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Highlights

e Volatile organic compound absorption in water was investigated
e Butanol was removed up to 90% with a gas residence time of 20 ms
e The gas phase resistance could be more significant than the liquid phase resistance

e Using short scrubbers in series could be effective
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Abstract

Three volatile organic compounds (VOC) with no acidic or basic functions (butanol, butyraldehyde,
methylethylketone), encountered at low concentrations in odorous effluents, were absorbed in
water in a compact wet scrubber. This gas-liquid contactor consisted of a wire mesh packing
structure where the gas phase flows at high velocity (> 12 m s?). A very turbulent two-phase
downward flow could be observed in the scrubber with dispersed fine droplets (around 10 um). For
compounds showing a good affinity for water, such as butanol, removal efficiencies up to 90% were
measured for a short contactor length of 32 cm leading to a gas residence time of 20 ms. However,
the removal efficiency of butyraldehyde, which is poorly soluble in water, ranged between 10 and
30%. Mass-transfer modeling was achieved and underlined that working with several small scrubbers
in series, fed with an unloaded solution, is effective to improve the removal efficiency. The influences
of the VOC/solvent affinity, the contactor length, and the mass-transfer and hydrodynamic

parameters on the removal efficiency were evaluated through a sensitivity analysis.
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1. Introduction

Waste and water treatments and many manufacturing industries induce gaseous emissions of
volatile organic compounds (VOC) often related to odor nuisances. Many VOCs are harmful to the
human health and the environment (Kampa and Castanas, 2008). Consequently, the legislations of
industrialized countries become more and more drastic and impose to implement gas treatment

processes to reduce VOC and odor emissions.

Among the different gas treatment technologies, wet scrubbing involving pollutant(s) mass-transfer
in a liquid phase (either an aqueous solution or an organic solvent), is one of the most attractive
technologies due to its simplicity and its potential high efficiency (Ruddy and Carroll, 1993; Khan and
Ghoshal, 2000; Revah and Morgan-Sagastume, 2005; Schlegelmilch et al., 2005). On the one hand,
organic solvents have a good affinity for VOC, but simultaneously induce higher investment and
operating costs than water. Moreover, they must fulfill several constraining conditions (low partial
pressure and viscosity, no toxicity, etc.) to be implemented and must be recycled (Darracq et al.,
2012). On the other hand, the physical absorption efficiency in aqueous solution is massively
influenced by the VOC solubility in water which depends on the VOC vapor pressure and on the

activity coefficient (Biard et al., 2016).

During the last decade, a patented high void gas-liquid contactor (Aquilair Plus™), operating at co-
current and downward flows, has been developed for gas-liquid applications owing to its capacity to
induce a high turbulence (Sanchez et al., 2007a; Sanchez et al., 2007c). This contactor consists of a
wire mesh packing structure where the gas flows at high velocity (> 12 m s™). The liquid phase,
carried along by the gas stream, collides with the wire mesh and is dispersed into fine droplets
(around 10 um). The mass-transfer intensification and high interfacial area can be counterbalanced
by a reduction of the contactor height and therefore of the gas residence time. Thus, the gas
residence time and contactor height have been efficiently respectively reduced to less than 30 ms

and 50 cm for H,S and NH; treatments (Sanchez et al., 2007b; Couvert et al., 2008a; Biard et al.,
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2010). The measured removal efficiencies (up to 95% at semi-industrial scale and up to 99% at
laboratory scale) are similar to those obtained using classical packed columns in which a gas
residence time around 1 s is required. The volumetric liquid and gas phase mass-transfer coefficients
(k,a°, ksa®) have been measured and correlated to the liquid and gas superficial velocities and

diffusion coefficients (Sanchez et al., 2007a; Couvert et al., 2008b; Biard et al., 2011).

This contactor belongs to a generation of intensified gas-liquid contactors, such as venturi-ejector,
aero-ejector or static mixers, operated at co-current to reach high gas velocities and turbulences
without flooding (De Billerbeck et al., 1999; Lee and Pang Tsui, 1999; Gamisans et al., 2002; Heyouni
et al., 2002; Al Taweel et al., 2005; Couvert et al., 2006; Daubert-Deleris et al., 2006; Kies et al., 2006;
Mi and Yu, 2012). They are effective alternatives to packed beds or spray columns traditionally used
in wet scrubbing, with a high potential to treat acidic or basic compounds whose mass-transfer in
water can be massively enhanced due to proton transfer reactions at appropriated pH (Biard and
Couvert, 2013). In this case, very good removal efficiencies can be reached even with a low residence

time (Gamisans et al., 2002; Sanchez et al., 2007b; Couvert et al., 2008a; Mi and Yu, 2012).

This compact scrubber is particularly appropriated to treat odorous effluents, which often contain
ammonia and hydrogen sulfide (Burgess et al., 2001). An odor treatment processing chain would
contain at least two scrubbers fed successively by an acidic agueous solution and an alkaline chlorine
solution to respectively target NH; and H,S. Nonetheless, odorous effluents may contain a few ppmv
of different VOCs, most of whom do not have either an acidic or a basic function. For the absorption
of such organic compounds, the affinity for the selected solvent becomes a crucial point. For the
moment, there is a lack of experimental data and models concerning the transfer of these VOCs in
co-current scrubbers. Therefore, the goal of this study is to evaluate the compact scrubber potential
for VOC absorption and to determine what level of the VOC removal efficiencies can be expected in
an odor treatment processing chain. Furthermore, in co-current scrubbers, the mass transfer rate,

proportional to the concentration gradient, decreases with the length since the gas-liquid equilibrium
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can be reached before the outlet (Roustan, 2003). Thus, the removal efficiency evolution with the

contactor height was simulated trying to optimize it.

Three odorous VOCs (butanol (BTOL), Butyraldehyde (BTA) and Methylethylketone (MEK)) were
absorbed in a lab-scale version of the developed gas-liquid contactor. These three VOCs are currently
involved in odor emissions, especially by composting facilities and have variable affinities for water
(Krzymien et al., 1999; Dorado et al., 2014). These experiments add to the already published results
on dimethyldisulfide (DMDS) (Biard et al., 2009) which were mainly focused on the potential of the
peroxone process, combining H,0, and Os in solution, to enhance the VOC mass-transfer. A mass-
transfer model and a sensitivity analysis are developed to assess the influence of the operating

conditions on the removal efficiency.
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2. Material and methods

2.1 Gas-liquid contactor description

The lab-scale contactor, already described in the literature, consists of a transparent PVC pipe of 0.32
m length and 0.025 m inner diameter (volume of 1.57x10 m?®), through which flow patterns can be
observed (Couvert et al., 2008a). A picture of the scrubber is available as supplementary material. A
low pipe diameter of 0.025 m was sufficient at the laboratory scale to treat up to 50 Nm® h™* (Nm?
refers to m® expressed in the standard conditions of temperature and pressure (STP), i.e. T = 0°C, P =
1 bar) of polluted air with liquid flow-rates in the range 30-150 L h™. The pipe diameter was
successfully scaled up at 0.2 m to treat up to 2500 Nm?® h™ of gas in a waste water treatment plant
(Biard et al., 2010). The contactor consists of a wire mesh (wires diameter = 0.6 mm and mesh size =
12.5 mm) packing structure offering a high void fraction (97.5%) and is devoted to turbulence

promotion and droplets formation.

2.2 Pilot plant description

Outside air was pumped through a fan (Continental Industries, France), and cooled down by a tubular
heat exchanger fed with water (Fig. 1). The volume gas flow-rate was measured with a float-type
flowmeter (IDP provided by Bamo, France). The temperature (Testo, probe model 0613 12 12,
France) and the pressure (Ashcroft T5500, Germany) were measured at the flowmeter outlet for the
flow-rate correction. The pure liquid VOC was vaporized using a 10 mL gas tight syringe (SGE,
Australia) and a syringe-pump (Kd Scientific 100, USA). Homogenization was achieved owing to a
static mixer provided by Koflo (USA). An inlet VOC concentration of 5 ppmv, consistent with the
concentration in odor treatment, was set. Tap water (7.5 < pH < 8), stored in a Nalgene tank, was
pumped using a centrifugal pump (MD15FY, Iwaki, Japan) into the scrubber at co-current of the gas
flow. The water flow-rate was measured and controlled by a float type flowmeter equipped with a
valve provided by Brooks Instruments (USA). The gas-liquid mixture was separated in a vessel located

at the contactor outlet.
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All VOCs were purchased from Acros Organics (Belgium) with purities higher than 99%.

® Sampling points

Static mixer

i —

By-pass

®__

Syringe driver E
Flowmeter ®_

Heat exchanger

=

Air
. Tap water tank
Water> Centrifugal pump

Fig. 1. Pilot plant process flow diagram.

Separation
tank

2.3 Analytical methods

The single VOC were used for the experiments. The VOC gas concentration was measured at the
contactor inlet and outlet with an on-line FID analyzer (JUM 190 L, Germany). VOC liquid
concentrations were analyzed by a gas chromatograph equipped with a flame ionization detector by

using the static headspace method (Biard et al., 2009).
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3. Mass-transfer modeling

3.1 Introduction
The performance parameter was the removal efficiency, defined by Eq. (1):

C. —C
Eff — G,i G,0

1
c. (1)

i
,

C is the VOC concentration. The subscripts G, L, i and o refer respectively to the gas, the liquid, the
inlet and the outlet. The removal efficiency is often considered as a pertinent performance
parameter in the literature. This operation was assumed to be isobar (from 18 to 44 mbar of
differential pressure between the inlet and the outlet) and isotherm since the temperatures of the
gas and the liquid were close at the reactor inlet. The transfer of compounds with no basic or acidic
function in water is based on physical absorption and is independent of the pH and the gas inlet

concentration (Biard et al., 2009).
3.2 Mass-transfer modeling

Considering the low diameter/height ratio of the scrubber (= 0.08), the axial dispersion of the gas is
particularly limited (i.e the diffusive transfer is negligible compared to the convective transfer) and
the gas phase flow can be considered as a plug-flow. Indeed, as a first approximation, the contactor
can be considered as an empty tube owing to its high void fraction and geometry (composed of
channels) to determine an axial dispersion coefficient (D) lower than 0.15 m? s from a gas
Reynolds number larger than 3x10* (Fogler, 1999). Therefore, the reactor Peclet number (=UsgZ/D 4
with Z the contactor length and Uss the gas superficial velocity) would be larger than 40, allowing to
confirm the plug-flow behavior of the gas phase (Fogler, 1999; Levenspiel, 1999). Moreover, the
liquid is dragged as fine droplets by the gas at high velocity preventing liquid back-mixing. Therefore,
assuming both gas and liquid co-current plug-flows, Eqg. (2) is deduced from the mass-balance and

the mass-transfer rate (Roustan, 2003):
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c’-¢c |-\ -C
o( L (LC)%qEéL)i L)O SxZ (2)

c—C

LJo

Fs X(CG,i _CG,o)z K.a
In

Fs is the gas flow rate (m®s™), S is the scrubber cross section (m?) and K,a° is the overall volumetric
liquid mass-transfer coefficient (s™), deduced from the local volumetric gas (ksa°) and liquid (k,a°)
mass-transfer coefficients (Roustan, 2003):

1 _ 1, RT
K,a® ka° Hk.a°

(3)

a’ is the interfacial area which increases with both gas and liquid superficial velocities (Us; and Usg)
which induce higher turbulences (Sanchez et al., 2007a). In this lab-scale scrubber, the local
volumetric gas (ksa°) and liquid (k,a°) mass-transfer coefficients can be correlated for any
compounds to Uss and Us and the solute gas and liquid diffusion coefficients (D, and D;;)

respectively, according to Eq. (4) and (5) presented in a previous study (Biard et al., 2011):
k[ao (5—1 )= 1682 DLLO‘SUSGO‘800U$L0‘172 (4)
kéao (5-1): 1230 Di’Go.5USG1.57USLo.177 (5)

Up to now, these correlations are specific of the lab-scale contactor used in this study and cannot be
used for scale-up. A deeper mass-transfer study carried out with different contactor sizes and gas
and liquid properties would be necessary to correlate the mass-transfer coefficients through the

Sherwood number to the dimensionless Reynolds and Schmidt numbers.

In the Eq. (2), the liquid concentration at the equilibrium with the gas phase (C/?) can be deduced

from the gas concentration according to the Henry’s law regarding the low VOC concentration in the

liquid phase (infinite dilution assumption):

H
C.=C/x— 6
6 =0 X (6)
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H is the Henry’s law constant of the considered VOC in water (Pa m® mol™). Using tap water at the

inlet, C,;= 0. The mass balance on the VOC at the border of the contactor can be written as Eq. (7):

F
Fs X(CG,/' _CG,o):FLCL,o =Cro :?GXEffXCG,i (7)
L

F, is the liquid flow rate (m*s™). According to Egs (2), (6) and (7):

Rn%u(mnm_@xk c U
G,i G,0

F.x(c.,-C,,)=Ka° A A SxZ
G>< G,i Gol ™ La RTCG X (8)
In
RTC,, F,
°—“x(c,,-C
H ] ( G,i G,o)

Dividing both sides of Eq. (8) by (Cs; — Cs,) and using Egs (1), Eq. (9) is finally obtained after

rearrangement:

A (1+A)K,a°xSxZ
Eff=——|1—exp — L 9
ff 1+A{ {: F ]} (9)

The absorption factor A (dimensionless) is defined according to Eq. (10) (Roustan, 2003; Benitez,

2011):
RTF,

A=—-1 (10)
HF,

In physical absorption at co-current, the concentration gradient, which is the mass-transfer driving
force, decreases drastically from the inlet to the outlet. To limit the VOC accumulation in the
scrubbing liquid between the inlet and the outlet, the absorption factor must be as large as possible
by increasing the L/G ratio. It would imply to select a high liquid flow-rate to efficiently remove the
VOC with a low affinity for the scrubbing liquid. However, the L/G ratio in this contactor must not

exceed a limit value around 10 to limit the pressure drop and to insure a proper liquid dispersion of

10



183

184

185

186

187

188

189

190

191

192

193

194

the liquid (Couvert et al., 2008a). Eqg. (9) can be rewritten to introduce the overall Height of Transfer

Units (HTUy, or HTUys in m) and Numbers of Transfer Units in the liquid and gas sides (NTUo, or

NTUo(;):
Eff =i[1—exp(— (1+ ANTU,, )|with NTU,, = and HTU,, = dl (12)
1+A TU,, K,a°S
A (1+A) J . Z RTF,
Eff =———|1—exp| ———NTU,; | |with NTUy, =———and HTUy; =——2— (12)
T =1 a [ p( A oe ° HTU,, °° " HK,a°s

Egs. (9)-(12) confirm that the removal efficiency is uninfluenced by the initial gas concentration as
long as the Henry’s law remains valid. However, it depends on the gas and liquid flow-rates through
(i) the gas-liquid equilibrium quantified by the absorption factor, (ii), the mass-transfer and
hydrodynamics within the scrubber (K,a°) and (iii) the gas residence time (through the term SxZ/F;in
the term NTUyg). The liquid-to-gas mass flow-rates ratio (L/G), deduced from Fg, F, and the gas and
liquid densities, is often used by engineers and designers for performance assessment at comparable

values of the absorption factor.

11
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4. Results and discussion

4.1 Experimental results

The removal efficiency only depends on Fs; and F, in m® s (i.e on the gas and liquid superficial
velocities Usg and Us; in m s™) according to Eq. (9) at given temperature and pressure. Therefore, the
other operating conditions (pH, Cs;) were unvaried. Depending on Uss and Us, the BTOL removal
efficiency varied from 60% up to 90% according to Fig. 2 (a). Therefore, this compact scrubber is not
solely effective using reactive systems, such as the ones involved during NH; or H,S treatments
(Couvert et al., 2008a), but is also appropriated to the physical absorption of VOCs with a good
affinity for the selected solvent. In odor treatment, there is usually no specific minimal concentration
to reach at the outlet of the air treatment process. However, high removal efficiencies are required

in order to significantly decrease the odor nuisance.

The BTOL removal efficiency increased with L/G (i.e F, and U,) at a given Us, in agreement with both
a mass-transfer improvement through a higher value of K,a° (Egs. (3)-(5)) and an absorption factor
increasing (Eq. (10)). On the contrary, Eff decreased with U at a given Us;, showing that the mass-
transfer improvement with Uss (Egs. (3)-(5)) is not counterbalanced by the gas residence time (Eq.
(12)) and the absorption factor (Eq. (10)) decreasing. Nonetheless, the transferred flux of BTOL
(Fex(Cs,-Cs,0)) increased with Uss at a given Us; and BTOL inlet concentration. The relative weight of
K.a°, A and the gas residence time will be addressed through a sensitivity analysis (section 4.5). The
BTOL concentration in water at the contactor outlet varied from 15 ppm to 4 ppm (Fig. 2 (b)) and

increased when Usg increased and Us, decreased.

The gas flow-rate was solely set at 32.5 Nm® h™ (corresponding to a gas superficial velocity of 17.4 m
s) to assess the BTA and MEK removal efficiencies. At this gas flow-rate, both the removal efficiency
and the pressure drop were optimal even if the volumetric mass-transfer coefficients (ksa° and k,a°),
deduced from Egs. (3)-(5), were lower (Table 1) (Biard et al., 2011). A lower gas superficial velocity

was undesirable since the mass transfer coefficients dropped below 15 m s (Couvert et al., 2008b).

12
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Indeed, at 21.0 (23.0) m s™, the pressure drop increased by 49% (81%) whereas the volumetric mass-
transfer coefficients in the gas (ksa°) and liquid (k,a°) phases increased by only 34% (55%) and 16%

(25%) for a given liquid flow-rate.

Table 1. Pressure drop (AP), k,a° and ksa° values obtained at different Uss for Us, = 0.029 m st

(F,=75Lh").
Unit 17.4ms*t 21.0ms? 23.0ms?
AP mbar 80 119 145
k.a° st 0.279 0.325 0.350
ksa® st 185 248 286
L/G 1.7 1.4 1.2

The removal efficiency was strongly influenced by the VOC/solvent affinity (Fig 3 (a)) regarding the
rather disappointing removal efficiencies of MEK (30-50%) and BTA (15-35%). BTA and MEK are
respectively 15 and 18 times more volatile than BTOL according to their vapor pressures at 25°C
leading to a poor solubility in water. Besides, the lower removal efficiency of BTA is due to its lower
affinity for water than MEK. Thus, the VOC concentrations in water at the outlet varied from 2 ppm
for BTA up to 12 ppm for BTOL (Fig 3 (b)). Dimethyldisulfide (DMDS) removal efficiency was

particularly low (< 15%) due to its low affinity for water (Biard et al., 2009).

13
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Fig 2. Evolution of Eff (a) and C,, (b) with F, (butanol case) for three different gas flow rate (32.5, 38.5
and 45.2 Nm® b corresponding to Uss =17.4, 21.0 and 23.0 m stand 0.35<1/G < 2.6). The straight

lines represent the predictions of the mass-transfer model (Eqs (7) and (9)).

¢ BTA

MEK

BTOL

0.00 0.50 1.00 150 2.00 2.50 3.00

L/G

Fig 3. Evolution of Eff (a) and C,, (b) with the L/G ratio (Fg = 32.5 Nm®> h™, 0.025 m* h"" < F, < 0.120 m’

h). The straight lines represent the predictions of the mass-transfer model (Eqgs (7) and (9)). The dash

lines represent the limit removal efficiency (Eq. (14)).
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4.2 Mass-transfer modeling assessment

The good agreement between the model (using the diffusion coefficients and Henry’s law constants
summarized in Table 2 (Perry and Green, 1997; Roustan, 2003; Sander, 1999)), which do not require
any fitted variable, and the experimental data was confirmed with an average relative error ranging
between 2.4 % for BTOL up to 9.4% for BTA (Table 2, Fig. 2 (a) and Fig. 3 (a)). The modeled liquid
concentrations (calculated from Egs. (7) and (9)) fitted the measured ones (Fig. 2 (b) and Fig. 3 (b))
confirming the mass-balance agreement. The gas-phase relative mass-transfer resistance (0 < Rg < 1)

was evaluated through Eq. (13) (Hoffmann et al., 2007; Rejl et al., 2009):

(13)

1
R, =1—R, =1—(1+RT’<L“ J

Hka°®

Table 2. Summary of the values of D;;, D;c and H used to determine Eff with Eq. (9) and of the average

relative error and R values (Eq. (13)).

Unit BTOL MEK BTA
() m’s? 0.88 x 107 0.90 x 107 0.90x 10”
D’ m’s? 0.85x 107 0.88 x 107 0.88 x 107
H at 298 K° Pa m’ mol™ 0.90 5.3 12.6
Average relative 2.4% 7.6% 9.4%
errord
Re ~ 81% = 41% ~ 24%

? Calculated with the Fuller et al. correlation cited by Perry and Green (1997) and Roustan (2003).
® Calculated with the Wilke and Chang correlation cited by Perry and Green (1997) and Roustan (2003).

° From Sander (1999)
4 The average relative error is the average of the relative errors between the experimental values of Eff and the

values deduced from the model (Eq. (9)).

R; allows to assess the weight of the gas-phase resistance compared to the liquid phase resistance. In
the literature, the gas phase resistance is often neglected by assuming that the whole resistance is

located in the liquid phase following erroneous intuitions. Even if the volumetric gas-phase mass-

15
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transfer coefficient (ksa°) order of magnitude is particularly high in this compact scrubber (larger
than 100 s), the gas-phase resistance must not be neglected, especially for compounds presenting a
good affinity with water such as BTOL. Indeed, the values of R; were in the range 24-81%
emphasizing that the gas phase resistance could be even more significant than the liquid phase

resistance (Table 2).

4.3 Influence of the contactor length - combination of scrubbers in series

Mass-transfer modeling can be advantageously used to assess the influence of the different
operating conditions, especially since the scrubber works at co-current which means that equilibrium
can be reached. To optimize the gas residence time, a compromise needs to be found between the
length of the scrubber and the gas superficial velocity (i.e the gas flow-rate and the diameter), taking
into account that the selection of the gas superficial velocity is crucial to limit the pressure drop and
to maximize the mass-transfer performances. According to Eqg. (9), the limit removal efficiency (Effim)

corresponding to an infinite NTU depends only on the absorption factor A:

A
Effiim = A (14)

Especially at low L/G value, the measured removal efficiency was close to Eff;,, represented on Fig. 3
(a) by the dash lines. Therefore, the experimental scrubber length of 32 cm sufficed at co-current to
approach or reach the equilibrium, depending on F, and Fg, as proved by the plateau of the plot
representing the simulated removal efficiency (through Eq. (9)) evolution with the length of the

contactor (Fig. 4).
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Fig 4. Simulation of the evolution of the removal efficiency (calculated according to Eq. 9) with the
scrubber length (straight lines). Fs = 32.5 Nm?>h, F,=75L h" (L/G = 1.8). The points correspond to

the experimental data. The data for DMDS are extracted from Biard et al. (2011).

Therefore, the combination of several short contactors in series, each fed with tap water, is more
effective than only one contactor with the same total height and the same L/G ratio, as proved by
the simulations performed on BTOL using Eq. (9) (Fig. 5). Owing to the replacement of the loaded
solution by unloaded tap water after a few centimeters of contact, this configuration allows to limit
the solute accumulation in the liquid phase and to maximize the concentration gradient. With only
three scrubbers of 15 cm (total residence time of 25 ms), it is possible to reach a removal efficiency
of BTOL of 99% proving the potential of this scrubber for VOC removal. The total pressure drop

should be almost identical. Nonetheless, this configuration implies to discharge the loaded solution
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for each scrubber separately and introduce an unloaded solution for each scrubber. More water

would be polluted but at a lower concentration. A regeneration unit would be necessary to limit the

water consumption and recycle it.
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Fig 5. Simulation of the VOC removal efficiency evolution with the L/G ratio for various combinations

of scrubbers in series fed with unloaded water. Fs =32.5 Nm*> h™®, 25 Lh < F, <120 L h™.

4.4 Comparison between a combination of short scrubbers in series and a

packed column

Two scrubbers in series, each fed with unloaded water (at 70 L h™ for each scrubber), were compared
to a packed column at counter-current fed with a liquid flow rate of 140 L h™ to achieve a removal
efficiency of BTOL of 90% (Table 3). Thus, the liquid consumption was identical for the two systems. A
dumped packing (Hiflow-Ring) with a low size (2.0 mm), adapted to the low gas flow-rate (F; = 32.5
? allowing a

Nm?® h™) simulated, was selected. This packing exhibits a high surface area of 286.2 m* m?,

comparison of the compact scrubber with an efficient packing. The loading (Uss, = 1.08 m s) and
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flooding (Usgs = 1.56 m s™') gas superficial velocities, the liquid hold-up (77, = 8.6%), the interfacial
area (a°=91.8 m* m>) and both the gas and liquid film mass-transfer coefficients (k, = 1.84x10* m s
and ks = 6.90x10” m s™) have been calculated using the correlations of Billet and Schultes (Billet and
Schultes, 1991, 199343, b; Billet and Schultes, 1995, 1999). The selected packing has been previously
fully characterized by Billet-Schultes allowing to determine all these characteristics with a high level

of confidence.

Table 3. Comparison of a combination of two compact co-current scrubbers in series and a counter-
current packed column to reach a removal efficiency of BTOL of 90%. The packed column is fed with
140 L h™* of tap water whereas the two scrubbers in series are each fed with 70 L h™* of tap water. The

water at the outlet of the first scrubber is separated to introduce unloaded water instead.

Operating conditions

Eff F.(Lh™) Fs (Nm*h™) P (bar) 7(°C)
90% 140 325 1 20
Scrubbers design
10°xk, 10°xks; a°  10°xK,@® HUTys V4 T AP
Contactor . i : .
(ms?) (ms”) (m?) (s™) (m) (m) (s)  (mbar)
2 compact scrubbers 1.42 9.43 2103 56.3 0.11 2x0.15 0.018 26
Packed column 1.84 6.90 91.8 1.55 0.27 0.54 0.43 3.3
Packing characteristics and hydrodynamics
Ussio Us s Uss m : ; .
(m s (msY)  (msY D (cm) (%) Packing Material Size (mm)
1.08 1.56 1.25 6.9 8.6 Hiflow Ring Ceramic 2.0

The overall height of a transfer unit in the gas phase (HUT,g) is advantageously 2.5 times lower in the
compact scrubbers in series than in the packed column, resulting mainly from an interfacial area
(calculated according to a correlation developed earlier (Biard, 2009)) around 20 times higher in the
short scrubbers and a cross-section around 8 times lower. Therefore, the residence time (1), the total
scrubber volume and the total contactor height (Z) were respectively 24 times, 27 times and 1.8
times lower using the two compact scrubbers affecting favorably the investment costs. Nonetheless,
these good mass-transfer performances using the compact scrubbers were counterbalanced by a

higher energy footprint since the pressure drop (calculated according to Biard, 2009) was 8 times
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higher than the one of the packed column. Firstly, the wire mesh packing structure of the compact
scrubber can still be improved to decrease the pressure drop, for example by inserting spacers
between the wire mesh layers. Secondly, these compact co-current scrubbers would be more easily
applied on the field than a bulky packed column, allowing to implement them closer to the odorous
sources and then to reduce the linear pressure drop until the treatment unit. Besides, this wire mesh
packing structure offers a higher potential for the treatment of reactive compounds, such as NH; or
H,S which can be transferred respectively on an acidic aqueous solution or an alkaline chlorine
solution (Couvert et al., 2008a), than for non-reactive compounds absorption. Usually, odorous
effluents would be treated in a processing chain containing at least two scrubbers to respectively
target NH; and H,S. In that case, the H,S, NH; and VOC removal achieved in these two scrubbers

would be enough to significantly reduce the odor nuisance.4.5 Sensitivity analysis

To assess the influence of the different inputs (/) on the output (O, here the removal efficiency) and
to gain information on the model, a simple and local sensitivity analysis method based on the

elasticity index (E/) calculation has been achieved (Mandel, 2010; Vilmain et al., 2014):

| (00
EI°=—| = 15
P22 (15)

The sensitivity of the output to the input is shortened when E/ tends toward 0. The inputs are:

e The liquid and gas flow-rates F; and Fg
e The Henry’s law constant H

e The contactor length Z

The output Eff depends to a major extent on the inputs Fg, F, and H through their influence on the
absorption factor (A) and the residence time (except H) than through their influence on the mass-
transfer (K,a°). Therefore, the influences of A and K,a° were directly evaluated instead. The Elasticity

Index was evaluated vs. the Henry’s law constant value and for two scrubber sizes (10 and 30 cm)
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(Fig. 6). For the compounds with a high affinity with the scrubbing liquid (low Henry’s law constant),

the removal efficiency depends very significantly on the mass-transfer performances (6.5 < £/, .- < 16

for 0.1 <Z< 0.3 when H = 0.5 Pa m® mol™). On the contrary, for the compounds with a low affinity for
the scrubbing liquid (high Henry’s law constant), an improvement of the absorption factor (by
decreasing the gas superficial velocity and/or increasing the liquid superficial velocity) is required to
improve the removal efficiency. Indeed, in that case the removal efficiency becomes almost

insensitive to K,a° (a plateau with EIKLGO around 0.1 is reached) whereas it significantly depends on

the absorption factor (El4= 1 when H = 50 Pa m® mol™). When a scrubber of 30 cm is simulated, in
which the equilibrium is almost reached, the removal efficiency is poorly sensitive to the scrubber
length (El; < 0.5). On the contrary, for a short scrubber, the removal efficiency depends significantly
on the scrubber length (0.5 < El; < 3.5 depending on H). This sensitivity analysis provides guidance
about the parameters which should be optimized to improve the removal efficiency depending on

the VOC solubility in water.
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Fig 6. Elasticity index calculation (Eff = output) evolution with the Henry’s law constant for

different inputs (A, K.a°, Z) and for 2 scrubber lengths (Z = 0.1 and 0.3 m). Fg = 32.5 Nm’ h™

and F,=75Lh™.
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4. Conclusion

VOC removal in a compact wet scrubber was investigated at low concentrations encountered in
odorous effluents. The scrubber, consisting of a wire mesh packing structure, was operated at co-
current and downward flows at a large velocity higher than 12 m s allowing to decrease the
contactor diameter. Owing to the large interfacial area obtained, the contactor length and the gas

residence time were only respectively 32 cm and less than 30 ms.

The experimental results underlined the strong influence of the VOC affinity with the scrubbing
liquid, which is linked to the VOC partial pressure and activity coefficient. The VOC affinity was
quantified through the VOC partition coefficient at infinite dilution (Henry’s law constant). For
butanol, which has a good affinity for water owing mainly to a rather low vapor tension, removal
efficiencies up to 90% were reached. Nonetheless, for VOC with a lower affinity for water such as
butyraldehyde, the removal efficiency obtained in one contactor is limited. The mass-transfer
modeling demonstrated that the mass-transfer rate decreased rapidly in the scrubber and that the

last centimeters were poorly active.

Therefore, a combination of short scrubbers in series was proposed as an effective alternative to
improve the removal efficiency. A combination of two compact co-current scrubbers of 15 cm was
compared to a packed column to achieve a removal efficiency of BTOL of 90%. A mass-transfer rate
36 times higher in the two compact co-current scrubbers, counterbalanced by a pressure drop 8
times higher, was calculated. Nonetheless, these compact scrubbers would be more easily applied on
the field, allowing to implement them closer to the odorous sources and then to reduce the linear
pressure drop until the treatment unit. Furthermore, odorous effluents are usually treated in a
processing chain which involved at least two scrubbers to target NH; (acidic aqueous solution) and
H.,S (alkaline chlorine solution). Thus, no additional scrubber to target specifically VOCs would be
necessary since a sufficient odor nuisance reduction can be expected from these two scrubbers. A

sensitivity analysis, a particularly useful tool for the design of co-current contactors, was addressed
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to provide guidance. To ensure the sustainability of the process, the scrubbing liquid must be
regenerated, which could be achieved with the help of an advanced oxidation process to prevent
VOC accumulation in the liquid phase (Tokumura et al., 2008; Biard et al., 2009, 2011; Tokumura et
al., 2012). Due to its high selectivity, the use of an aqueous solution is restricted to the removal of
compounds with a high affinity for water (H lower than around 5 Pa m® mol™) or for acidic or basic
VOCs. Water could be wisely replaced by organic solvents possessing low or moderate viscosities,
such as some silicone oils or DEHA (Darracq et al., 2010; Biard et al., 2016). The applications of this
contactor are not limited to VOC and odor treatments, flue gas desulfurization, NO, treatment, CO,
capture or stripping are also feasible options. Finally, the wire mesh packing structure can still be

improved to decrease the pressure drop, for example by inserting spacers between wire mesh layers.
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6. Glossary

a°: interfacial area relative to the packing volume (m? m?)

A: absorption factor (dimensionless)

C: VOC concentration (mol m™ in the calculation)

D: column diameter (m)

Doy axial dispersion coefficient (m*s™)

D;s (D;,): diffusion coefficient at infinite dilution of a solute in the gas phase (liquid phase) (m?*s™?)
Eff: removal efficiency

El: Elasticity Index

F: flow-rate (m®s™ or Nm?s™)

H: Henry’s law constant (Pa m® mol™)

HTU: Height of a Transfer Unit (m)

I: input

ks: gas-film mass-transfer coefficient (m s™)

k,: liquid-film mass-transfer coefficient (m s™)

kga®: local volumetric gas-side mass-transfer coefficient (s™)
k,a°: local volumetric liquid-side mass-transfer coefficient (s™)
K.a°: overall volumetric liquid-side mass-transfer coefficient (s™)
L/G: liquid-to-gas mass flow-rate ratio (dimensionless)

NTU: Number of Transfer Units

O: output

P: absolute pressure in the reactor (Pa)

R;: relative mass-transfer resistance in the liquid phase (%)

S: scrubber cross-section

T: temperature of the reactor (°C or K)

U: fluid velocity (m s™)
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Z: contactor height (m)

Greek letters:

AP: pressure drop (Pa or mbar)
7. gas residence time (s)

7.: liquid hold-up (%)

Superscripts:

eq: at the equilibrium

Subscripts:

fl: at the flooding point

G: relative to the gas

i : at the scrubber inlet

L: relative to the liquid

lim: relative to the limit removal efficiency
lo: at the loading point

o: at the scrubber outlet

O: overall

S: superficial (velocity)
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