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Abstract: In the present study a practical model usefubifesigners dealing with pilot scale reactors fdiypant
control has been developed. Investigations wereiakken for a single-component lead study on Nealafel
clinoptilolite at the temperature of 25 + 1 °C.tEén runs under different operating conditions sagparticle
characteristics (expressedcg*s/D), column geometry (d$/D) and flow speed (a&. ) have been performed. The
results were interpreted by a response surfaceanéBSM) from which an equation giving the unused hone
(UBZ) was obtained. From those dimensionless paensiea sequence of contour plots was drawn, makesgy for a
designer to choose optimum design parameters whilolling the operation performance. The flover@®. range
was established over the laminar flow conditiowsrirl to 8, fD*) was extended from 7 to 20 ard;UD*) varied from
3% to 10%. Optimization of performance of the reaets UBZ could vary from 10% to 40% of the mateojserating
capacity.
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1. INTRODUCTION

Parameters related to the operation through a-deztireactor, such as particle diameter, flow seebcolumn
geometry (column length and diameter) have beeelwitudied (Chen and Wang, 2004; Hlaveawal, 1982).
Previous studies have highlighted that too finedigle size drives to excessive head losses, dogging by dust
formation (Zorpat al, 2002) while, on the other hand, too large pkrtitameters drive to a weak bed density
responsible for preferential path and partial wetof the material (Pansini, 1996). Basically, floev must be chosen
in order to favor an optimal contact time betweeasbile and stationary phases. Most authors exprabgegdarameter
in bed volume per hour (BV/h). Pansini (1996) reamended 7BV/h for fixed-bed operation, while Inglkizaand
Grigoropoulou (2003) recommend a range betweerd5.&BV/h. The column geometry is often expressethel/D
ratio which, according to general principles ofarthatography, must range between 10 and 20. Fot diaaieter
columns it is important to minimize wall effects evl the solution will have the tendency to flowmgdhe inner wall,
driving to a partial wetting of the material. Incze(1966) suggests the column diameter on paddielmeter D/d) ratio
to be taken from 10 in order to avoid inner walket. Inglezakis and Grigoropoulou (2004) have Wwid#udied the
influence of such parameters, and they have gigendaf values in order to optimize operations xedi-bed columns,
but these values are not given in a systematiy"@ause” way. Several mathematical models ekt highly
sophisticated to simplified ones (Hashimetal, 1977; Crittenden and Weber, 1978). These mdueie been
subjected to critical discussions and do not ofiienish satisfactorily results (Inglezakis and @rigpoulou, 2001;
lordanidiset al, 2003). Besides these models, empirical oneshndmie still much employed and give good results,
especially when rigorous mathematical parametoras not important (Laet al, 2004). The aim of this study is to
define a simplified model to predict breakthrouginves and evaluate column operation performandd@basis of
dimensionless parameters. This model should, atahee time, give opportunities to draw industréalls fixed-bed
reactors for pollutant control.

2. THEORETICAL

The cationic exchange phenomenon may be interpestdlide result of simultaneous combination of tvffecknt
phenomena. They can be defined as a mechanicardisp of the fluid through the porous material andonic
diffusion through pores to the exchange sites (BE##2; Daughertgt al, 1985). If the first is governed by internal
geometry of the material and flow dispersion, theosd one, on the other hand, is completely regdlby the
randomness of molecular diffusion (Bear, 1972). &bwer, several authors have come to the conclukatrat lower
Reynolds numberRy) values, the main factor to affect the breakthfocgrves is the longitudinal dispersion
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coefficient,D; (Suzuki, 1994; Miyake and Suzuki, 1993; Guo-Hua Bimdtj, 2000). The latter is considered as the
contribution of molecular diffusion and dispersicaused by the fluid flow (Suzuki, 1990), as in tbikowing :

D= DL,moIecuIar+ |:)L,Flow. 1)

Considering only the second parameter (Ceteridspanprinciple), it is possible to come to an optiation of the
operation in fixed-bed reactors, from the optimizatof dispersion caused by the fluid flow.

In other words, we assume that the shape of brealdh curves depends uniquely on physical propebtieind to the
flow and column geometry. The problem to be soliggohrt of the fluid mechanical domain and mayrierpreted as
follows. The physical phenomenon under study cpoads to a fluid (viscosity, densityp;) passing through a bed of
porous material with particle diametek,X and densityg,). The material has been previously packed in arool

whose length isl] and diameter§). The flow is operated at the speedldnd the attended response is the unused bed
zone (UBZ). In the whole breakthrough curve, UBZ dafined elsewhere (Lat al, 2004, Pansini 1996), is a good
parameter for performance evaluation in fixed r@actUBZ is the surface comprised between the Iinealkigh point

and saturation point. From a practical point ofwi&/BZ is part of the material, which remained waisfter
breakthrough occurs and the operator stopped theatipn. It is expressed as a percentage of taelicdakthrough

curve which represents the total operating capatitg first relation may therefore be assumed as

UBZ = f(7,01,dp,pp, 1.D ).

Applying dimensional analysis to the above relai@uziaux and Perrier, 1978), with the Vaschy-Bagkham's
theorem we obtain-p dimensionless variables such as

F(nl,n2,n3,...,an — p) =0, )

with n being the number of parameters of the equatiorpatite number of fundamental units.

The direct method (Daughergy al, 1985) allows one to determine these dimensisrpasameters. The studied
variables are reported in Table 1. The variable WBihg already dimensionless, has not been takeragtount.

Let D, p1, u be fundamental values from which the others vélidoawn.

Table 2 gives the expression of the dimensionlasarpeters: the first relation, its dimensional digmaform and its
final solution.

From this table we can conclude that UBZ is a fiomcof these parameters, as expressed in the fioigprelation

dy pp 1
UBZ_f(Re,B,Fl,B .

Table 1. Parameters, dimensions and symbols.

Variables Symbols Dimension
Column diameter D L
Solution dynamic viscosity n MLt
Solution density 2 ML
Particles diameter do L

Material density Pp ML™3
Flow speed u LT!

Column length I L
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Table 2. Expression of the dimensionless parameters.

First relation Dimensional equation Solution
nl = UBZ nl = UBZ
nl= D—mzp}zmz ML T = L2(ML )P —y? n2=g =ik
n3= D—aajﬁsuﬁ L=L3(MLH3@r-1ys 3 =dy,/D

1
T4= D—Mpf;! - ML—S — La4(ML—3)ﬁ4(LT—1)v4 4 = Pp/Pl

pu
TS = s L= 15(ML )P LTy a5 =D

1

If we considepy/p,, the ratio of the material density on the liquid sign constant for a given material and given
solution, the above relation becomes

dy 1
UBZ_f(Re,B,B).

The above relation shows that it is possible tavdaanathematical expression giving the UBZ valueafgiven
operation in fixed-bed reactors from flow parame{®;; d,/D; I/D), column and material characteristics.

3. STATISTICAL CONSIDERATIONS

The parameters under study &gdy/D and|/D ratio. We will study the quantitative relation Wween the response

UBZ and the three factors above, at three leveBoABehnken design among the response surfacgraesiill be
applied in order to minimize the number of runsathare time and materials consuming (Otto, 1998¢. factors’
levels (high, mid and low) have been carefully @ms order to conciliate practice and experiméniatconditions in
the limits of our material. The central point oéttlesign has been displaced from the middle 0-001t. The factors,
as their respective coded levels, are listed inerab

From the BoxBehnken design and the coded values of Table 8awalraw the list of experimentations to be carried
out (Table 4). Experimentation 13, according todéstral point of the Box-Behnken design, has bepeated twice in
order to evaluate experimental errors. Mean anulstal deviation were calculated for this run.

The response surface method RSM allowed one tatifuand interpret the relationships between resgsrand
factors' effects. This empirical second-order potywal model is characterized by the following edp@{Otto, 1999)

k k k
y=bo+ Z bix; + Z bixix; + Zbiz’X?,
=1 1<isy i—1 3)

with k being the number of factolls, the intercept parametdxb;b;, the regression parameters for linear, interaction
and quadratic factor effects, the factors ang, the response.

Table 3. Factors and their respective levels.

Factors Levels

-1 0 +1
L/D 7.57 12.87 18.18
Re 1.00 4.50 8.00

dy/D 0.03 0.06 0.10




Published in: Water research (2005), vol. 39, i€. pp. 4004-4010
Statut: Postprint (Author's version)

Table 4. Runs to be achieved.

Systematicrun Randomized  1/D Re dy/D
1 3 +1 +1 -0.14
2 9 +1 -1 -0.14
3 12 -1 +1 -0.14
4 2 -1 -1 -0.14
5 15 +1 0 +1

6 4 +1 0 -1

7 10 -1 0 +1

8 -1 0 -1

9 0 +1 +1
10 14 0 +1 -1
11 5 0 -1 +1
12 1 0 -1 -1
13 7 0 -0.14
14 11 0 -0.14
15 13 0 -0.14

4. MATERIALSAND METHODS

4.1. Chemicals

The metal ion studied was Pfrom a 10° M solution of Pb(NQ),, (207.2 mg T of PI?*). A solution of NaN@, 0.5
M was used as the pre-treatment solution. All clsataiused were of analytical grade from Merck Ealvol

4.2. Sorbent material

The sorbent material used in this study was obtirem NZ Natural Zeolite, Zeotec Water, New Zealaficcording
to specifications, the mineral content was 75% plir®ptilolite and mordenite and 25% of impuritesch as Opal C1
and smectite. The specific gravity is 0.65 gic@hemical composition of the material is listedrable 5.

The material was crushed and sieved to three diftquarticle sizes: 0.65mm (500 pn@<< 800 pum); 0.38 mm (250
pm< @ < 500 pm); 0.20 mm (150 umdae < 250 um); it was then washed to eliminate dustddat 103 £ 2 °C for
16 h, vacuumed to eliminate gas molecules fronptires and packed on the columns.

4.3. Columns

Glass columns of 0.66 cm internal diameter equipgiéid adjustable plungers for length control haeeib used within
this study. Three different column lengths 5.0808nd 12.00 cm have been set.

4.4, Pre-treatment

Near homoionic Na form of the material was obtaiiresitu by passing through the column 50 BV of Ka$olution

at the flow rate of + 7BV/h. The column was thamsgd in situ with 50 BV of fresh distilled waterthé same flow
rate.
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4.5. Experimental

The flow rateQ (ml/min), was obtained from the linear velocity py the following equation. The linear velocitgétf
has been deduced from the previously filRgas expressed by the valuen@f The so-calculate@ was delivered to

the column by means of a Waters 515 HPLC volumeuiimp. The effluent was automatically collectedhvétLKB
Helirac 212 fraction collector in 20 ml glass tubes

_2
Ame ©)

with ng, the effective porosity andl' the cross section of the column.

Table 5. Typical chemistry of the zeolite material.

Sio, 71.54%
Al,03 18.44%
K50 2.66%

CaO 1.75%
Na,O 1.74%

4.6. Analytical

Samples were acidified with 1 ml of HCI 2M and amza&ld for Pb content by a Metrohm Herissau E 502npgiraph.
Six ml of acidified samples (0.1 M HCI) was pladedhe cell and analyzed in differential pulse m¢s@ mV pulse,
with linear potential variation of 3 mV/s) fror.2 to-0.6V. The lead peak maximum appears at -0.38 VAgSAgCl,
saturated KCI). The LOQ was established at W0in pulse mode.

5.RESULTS

Results for UBZ and corresponding cationic excharagacity (CEC) are numerated in Table 6. Hereangereferring
to CEC as the operating capacity, the one obtaiyesth operator in specific given conditions. Ingldzet al (2002)
have defined it as maximum exchange level (MEL).

5.1. Interpretation

The experimental error is calculated on the bafsikree repetitions of the center point of the degruns 13, 14 and
15). It is expressed by the standard deviation@f® as shown in Table 6. Results obtained fromitisth Inc. (2003)
for a complete quadratic model ihowed that the reffiects are significanpfvaluel/D = 0.013,p-valueR, = 0.004

andp-valued,/D = 0.006). The UBZ response from the coded levedmaters with a residual standard deviation of
0.041 and af? of 93.5% is given by

UBZ = 0.22850 — 0.05450" /P 4-0.07213%e
1 0.06637%/2 1+ 0.04192¢°/27 _ 0.02083K:
— 0.02741%G/D% 4 0.037250 /DR

— 0.03035¢"PNG/D) 4 0.03400% %/
)

with I"/D, Re, d, /D the coded levels of parameters related to Table 2.

The F test has been performed to evaluate the mibaetatio of lack-of-fit and the pure error gave-value of 0.079,
which was not significant. That revealed the madeisfactorily.

The response surface is plotted for the minimurellefl*/D in Fig. 1.

Eq. (5) allowed drawing contour curves of UBZ d§*./D andR. for different fixed levels of the column geometry,
which was the easiest parameter to be set froractipal point of view.
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Table 6. Results for UBZ and CEC

Run UBZ CEC (d/9)
3 0.348 0.107
4 0.227 0.106
5 0.229 0.103
6 0.143 0.103
7 0.403 0.101
8 0.197 0.103
9 0.320 0.105
10 0.124 0.102
11 0.160 0.103
12 0.117 0.104
13 0.235 0.105
14 0.206 0.104
15 0.215 0.101
Mean 0.219 0.103
SDT 0.15 0.02

Fig. 1. Response surface for | /D at minimum level.

Surtace Polt of UBZ vs Re: dp/D

Hold Values
[/D-1

0.4

UBZ

0.3

0.2 1

dp/p
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6. DISCUSSION

At first sight, it is noticed that the operatingcange capacity presented herein (CEC) did notgehéor different
experiments, as this has been already stated edse{ltieu and Weber 1981; Helfferich, 1995): theraging capacity
of a given zeolite for a given pollutant in singlemponent ion exchange is constant whatever thditimms applied to
the operations. Some authors reached the oppasitdusion, which says that the operating capadizeolite varies
according to operating conditions such as flow catparticle size (Inglezakis and GrigoropoulouQ20

Contour plots drawn from Eq. (5) are of great intpoce for the designer to optimize his reactorgrernces.
Performance is expressed as UBZ values, the Idweebétter. A low UBZ implies maximal use of the eral.

As shown in Figs. 2-4, the range inside which expental values have been chosen for the parameds it possible
to lower the UBZ to 10% of the total operating azifya this means that it was possible to reach gimam of 90% of
the surface of the material available for exchainge a given combination of the parameters. In,féié$ possible to
reach lower values for UBZ. The lower left cornefshe figures represent the absolute minimum é¥&for UBZ

with the following coordinated (D, R. , d, /D) = (+1;1,-1) at coded levels and (18.18;1;0.03) at real \&lWiais point
is of great importance. Indeed, it unambiguoushgdrines the operating parameters leading to maxirfficiency of
the system (94.4%). It is also noteworthy thatrtteelel is more precise in the area close to theecemwhich
corresponds to conditions similar to those of the 3 with an UBZ around 20%.

Fig. 2. Contour plot of UBZ vs,dD; R, for I'/D at level -1.
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Fig. 3. Contour plot of UBZ vs.,dD; R, for I'/D at level 0.
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Fig. 4. Contour plot of UBZ vs.,.dD; R, for I'/D at level +1.
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On the other hand, one decides to operate at mireaffy of 10% for UBZ, once the column geometrgli®sen, (for
instancd/D = 1). Fig. 4 shows how wide the range inside witieltan choose the particle sizes accordirdy/,

from 3% to 10%, meanwhile th& range diminished and is between -0.5 and -1 (r@ales: 1 and 2.75). The
flexibility to choose the particle diameter is inmfamt as finer particles could be avoided. Thearas both economic
(as finer crushing involves higher cost) and tectinjas excessive head losses caused by fineclpartian be avoided
inside the reactor).

Finally, contour curves represent a very importaat for the designer; once he has set one of dinarpeters, his
column geometry for instance, he can use the progreesponding contour curve to set the other petars, in order to
perform a better operation for a given operatingacéty of his material. If the operator's aim i tiodesign but to
evaluate the performance of an operating reactomdty use the following equation. This equationifeen deduced
from the same experiment, by substituting codedesbf the parameters for the real ones.

UBZ = 0.32239 — 0.04707"/? + 0.00796%
+5.71431%/2 4 0.00149°/2 — 0.0017%

— 22.84167%/D 4 0.00201¢/ D)k
— 0.162920/DXde/D) 4 (277 55Redp/D (6)

With I/D, R, dy/D the real values of the parameters related to Gble
The validity domain of Eq. 6 is: 1R, < 8; 7 <I/D < 20; 0.03 <d,/D < 0.1.

7. CONCLUSION

Results found in the present work are in line wlithse of Inglezakis and Grigoropoulou, (2004); Kasnd Colella,
(1983) who suggested some improvements for beperation performance. The advantage of this woskideen to
graphically summarize the dispersed recommendatinaking it of practical and easier use. Moreotles, study
established a mathematical relation predictingovdormance of a single component ion exchangeatiperin a
fixed-bed reactor. Furthermore, the equation beiagvn from dimensionless values of the flow paramsgtcolumn
geometry and particle characteristics should givexxellent way to shift from laboratory scale expents to pilot
scale reactors. TH&, range covers laminar flow conditions from 1 tdt& column geometry expressed as the (4lio
can be extended from 7 to 20 and the particle cheriatics as the ratid,/D varies from 3% to 10%. Optimization of
performance of the reactor, expressed as the urteskdone, could be lowered from 40% to less ti#@h af the total
operating capacity of the material. Optimum valaesreached fd/D chosen close to 1 (20); with a large amplitude
for d/D over the whole range, and a smaller oneRiozomprised roughly betweef.5 and-1. (1 and 2.75). In a
complimentary approach, the ongoing study will kieeded to other materials and heavy metal catdorse or in
combinations. However, this model should be vakedbt any single component ion exchange under silviyat
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changes is the operating capacity, which may dfffea given cation of a given material, but thedalocan still predict
the performance of reactors from the applied opegatonditions and, for the case of designing psepd can help
find the accurate combination of parameters toeagha given goal. Finally, this model comparedtters points out
the advantage of being easy to use and free ofyhagimplicated mathematical relations. In spitdeing empiric, it is
very convenient to situations where complicatedneatatical models are of lower importance.
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