefore filtration
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Fig. 7. Absorption rates of NO in H¢EDTA) solutions in presence of Css

biomass sample 2) and sample 3W). T=325K, Crgi gpTa) = 30 mol/n, . . . ) | ) )
Cnoin~ 260 vppm, pH 7. Solid line: based on Ed1). Dotted line: based on Fig. 8. Relative viscosity of aqueous 'REDTA) solutions in the presence
Eq. (10). of different concentrations of biological sludge; samplex3, (sample 3 W).

T=325K, Crgieptay = 30 mol/n?, pH 7.

3 (T'=325K, CraigpTa) = 30 mol/m?, Cnoin~ 260 vppm, pH  For a stirred vessel, typical values foare between 0.8 and 1.
7). The absorption rate of NO through the gas-liquid interfacenccording to Eq(6), an increase in the viscosity of 2.7% will
was determined as a function of tigs. The results are given |ead to a marginal decrease in the(<2%). This is far too low to
in Fig. 7. explainthe experimentally observed reductions in the absorption
Itis clear thatthe absorptionrate of NO through the gas—liquigate of NO in the presence of biomass sludge. Thus, reduction
interface is reduced considerably in the presence of high comsf the NO absorption rates due to viscosity effects are highly
centrations of BiodeNOXx sludge. For instance, for sample 3yn|ikely. These results are also in line with those obtained for
the absorption rate of NO is reduced with about 20%, i.e. fromsample 1 (vide supra).
4.8x 10-8mol/s to 4.0x 10-8mol/s at aCss of 1.25kg/n?. The observed reductions dfo in the presence of sludge
The experimental profiles for both samples show distinct difys more likely due to the presence of suspended solids. These
ferences. In case of sample 2, a sn@ak (<0.2 kg/n¥) already  may affect the mass transfer of gasphase component to the lig-
results in a large decrease in the NO absorption rate. The effegld phase in various ways. Reductions in mass transfer rates
levels off at higherCss values. In case of sample 3, a small have been reported due to a reduction of the gas—liquid interfa-
increase in the absorption rate of NO is observed atd®y  cijal area, a result of the presence of the suspended solids which
(0-0.3kg/nd). This effects levels off at@ssof about 0.3kg/M.  (partially) adhere to the gas—liquid interfaide,13] However,
A subsequent increase in the solid loadings result in a consitenhancement of mass transfer rates is also possible. It has been
erable decrease in the NO absorption rate. As observed witfgported in the literature that low concentrations of small solids
sample 1, it is likely that the observed effects are due to they solution may enhance the gas absorption rate (grazing or shut-
presence of suspended solids like micro-organisms and soliing effect)[11,13,17] Enhancement factor values up to 8 have
particles inthe liquid phase. These may influence the gas absorgeen observed. To be effective, the particles have to be consid-
tion rates in different ways, i.e. by affecting the overall viscosityerably smaller than the liquid side mass transfer layer and need
of the liquid and thus thé, [14,15] by blocking the interface  to have a high affinity for the component to be transfefid.
and eﬁectively redUCing the interfacial area available for masa'ypica”y, a Sharp increase in the mass transfer rate versus the
transfer{13], and/or by enhancing the rate of NO absorption duesolids loading is observed followed by a leveling of to a constant
to the presence of small absorptive partigles 17] value. The minimum solids loading for maximum enhancement
To study the possible effects of the viscosity, the relative visis system dependent and varies between 0.2 and 13Ka6h
cosity of (diluted) sludge samples 2 and 3 were measured ang shuttling type of mechanism has been proposed to explain
the results are given iRig. 8 For both samples, the viscosity these phenomena.
increases with ianeaSir@s For Sample 3, the relative viscos- For Samp|e 2, mass transfer enhancement due to the pres-
ity increases with about 2.7% when increasing kg from 0 ence of sludge is not observefig. 7). It suggests that small
to 1kg/n?. These viscosity effects may have an impactkon  adsorptive particles are absent. The observed trend is indicative
and as such on the mass transfer rates. The magnitude of thggethe presence of solids (organic, inorganic, micro-organisms)
effects may be evaluated by considering a typical dimensionlesghich adhere to the gas—liquid interface and effectively reduce
equation that correlates tle with a.o. the liquid viscosity16] the interfacial area.
The experimental results for BiodeNOx sampleR3g( 7)
Sh = cRe" 8033 (6) suggest that both mechanisms (shuttling and particle block-
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ing) are operative, leading to mass transfer enhancement at lovase, Eq(10) reduces to:

solids concentrations and reductions at high solids loading. The c

sample contains a variety of solids with different sizes and prop¢Jyo A)exp = <1 - “SS> (JNoAO)Csszo (11)
erties Fig. J). It is well possible that the larger solid particles 1+ KaCss

(inorganics or even micro-organisms) are involved in surfacerhe experimental data were modeled using this expression, lead-
blocking and that the smaller solids of either organic or inor-ing to «=4.9 andk, =44.7. The modeled data are in good
ganic origin (iron or iron oxides) play a role in the shuttling agreement with the experimental dafég 7). Hence, the exper-
process. The range Gksfor which mass transfer enhancementimental absorption rate of NO for sample 2 may be modeled
is observed (0-0.3kgMh is within the range reported in the satisfactorily when assuming that the NO absorption rate is
literature (0—10 kg/r). reduced by suspended solids adhering to the gas—liquid inter-
face.

In the case of sample 3, both grazing and particle adherance
to the surface is observed and E#0) was used to model the
data. A least-squares fit of the experimental data yielded the

A general expression for the molflow of NO in the presencd©!loWing values:a=0.98; K, =0.80;5=1.33; K, =0.33. The
of particles may be given by gxp_enmgntgl data and the modeled profile according tc@ﬂ).

is given inFig. 7. Agreement between model and experimental
data is very satisfactorily.

4.5. Development of a semi-empirical model for mass
transfer in the presence of suspended solids

amaxKy faCss

JNOA =(1-
( NO )exp ( 1+ KafaCSS

) Eno,g(IN0A®)csso
(7) 3. Conclusions

The term containingimax accounts for surface blocking and ~ The absorption of NO in FEDTA) solution in the pres-

is represented by a Langmuir—Hinshelwood type of adsorptiognce of biological sludge was investigated. The molar flow of
isotherm. The factof, is introduced to represent the fraction NO through the gas-liquid interface is a function of the type
of solids that participate in surface blocking. The grazing effecf biomass sludge and the sludge loading. In general, the molar
is accounted for with an enhancement fadigp . Vinke [18] flow of NQ is reduc_ed_upon the addition of biomass sludge (max
developed an analytical expression fio g based on the film 30%). This effect is likely due to adherence of the suspended
theory. With the assumption that the grazing particles remain fagolids in the biomass sludge to the gas—liquid interface, effec-

from Saturated, this expression reduces to tlvely rEdUCing the gas—liquid area available for mass transfer.
For one of the BiodeNOx sludge samples, an increase of the NO

4Dno molar flow was observed at a loiss. This could be due to the
Enog=1+5 ( dpki a 1> (8) presence of small adsorptive particles in the biomass which are

known to be able to enhance mass transfer.
where 8 denotes the surface fraction covered by grazing par- At the same time, we can conclude that the magnitude,
ticles. Following Vinke[18], 8 can also be described using a and even the direction (enhancing or decreasing), of the influ-

Langmuir—Hinshelwood isotherm ence of biological sludge on the absorber performance depends
on the amount of sludge present, but decisive as well are the
B =48 KpfpCss ) type and origin of the sludge. Our results have clear implica-
— P L Kp feCss tions for the design and operation of BiodeNOx (pilot)-units.

It can be expected that at typical BiodeNOx solids loadings
We have introduced a factgy as the fraction of the solids that (cygg=0.2-2 kg/mi), the NO molar flow will be affected and
participate in the grazing effect. Combining the above equationfost likely lowered compared to biomass freé €D TA) solu-

gives tions. Maintaining alow concentration of suspended solids in the
absorber may limit these negative effects.
aCss bCss
(NoA)exp= |1 — 77—~ T
1+ K.Css 1+ KpCss Acknowledgments
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10 a=amadafa, Ka=Kafor b= FmaxKp s ( dpki 1)' and physics department, RijksUniversiteit Groningen, The Nether-
Ky, =Kgfp. _ _ lands.
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