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bstract

In this paper a heterogeneous lumped parameter model is proposed to describe the mass transfer of effective alkali during the kraft pulping of
ood. This model, based on the spatial mean of the concentration profile of effective alkali along the chip thickness, enables the estimation of

he effective diffusion coefficient that characterizes the internal resistance to mass transfer and the contribution of the external resistance to mass
ransfer which has often been neglected.

The experimental data that support this study comprise measurements of alkali concentration in the liquid phases, both inside and outside the
hips. The kraft pulping of Eucalyptus globulus was carried out using broad range of temperature (80–165 ◦C) and effective alkali charge (10–45 g
a2O (100 g odw)−1).
The model describes the effective alkali concentration profiles in the free liquor along the cooking with accuracy. The effective diffusion

oefficient has been expressed by an Arrhenius-type equation and the estimated value of the activation energy for diffusion (Ea = 20.7 kJ mol−1)

s in agreement with previous studies. The contribution of the external resistance to the overall mass transfer resistance showed to be significant
nd to increase with both temperature and effective alkali charge at industrial operation conditions. This result confirms the relevance of building
model that takes into account the heterogeneous nature of the kraft pulping of E. globulus.
2007 Elsevier B.V. All rights reserved.

efficie

n
t
c
c
v
r
l
t
t
A

eywords: Heterogeneous system; Mass transfer model; Effective diffusion co

. Introduction

Mass transfer of inorganic chemicals plays an impor-
ant role in the overall rate of wood pulping due to the
trong heterogeneous nature of the process. The main reac-
ions that take place during this process occur between lignin
nd carbohydrates in the solid matrix of the wood and the
norganic reactants dissolved in the liquid entrapped within
ts porous structure. Therefore, to really improve the under-
tanding of the kraft pulping process and to enable realistic
ptimization studies of the operation of industrial reactors

1] it is essential to quantify the rate of mass transfer of
lkali from the bulk of the liquor to the inside of the
hips.
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In the history of kraft pulping research, the heterogeneous
ature of the process has been neglected to a large extent. Due
o experimental limitations, the available data on the alkali con-
entration in the liquor inside the chips are very scarce, when
ompared to the amount of data on the bulk liquor. There are
ery few studies on this subject [2–5] and these only allow to
oughly estimate the concentration of alkali in the entrapped
iquor. Moreover, none of these studies were performed with
he purpose of building a kinetic model for pulping based on
he measurement of alkali concentration in the entrapped liquor.
s a consequence, in most of the models available, the rates
f reaction of lignin and of carbohydrates in the wood matrix
re related to the composition of the bulk liquor surrounding the
hips, which is of little physical significance for the development
f real heterogeneous kinetic models.
Some theoretical models have been proposed to describe the
raft pulping process, in which both chemical reaction and mass
ransfer were considered [6–8]. However, the great detail that
haracterizes such models is not backed up by consistent and

mailto:cristina@eq.uc.pt
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Nomenclature

a, b intercept and slope for critical alkali concentra-
tion (definition in Eq. (15))

AL area of the largest side of the chip (m2)
AT total mass transfer area (m2)
ce effective alkali concentration in the entrapped

liquor (g(Na2O) L−1)
ĉe effective alkali concentration in the whole of the

entrapped liquor (g(Na2O) L−1)
c̃e spatial average effective alkali con-

centration in the entrapped liquor,
(2/L)

∫ L/2
0 ce(t, x) dx(g(Na2O) L−1)

cf effective alkali concentration in the free liquor
(g(Na2O) L−1)

cfc “critical” effective alkali concentration in the free
liquor at the chip surface (g(Na2O) L−1)

dP diameter of a sphere with the superficial area of a
chip (m)

D diffusivity of OH– in the free liquor (m2 s−1)
Deff effective diffusion coefficient of OH− in the

entrapped liquor (m2 s−1)
Ea activation energy for diffusion (J mol−1)
EAC effective alkali charge (g(Na2O) (100 g oven-

dried wood)−1)
JD Chilton–Colburn j-factor
kD pre-exponential constant for diffusion

(m2 s–1 K−1/2)
kin mass transfer coefficient for the additional OH–

consumption rate (m s−1)
kL external film mass transfer coefficient (m s−1)
KOL overall mass transfer coefficient (m s−1)
L chip thickness (m)
N number of chips in the system
NRe Reynolds number (dPUρ/μ)
NSc Schmidt number (μ/ρD)
r reaction rate (kg s−1 L−1)
r̂ reaction rate in the whole of the entrapped liquor

(kg s−1 L−1)
r̃ spatial average reaction rate,

(2/L)
∫ L/2

0 r dx(kg s−1 L−1)
rin additional OH− consumption rate at the first

stages of the cook (kg s−1 m−2)
R ideal gas constant (J mo1–1 K–1)
S sulphidity (%)
SC solids content in free liquor (%)
t time (s)
T absolute temperature (K)
U superficial velocity of free liquor (m s−1)
Vf volume of free liquor (m3)
V T

chip total volume of chips (m3)

V T
e total volume of entrapped liquor (m3)

x space coordinate along chip thickness (m)

Greek letters
β1, β2, β3 model parameters
ε chip porosity
εb bulk porosity
μ viscosity of free liquor (Pa s)
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ρ density of free liquor (kg m−3)

xtensive pulping data. These global models have never been
alidated in practice, because there is not enough reliable exper-
mental information relating entrapped liquor concentration to
hemical reaction rates within the solid matrix.

Agarwal et al. [9] developed a diffusion model for alkali using
pulping model that included both physical and chemical phe-
omena. The mass transfer model was built in two steps. First the
inetic models for chemical reaction were obtained from cook-
ng experiments carried out with thin chips and, based on the
ssumption of no internal or external mass transfer resistances,
he kinetic parameters obtained were then used to estimate the
lkali diffusion model, at this stage using pulping experiments
ith thick chips. However, with such a strategy, some assump-

ions had to be made thus reducing the accuracy of the model.
ne assumption refers to not accounting for the mass transfer

imitations of alkali in thin chips. This implies that the con-
entration profiles of alkali in both the free and the entrapped
iquors are the same along the cooking experiment, which is not
onfirmed experimentally, as shown by Egas et al. [10]. More-
ver, the reactions between alkali and the wood components
ther than lignin and carbohydrates are neglected, thus leading
o unrealistic alkali profiles during cooking.

More recently, a significant effort to estimate the diffusion
arameters during wood impregnation was made by Kazi et al.
11]. In their experimental programme the authors impregnated
ood cylinders with a sodium hydroxide solution at different

mpregnation pressures and temperatures. The sodium concen-
ration profiles were then measured in the axial and radial
irections, using a very elaborate procedure for sample prepara-
ion and the SEM technique for sodium quantification. However,
n the model proposed for impregnation, it is assumed that no
hemical reactions occur between alkali and wood components
nd that sodium does not adsorb on the solid matrix. These
henomena may not be always negligible [10,12,13] and this
ay influence the diffusion parameters calculated. Moreover,

he low range of temperatures used in the experimental stud-
es (25–100 ◦C) does not enable using their diffusion model in
ormal pulping conditions.

This paper proposes a model for the mass transfer of alkali
rom the bulk liquor to the inside of the wood chips that is based
n data on the composition of both free and entrapped liquors.
he pulping experiments followed the methodology proposed
y Egas et al. [10] and the relevance of the information gath-
red on the entrapped liquor has been confirmed by Simão et al.

14,15]. This mass transfer model relies on a lumped parame-
er approximation, in which the concentration profile of alkali
nside the chip is represented by its spatial average concentration.
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Table 1
Operating conditions used in the experimental study

Initial effective alkali charge
(g Na2O (100 g odw)−1)

Initial
sulphidity (%)

Cooking
temperature (◦C)

Time-to-temperature
(min)

Number of pulping experiments/number
of independent samples

15 30 80 2/12
15 30 110 0 3/18
15 30 125 20 3/18
15 30 140 40 6/36
15 30 150 45 2/12
15 30 165 50 5/30
20 30 140 40 2/12
25 30 140 40 2/12
45 30 140 40 2/12
10 30 165 50 2/12
20 30 165 50 2/12
30 30 165 50 2/12
15 15 165 50 2/12
15 45 165 50 2/12
1
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In the lumped parameter approach adopted here for the mod-
elling of mass transfer, one uses the spatial average of the alkali
concentration profile along the chip thickness, c̃e (see Fig. 2),
5 60 165
5 75 165

lthough assuming the heterogeneous nature of the process, this
umped parameter approach can be easily used and, above all,
t has been validated by a large number of pulping experiments.
t also incorporates the two main mass transfer resistances: an
nternal resistance, by diffusion, inside the chips, and an external
esistance in the surrounding film of liquid involving the chip.
ne additional advantage of this method, with regard to others,

s that it does not require any simplifying assumption on the
hemical reactions, as the alkali concentrations in both the bulk
nd the entrapped liquors are measured along time.

. Experimental

The experimental procedure adopted here has already been
escribed in detail by Egas et al. [10]. Handmade Eucalyptus
lobulus chips (size: 30 mm × 30 mm × 6 mm) were cooked in a
ix-vessel computer controlled batch-digester system described
y Romanenko and Castro [16]. Each experiment consisted in
set of six simultaneous cooks in the same reaction conditions,
ut with different pulping times. Since the chips were fully
re-impregnated with water at the beginning of the cook, the
enetration mechanism is considered negligible.

The initial effective alkali concentration, the initial sulphidity
nd the temperature profile varied among experiments, while
he initial liquor-to-wood ratio remained 8 L/kg. The standard
ulphidity was set to 30%. Table 1 summarizes the conditions
sed in the experiments.

In each experiment, both the free and the entrapped liquors
ere analyzed for sulphide and active alkali concentrations, as
ell as dissolved solids and lignin. Wood samples were also

haracterized.
Fig. 1 shows typical effective alkali concentration profiles

n both free and entrapped liquors, for an experiment carried

ut at a target temperature of 140 ◦C. The amount of alkali
hat disappears from the liquor surrounding the chips (free
iquor), as a result of both mass transfer and chemical reac-
ion, can be related to the alkali concentration gradient between

F
a

50 2/12
50 2/12

he two liquid phases, independently of the chemical reactions
hat take place in the wood matrix. However, as Fig. 1 illus-
rates, at the beginning of the cooking experiments there is a
ast and sharp decrease in the concentration of alkali in the free
iquor, which is not followed by a corresponding increase in the
oncentration of alkali in the entrapped liquor. This could be
xplained by the occurrence of fast chemical reactions between
lkali and some constituents of wood, namely acetyl groups
nd extractives, which can be considered to dissolve in the
ree liquor in the first 5–8 min of the cook [17]. Therefore,
he mass balance to the free liquor will take into account these
arly reactions in an additional term in the following model
evelopment.

. Model development
ig. 1. Effective alkali concentration profiles in the bulk and entrapped liquor for
pulping experiment (T = 140 ◦C, EAC = 15 g Na2O (100 g odw)−1, S = 30%).
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ig. 2. Effective alkali profile across the chip and its space average equivalent.

hat allows us to use the available data on the alkali concentration
n the whole entrapped liquor. With this macroscopic strategy the
otal resistance to mass transfer is lumped into the external film
s an overall mass transfer coefficient (KOL), relating the concen-
ration in the free liquor to the mean concentration in the liquid
nside the chip. This is illustrated in Fig. 2, where this resis-
ance is greater than the film resistance alone in the microscopic

odel, because it already embodies the internal mass transfer
esistance. The experimental data available to build the model
re the average alkali concentrations in the entrapped and free
iquors which enable the estimation of the overall mass transfer
oefficient. This can, then, be related to the external film mass
ransfer coefficient (kL) and to the effective diffusion coefficient
nside the chip (Deff).

In order to build the mass transfer model for this system the
ollowing assumptions have been made:

The bulk phase is homogeneous and well mixed.
Heat transfer limitations are considered negligible, which
means that there are no temperature gradients between the free
and entrapped liquors; moreover, the temperature is uniform
in both the liquid and solid phases.
The chip has slab geometry and its critical dimension is the
thickness.
Convection inside the chip is considered negligible.
The activity coefficient for OH– is constant inside and outside
the chip.
The effective diffusion coefficient is constant inside the chip.

The macroscopic mass balances to the effective alkali in
oth the free and the entrapped liquors lead to the following
quations:

d(Vfcf)

dt
= −KOLAT[cf(t) − ĉe(t)] (1)

d(V T
e ĉe)

dt
= KOLAT[cf(t) − ĉe(t)] − r̂V T

chip (2)
here Vf and V T
e are the total volumes of free and entrapped

iquors in the system, cf(t) and ĉe(t) the effective alkali con-
entrations in the free liquor and in the whole of the entrapped
iquor, V T

chip the total volume of chips, r̂ the reaction rate in the

g
t
e
p
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hole of the entrapped liquor and AT is the total interface mass
ransfer area.

On the other hand, a microscopic mass balance to the effective
lkali concentration in the entrapped liquor is described by the
ollowing equation:

∂(εce)

∂t
= Deff

(
∂2ce

∂x2

)
− r (3)

ith the boundary conditions:

= 0 ⇒
(

∂ce

∂x

)∣∣∣∣
x=0

= 0 (4)

= L

2
⇒ Deff

(
∂ce

∂x

)∣∣∣∣
x=L/2

= kL

[
cf(t) − ce

(
t,

L

2

)]
(5)

nd the initial conditions

= 0 ⇒
{

ce(0, x) = 0

cf(0) = c0
f

(6)

here ce(t,x) is the local effective alkali concentration in the
ntrapped liquor, ε the chip porosity, r the local reaction rate
nd L is the chip thickness.

By using spatial averages for the alkali concentration in the
ntrapped liquor, c̃e(t), and for the average reaction rate, r̃, in
qs. (3)–(5) and assuming that the spatial effective alkali con-
entration profile in the entrapped liquor is symmetric at x = 0
nd described by a second order polynomial, one obtains the
ollowing lumped model expressed in terms of c̃e(t):

d(εc̃e)

dt
= 12DeffkL

L(6Deff + LkL)
[cf(t) − c̃e(t)] − r̃ (7)

Since the volume of the entrapped liquid is given by V T
e =

LALN and the total surface area for mass transfer is AT =
ALN, where AL is the area of the largest side of the chip and
is the number of chips in the system, one can multiply Eq. (7)

y V T
chip = LALN and thus:

d(V T
e c̃e)

dt
= 6DeffkL

6Deff + LkL
AT[cf(t) − c̃e(t)] − r̃V T

chip (8)

Since c̃e in Eq. (8) and ĉe in Eq. (2) have the same meaning,
ne can state that

1

KOL
= 1

kL
+ L

6Deff
(9)

The effective diffusion coefficient is often considered to
epend on temperature, following an Arrhenius-type equation
2,3,17]:

eff = εkD
√

T e−Ea/RT (10)

here kD is a pre-exponential constant, T the absolute temper-
ture, Ea an activation energy for diffusion and R is the ideal

as constant. The chip porosity (ε) is included here because in
his non-catalytic liquid–solid reaction system, it depends on the
xtent of the reaction and therefore it is not constant during the
rocess.
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conclusions can be drawn for the cooking experiments kept for
model validation as can be seen in Fig. 6, which shows the model
prediction and the experimental data for experiments at cooking
temperatures of 140 and 165 ◦C. To be noticed that, although

Table 2
Optimal parameter estimates for the mass transfer model

Estimated
parameter

Parameter
value

Standard
deviation

Model
parameter

Parameter
value

β1 −24.5 0.14 kD 9.00 × 10−8
J.P.F. Simão et al. / Chemical Eng

According to Dwidevi and Upadhyay [18] the external film
ass transfer coefficient can be determined using the following

orrelation for liquid–solid systems:

L = JDU

N
2/3
Sc

(11)

D = 1

εb

(
0.765

N0.82
Re

+ 0.365

N0.386
Re

)
(12)

here JD is the Chilton–Colburn j-factor for mass transfer, U
he superficial velocity of the free liquor, εb the bulk porosity
nd NSc and NRe are the Schmidt and Reynolds numbers. The
uperficial velocity was related to the average flow rate in the
ooking experiments and the digesters cross-sectional area.

The viscosity of the liquor (μ) was determined as a function
f the solids content (SC) and temperature (T), according to the
orrelation proposed by Gonçalves and Lobo [19]:

og μ = −1.643 − 0.044SC + 393 + 30SC

T
(13)

Both the solids content and the temperature depend on the
xtent of the cook.

The diffusivity of OH− in the free liquor was corrected
y viscosity and temperature using a modified Stokes–Einstein
quation [20]:

= D0
μ0

μ

T

T0
(14)

here D0 is the diffusivity of OH− in water
2.12931 × 10−9 m2 s−1, [21]), T0 is 298 K and μ0 is the
iscosity of water at that temperature.

As it was previously mentioned, in order to account for the
apid consumption of effective alkali that occurs in the beginning
f the cook, a term was added to the mass balance described by
q. (1). This term is related to a “critical” alkali concentration,
fc, defined as the minimum alkali concentration up to which
he contribution of these reactions is relevant. The preliminary
ests showed that cfc is a linear function of the initial alkali
oncentration in the free liquid, c0

f :

fc = a + bc0
f (15)

This consumption term is given, at each instant, by the dif-
erence between the alkali concentration in the free liquid and
he above-mentioned “critical” concentration, multiplied by a
oefficient, kin. In the range of temperatures used, this very fast
onsumption is assumed to be not dependent on temperature:

in = kin[cf(t) − cfc] (16)

This term is added to the mass balance in Eq. (1) until the
lkali concentration in the free liquid equals the “critical” con-
entration. This strategy enables obtaining a good estimate of
he flow of effective alkali that is transferred from the free to the

ntrapped liquor during the initial stages of the cooking:

f

(
dcf

dt

)
=−AT(KOL[cf(t)−c̃e(t)]+rin) if cf > cfc (17)

β

β

a
b

ing Journal 139 (2008) 615–621 619

f

(
dcf

dt

)
= −ATKOL[cf(t) − c̃e(t)] if cf ≤ cfc (18)

. Results and discussion

The cooking experiments carried out in the digesters system,
t temperatures in the range 80–165 ◦C and initial effective alkali
harge ranging from 10 to 45 g Na2O (100 g odw)−1, enabled to
ollow the alkali concentration profiles in the free and entrapped
iquors. From the 41 cooking experiments available, 22 were
hosen for solving this parameter estimation problem, while the
emaining 19 were left for model validation. Therefore, a total
f 132 experimental data points were employed to obtain opti-
al parameter estimates. Eqs. (9)–(18) were solved using the
DRPACK package [22] with the ordinary least squares crite-

ion. Re-parameterization was performed on kD and Ea being
he estimated parameters β1 = ln (kD) − Ea/300R and β2 =

a/300R. The parameters for the initial additional consumption
erm (kin, a, b) were also estimated and it was also necessary to
e-parameterize the coefficient kin using β3 = kin × 105.

The values of the optimal parameter estimates, as well as
he corresponding standard deviations, are shown in Table 2.
s can be seen by the standard deviations, the estimates for all
arameters are characterized by very narrow confidence inter-
als, revealing a high level of statistical significance. The parity
lot in Fig. 3 compares predicted values against experimen-
al data for the alkali concentration in the free liquid for both

odel and validation points, in a total of 246 experimental data
oints. The statistical characterization of the residuals between
redicted and experimental values is illustrated in Fig. 4, where
ne can see their Gaussian nature and the small variance of their
istribution.

Fig. 5 shows model predictions against experimental data
or two of the experiments used for parameter estimation, at
he alkali charge of 15 g Na2O (100 g odw)−1, i.e., at an initial
oncentration of alkali in the free liquid of 21 g Na2O/L. The
odel predictions are very good, with an R2 of 0.995. This is

rue even for low pulping temperatures such as 80 ◦C. The ini-
ial fast reaction described by Eq. (17) allows predicting the fast
ecrease in the concentration of alkali registered in the free liquid
n the first minutes of all pulping experiments, thus avoiding the
verestimation of entrapped alkali concentration. These same
2 8.30 0.48 Ea 20.7 × 103

3 5.64 1.36 ks 5.64 × 10−5

−3.79 0.32
0.928 0.013
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Fig. 3. Model predictions against experimental values for the effective alkali
concentration in the free liquid (132 model points, in grey and 114 validation
points, in white).

Fig. 4. Histogram of residuals.

Fig. 5. Model predictions and experimental values for the concentration of effec-
tive alkali in the free liquor for three cooking experiments at different target
temperatures (EAC = 15 g Na2O (100 g odw)−1, S = 30%).

Fig. 6. Model predictions and experimental values for the concentration of
e
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t
m
n
r

F
d

ffective alkali in the free liquor for two cooking experiments used for
odel validation at different target temperatures and sulphidities (EAC = 15 g
a2O (100 g odw)−1).

ulphidity has not been used as a parameter in model develop-
ent, the model predictions are good even when sulphidity was

et to 60% as illustrated in Fig. 6.
As shown in Table 2, the value of the activation energy for dif-

usion calculated with this lumped model is very similar to those
eported by McKibbins [2] (Ea = 20.4 kJ mol−1), Talton and
ornell [3] (Ea = 22.3 kJ mol−1) and Robertsén and Lönnberg

4] (Ea = 23.7 kJ mol−1), thus supporting the reliability of the
odel.
One important feature that distinguishes the present study

rom the others above mentioned is that the estimates of the
ass transfer parameters are not influenced by the chemical

eactions taking place inside the chips, due to the use of exper-
mental data on alkali concentration in the entrapped liquor.

oreover, this model enables to measure the external resistance

o mass transfer and its contribution to the overall rate of the

ass transfer process, which was unknown and neglected up to
ow. In the cooks performed at temperatures in the industrial
ange, this contribution may not be simply neglected, as shown

ig. 7. Ratio of external resistance over the total resistance to mass transfer at
ifferent cooking conditions.
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n Fig. 7, where the ratio of the external resistance over the total
ass transfer resistance is plotted against time for three differ-

nt pulping temperatures. As it can be seen, the relevance of
he external resistance increases with cooking temperature in

non-linear way and it smoothes away during the cook. The
on-constancy on the contribution of the external mass transfer
esistance is particularly noticed at 165 ◦C, a typical industrial
ulping temperature, and is accentuated at the alkali charge of
0 g Na2O (100 g odw)−1 where it can go up to 13% of the
lobal alkali mass transfer resistance. It should be noticed that
he estimated external diffusion coefficient is valid on the range
f operating conditions used. The results suggest that the exter-
al resistance to mass transfer should not be overlooked and can
e a subject for new studies in this field.

. Conclusions

In this study a model for the mass transfer of effective alkali
n kraft pulping of wood has been developed, based on a lumped
arameter approximation and on experimental data for the alkali
oncentrations measured in both the free and the entrapped
iquors. The fast consumption of effective alkali that occurs at the
eginning of the cook was well described by relating it to a min-
mum “critical” alkali concentration and the corresponding term
as added to the mass balance of the alkali in the free liquor. The
alue obtained for the activation energy for diffusion of alkali
nside the chips (20.7 kJ mol−1) is consistent with those reported
n the literature. Moreover, this model has shown to be able to
redict the contribution of both internal and external resistances
o the overall rate of mass transfer, in a range of pulping tem-
eratures from 80 to 165 ◦C. Although in previous studies the
xternal resistance in the film has been neglected, the work here
eported shows its significant contribution to the overall mass
ransfer coefficient at normal industrial cooking conditions. In
ddition, it is shown that this influence increases with the tem-
erature and the alkali charge used in the cook. The proposed
ass transfer model has been experimentally validated and can

e used in conjunction with a chemical reaction model based on
ealistic reactant concentrations inside the chip porous structure.
his is a critical step in developing a trustworthy heterogeneous
raft pulping model and therefore to better optimization studies
f industrial pulping reactors.
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