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TEG DEHYDRATION OF NATURAL GAS:
VOLUMETRIC MASS AND HEAT TRANSFER
COEFFICIENTS IN PACKED BED ABSORBERS

Teodor TODINCA?, Alexandru-Dan FILEPY*, Teodor MURESAN?

'Depart. Applied Chemistry and Engineering of Natural Ocg@ompounds,
POLITEHNICA UniversityTimisoara, 2 Piata Victoriei, 300006, Timisoara, Romania
’S.C. ARMAX GAZ S.A. Medias, Romania

Abstract

In the design of triethylene glycol (TEG) naturalsgdehydration units, the
correct estimation of absorber size is essentiakims of both efficiency and costs.
In this paper, volumetric mass and heat transfeefficients are estimated by
comparing structured packing industrial absorbepgperimental data with the
simulation results of a non-isothermal model ddsiory phases composition and
temperature modifications along packing height. Dmenon-ideal behavior of
water-TEG mixture, Parrish et al. empirical corréians have been used for the
evaluation of the activity coefficients in the liuphase. In the range of
experimental data, volumetric overall mass transfeefficient is found to be a
function of gas phase F-factor (superficial gasowdty multiplied by the square root
of the gas density) and liquid phase Reynolds asfdri&lt numbers. The values of
gas to liquid heat transfer coefficient confirmsetteffect of simultaneous
condensation and mass transfer on heat transferyalue being few times higher
than those predicted by Chilton - Colburn analogy.

Keywords: volumetric overal mass transfer coefficient, gas-liquicteansfer
coefficient, natural gas dehydration, structured packing, TEG

1. Introduction

As extracted through welheads, natural gas (NG) iscaded with water, crude
ol and gaseous components like £, HS, etc. A preliminary NG separation
from these unnecessary/dangerous components for further phd@Gessing is
taking place at the feld level in the so-caled fethge separators. Gas leaving
these separators is saturated with water, a componertt aimount should be
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decreased at levels avoiding ice or hydrates formation f@ndcdrrosion of the
transport pipe lines due to the presence of GOH,S.

In function of natural gas parameters, several methodsirfang natural gas are
avaiable [1,2]: compression and cooling, absorption in selecliyeds,
adsorption on sold desiccants (siica gel, activated aminydration of
deliqguescent compounds (CaCLICl) etc. One of the most widely used processes
is water absorption in glycols, especialy in triethyleggcol (TEG) - which is
preferred due to its high water absorption capacity, higim#testability (285 °C
boiing temperature) and smal vapor pressure. TypicalyE& Tehydration unit
contains a contactor (absorber) where water is absorbedk icoimter-current
lean TEG flow, a flash tank actihg as a three phaseraepa(pressure is
decreased at values usualy around 3-4 -bahe hydrocarbons retained in the
absorber are separated from the rich TEG), fiters, @oh/EEG heat exchangers
(lean TEG going to contactor is cooled down by the rich TE@), finaly, a
regenerator where water is boied out of TEG. Usualy, rdégeneration unit
contains a so called still column where rich TEG ieemg between its transfer
(bottom) and rectification (top) sections and a reboiler (lestig provided by
fring natural gas or electrically) in which the teenature is limited to values up
to 204 °C because of TEG increasing decomposition at higher tetsesraFor
this reason, at an operating pressure slightly above atem@sphessure, one can
reach up to 98.8 w% TEG in the lean TEG. Such degree ofiergen is not
enough at relatively high temperatures and low pressaeswet gas fif
specifications as a water dew point of IS (at operating or another pressure) or
water content of 7 bs/IMMSCF are asked. Lean TEG regemergi to 99.9 w%
TEG can be reached by using a stripping gas whichestég in counter current
with the TEG leaving the reboiler n a short column (the “stripping” column).
Such column is placed between a surge tank and the refbtgere 1).
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Fig. 1. Process scheme for a typical TEG dehydration unit.
1 - contactor (absorber);-2stil column; 3- reboiler; 4- stripping column; 5 surge
drum; 6- rich TEG/lean TEG heat exchanger;-7TEG pumps; 8 gas/TEG heat
exchanger; 9- flashdrum; 10- fitters

From simulation point of view, Aspen HYSYS software witts itPeng
Robinson/Glycol property packages is the main tool used fofiotiwsheeting of
the TEG dehydration units.

If initally glycol — gas contactors were developed as trayed towers, in the last
decades structured packings became an attractive option seeazu their
hydraulic performances in terms of irrigation, gas loadsqure drop, etc.

Armax Gaz S.A., one of the main Romanian companies in idld ©6f
manufacturing equipment and devices for gas and ol iggussr actualy
delvering TEG based dehydration units in a large ranged®fflow rate (20000-
5000000 NriYday) and pressure (5- 80 barg). In the design of TEG hagasa
dehydration units, the correct estimation of absorber sizssential in terms of
water removal efficiency, glycol loses (entrainment, vapton), investment and
operating costs. If in the final step of the contactor desiguctured packing
manufacturer evaluation is decisive, an initial edtima of absorber size is
necessary in order to account for investment costs andméon operating
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parameter values. Guidance for such estimation can beal fourwel known
specificaton APl Spec 12GDU [3], engineering texts like SBP Engineering
Data Book [1] or open lterature [4]. A preliminary size of thcontactor can be
also quickly calculated on the basis of HYSYS ,column” unit operation by using
Lray” utility, the number of teoretical stages resulted for reaching water content in
gas (tower outlet) and folowing the rules of thumbs [1] e estimation of
HETP (height equivalent to a teoretical plate). Companitg real plants data,
such methodologies revealed as not enough accurate in tipgeditructured
packing performances.

In this paper, for a better evaluation of structured packieght asked for
reaching dryed gas water content targeted by TEG unjndeslumetric mass
and heat transfer coefficients have been estimated bpaciogn industrial plants
experimental data with the simulation results of a sothérmal plug flow model
describing phases composition and temperature modificationyy giacking
height.

2. Experimental, contactor modeling and tuning of the model
parameters

One of the most important issues to be correctly accountedh tthe contactor
design is the behavior of TEG water mixture. In the last years improvement of
equation of state methods can be found in literature [5, 6]blegiause Parrish et
al. methodology for the calculation of component actvitiedargely used in the
industry practice, these hyperbolic equations have beenrclimsd¢he evaluation
of TEG —water mixture non idealty [5]:

B?-In[cos -B-tan
In(7TEG) - [A r(r)] — f(T) -C*. X\?v
Xrec (1)
In(y,,)=B-[tanHz)-1]-C- X, 2)
where:
T = A XW
B Xree 3)
A=exp(-12792+0.03293 T, ) (4)
B =exp(0.77377- 0.00695 T, ) (5)

C =0.88874-0.001915T, (6)
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At moderate pressure, assuming a non-ideal gas and liquatiidrehgas phase
mole fraction in equilibrium with liquid compositon at a giveemperature is:

sat . sat
y\jv =X Vw ¢V\;:)—¢pw
w (7)

In the relations 1-7,x, and x; are water and TEG mole fractions in liquid
phase, y,and ;. are actvity coefficients of water and TEG, P is théalt

pressure, ps?tis the saturated water vapor pressure (at operating resongs,

Ywig equiibrium water mole fraction in the gas phaggand 43*' are water
fugacity coefficients in the gas mixture (at operatmgessure and temperature)
and of pure water (@€' and operating temperature)x § temperature in K.

Plant data from three TEG dehydration units covering rdnfiow rates up to
3000000 Nn¥day and working pressures between 15 and 40 bar have been
analyzed for the evaluation of volumetric mass transteeficients in different

operating conditions (gas velocites between 0.1 and 0.75 m/sl fiupping
densities up to 2 T{nf-hr). A typical setof data is shown in table 1.

The simplest way to calculate volumetric mass transtesfiicient Kya=K,-a is
based on a gas mole balance in a differential tower volume:

G V' dy o % dy
Kya=—2 w _ ~ 20 W i
Ya= ygm - yoP-w-v) H ye{mm (8)

where: Kya is the volumetric overall mass transfer coefficiensdaa on mole
fraction driving force inkmol/(m*ir), Gy is the gas molar flow rate per square
meter of tower transversal areakimol/(nf-), H is the tower height im, btm
andtop superscripts stands for tower bottom and top gas entry/exit.

The value of the integral in equation 8 is the number trahsfer units,
simplification of the first integral being due to the wesmall water mole fraction
in gas. At constant gas molar flux along the tower tempperating line can be
expressed as:
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- L'I(;EG . [ X, X\l’)Vtm J

_ GO 1- Xy 1- X\?vtm (9)
Yo = | TEG btm
1+ ybtm + 0 ( XW _ Xw J
Y6, \1- 1— xom
0 Xw Xw

where L{F¢ is the molar TEG flow rate divided by the column trarsalearea in
kmol/(nf-hr).

Assuming ideal gas behavior, water vapor equilbrium maodectidm can be
calculated as in relaton 7 by setting fugacity coefits to 1. Operating and
equilbrium lines in x-y diagram at the average valbk the temperature in
contactor are presented in figure 2. The number of traosisr can be calculated
by graphical integration of equation 8 or by using an agllysolution of the
integral like Kremser equation [7].

Table 1

Industrial TEG contactor typical operating parameters
Parameter Value Parameter Value
Packing nominal 250 nf/nT | Operating pressure 16 barg
specific surface
Gas inlet 348 Liquid inlet temperature| 40.7 °C
temperature
Gas velocity 0.68 m/s | Liquid stripping density | 1.4 ni/(nt"hr)
Gas water mole 0.005 Water mole fraction in | 0.0295
fraction - gas inlet iquid -TEG inlet)
Gas water mole 0.000142 | Water mole fraction in | 0.435
fraction - gas outlet liquid - TEG outlet
Gas outlet 40.5 °C Liquid outlet 36.3TC
temperature temperature
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Fig. 2. Operating and equilbrium curves for the operating daationed in Table 1.

Such approach cannot account for non-ideal gas behavior, pteaspsrature
modifications along packing height, etc. For this reasonhén évaluation of the
volumetric mass and heat transfer coefficients a nohesoal plug flow model
has been used. The model equations are shown below:

dL :

%:—Kya'H 'S'(yw_yw) (10)
dyw__Kya.H.S' L

o= D2 (- ) (11)
de:_Kya-H-S_(y _y*)_ﬁ.%

dh L L dh (12)

dls _ o '(TL _TG)' H-S-Kya-H ‘S'(yw_ y:v)'cﬁ Tg

dh G-cy

(13)
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dT, -a, (T, -Tg)-H-S+Kya-H -S-(yw— y;V)-(AHabS+ co -TG)

dh Ly -CsL (14)
Boundary conditions:
ath=0 vy, =ybm Tg =T&™ (15)
at=H  x,=x9° T =T L=L"°P

In the relations (10— (15), G and L are the gas and liquid molar fow rates in
kmol/hr, Sis tower transversal areanf, h is axial coordinate im, Tg and T are
gas and liquid temperatures in Celsius degrégs,is liquid mass fow rate in
kg/hr, a,is the volumetric heat transfer coefficientkid/(n?-4r-°C), AH,Js water
molar heat of absorption (condensation and solution in TES),is the molar
heat capacity of gas k//(kmol-°C) andcs, is the mass heat capacity of the liquid
in kJ/(kg-°C).

While activities in the liquid phase have been caledladn the basis of Parrish et
al. hyperbolic equations (1-6), all other physical propertisga¢ity coefficients,
gas and liquid phases heat capacites, densities, etc.)bbaveevaluated by using
Aspen Custom Modeler property procedures and Aspen Plus PengsdRobi
eguation of state.

For the estimation of volumetric mass and heat tramsfefficients, the equations
10 -14 with boundary conditions 15 have been solved numeri&all, and o,

values being tuned in order to reach plant data. Typicaksesme shown in the
figures 3 (composttion profie) and 4 (temperature profie).

Volumetric heat transfer coefficient value has besn ahecked by comparing the
value estimated by integration with the value caledlabn the basis of contactor
heat balance and using average temperatures of tlandydiquid [8].

Simiar steps have been used in the evaluation of volontednsfer coefficients
for 11 other sets of data colected from TEG units underretiffeoperating
conditions, in total 12 sets being used in view of developingelatons for
volumetric mass and heat transfer coefficients esimaFor all cases, structured
packing specific surface is 25G/m.



Teodor TODINCA, Alexandru-Dan FILEP, TeodefURESAN

6.00E-03

5.00E-03

4.00E-03

water mole fr. in liquid
®  experimental: contactor bottom for liquid
experimental: contactor top for liquid
— — — — water mole fr. in gas
X

A experimental: contactor top for gas

experimental: contactor bottom for gas

0.60

0.50

0.40

3.00E-03

0.30

2.00E-03

water mole fraction In gas

0.20

1.00E-03 \ 0.10
- \‘“
i T T
0.00E+00 - * 0.00
0 0.1 0.2 0.3 0.4 0.5 0. 0.7 0. 0.9 1
adimensional axial coordinate

water mole fraction In liquid

Fig. 3. Gas and liquid water mole fraction profiles for the datanfi@able 1
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3. Results analysis and best fitted correlations

Despite of the important number of mass transfer coamdatior packed beds
which can be found in the open literature [9, 10, 11], no oneesé thorrelations
has been found enough accurate to account for the comexityparticularities
of water absorption in TEG process. Phases non-ideal behayinqulics &
structured packing at TEG contactors operating conditionstr@naharacteristics
of the distributors used in industrial practice could exptagse differences.

In many specific cases in which the evaluation of magesfer coefficients is
focusing on a specific process, very simple expressionsakesm into account.
For example, in the simultaneous determination of volenetnass transfer
coefficients, Linek [12] expressed both vapor and liquid side ideefs as
functions of superficial velocity and diffusion coeffidnin case of natural gas
TEG dehydration process, for the evaluation of volumetric averass transfer
coefiicient, the folowing expression has been found as giviest results:

Kya=o, -(F, [ s j% s

it (16)
where:
033

h :¢4'(1'WL 'alg]
PL (17)
Ff :Wg A P (18)

Re = dsp-W_- P
Un (19)
S(\L — 77L

P Dy (20)

In the equations 16-20y._ is liquid hold up %m3), . and p, are liquid viscosity

and density,w is liquid superficial velocity /9, ap is packing specific surface
(m?/m®), Fy is the F factor,w, is gas velocityre/9, pis gas densitykg/n?), Re

is lquid Reynolds number,dsp is structured packing equivalent diameter
(calculated as gblap, ap=250 miinT, ¢p — bed voidage)Sq is liquid Schmidt
number, D. is water difiusion coefficient in liquidnf/s). For liquid hold-up an
expression simiar with Bilet et al. [13] equation has rbetaken into
consideration.

11
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The parameters); — ¢4 from equations 16 and 17 have been estimated by
minimizing the square sum of the differences betweelculated values
according to the procedure mentioned above (tukigg and «, for reaching

plant data) versus the values predicted by the equation HEG finfRl expressions
for overal volumetric mass transfer coefficient andidigbold up are presented
below:

041
Kya=8.424-(F, *°. [ RheL ] - S

L

(21)

0.33
h, =041 (U—L-WL -aé}

P (22)

A comparison between the calculated values of Kya for eatlof plant data and
those predicted by the equation 21 is shown in Figure 5.

Despite of the importance of the evaluation of gas-liquit eansfer coefficient
for the design of gas-liquid contactors the available irsdtiom is stil scarce and
the situation is even worse in the case of structurelinga Some correlations are
present in the lterature for few particular cases fleeked bed type direct air
water contactors [8, 14], air dehumidificators [15], heat regotlanough direct
contact systems [16], etc.

In principle, in the case of no correlation is availablethe range of system
operating parameters, an estimaton can be made on the bhlskeat
transfer/mass transfer analogy [12, 16]. This approach has useel also in this
paper - on the basis of Chiton - Colburn analogy, volumejais-liquid heat
transfer coefficient is expressed in functon of volumetiveral mass transfer
and the ratio of Schmidt and Prandl numbers:

0.66
S
&y = Qs - Kya'(Mw 'CSG)'[ P:jj
(23)

In the equation 23¢ps value has been tuned in view of minimizing the squdre
the differences between heat transfer coeffcient evalestimated through
simulation (as described in the paragraph #2) and the vphesicted by the
equation 23. The best fited value, for al 12 experimental gwist shown an
increase of around 5 times of volumetric gaslquid heat transfer coefficient
comparing with the values predicted by ChitenColburn analogy. As mentioned

12
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by Kypridzis [8], this increase is due to the sensible leathange between
phases, which takes place simultaneously with the massfer.

2,500
£ 2,000
P *
£
3 L
E 1,500
-
o
s
2 1,000 *
3
o
(1]
©
£ 500 / r'y

0

0 500 1,000 1,500 2,000 2,500
kya - plant data, kmol/m3*hr

Fig. 5. Comparison between calculated value&yé (from sets of experimental data)
and the values predicted by the equation 21.

4. Conclusions

In this paper, volumetric mass and heat transfer deeficfor TEG dehydration
of natural gas in the particular case of structured p@ctowers have been
estimated by comparing industrial plants experimental edta the simulation
results of a non-isothermal plug flow model. Phases nortydeads been
accounted for by the calculation of the activity coeflisein the liquid phase and
using Peng Robinson equation of state for the gas phase.

Volumetric overall mass transfer coefficient has begpressed as function of F
factor, liqud Reynolds and Schmidt numbers and liquid hold-ughan column.
Gas-liquid heat transfer coefficient has been estimatedhe basis of Chitton-
Colburn analogy. The values of gas to liquid heat trarsdefficient confirms the
eflect of simultaneous condensation with mass transferean transfer, the values

of gas-liquid mass transfer being few times higher thase predicted by Chilton
- Colburn analogy.

13
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MODELLING AND EVALUATION OF CHEMICAL
REACTORS FOR ISOBUTENE DIMERIZATION

Petru . DRAGNEA, Costin Sorin BILDEA *

Depart. Chemical and Biochemical Engineering, POLITEHNIQ#versity of
Bucharest, 1-7 Gh. Polizu, 011061, Bucharest, Romania

Abstract

Dimerization of isobutene (IB) to di-isobutene (PIBseen as an attractive
alternative for the production isooctane. This gpsccan be added in gasoline
blends for octane number enhancemedntthis article, the performance of batch,
continuous stirred tank and plug-flow reactors isatyzed. For the plug-flow
reactor, two models are investigated. The pseudodgeneous model neglects the
heat and mass transfer resistances in the liquid &round the catalyst particle.
With the heterogeneous model these effects araededl. The calculation of the heat
and mass transfer coefficients in the liquid fisrpierformed and their influence on
several reaction parameters is presented.

Keywords: oligomerizarion, liquid phase reactors, catalysts, dimerssnl
analysis

1. Introduction

Dimerization of isobutene IE) to obtain di-isobutene D{B) folowed by the

hydrogenation of the later one is seen to be a valualdenadie, besides the
alkylation process, for the isooctane production. Isooctane Haghaommercial

interest since it can successfuly replace the woureell disputed MTBE

compound, associated with many environmental issues.

Previous studies focused on determining the Kkinetics of kbwah (with tert-

butanol or water as selectivity enhancers) and IBrydimerization in continuous
stired (CSTR) and discontinuous (DC) reactfirs3]. The main outcomes were
a) besides the main dimerization reaction, several oligratien side reactions
occur b) the presence of polar components plays an importaninrgkelectivity

improvement and c) the reaction kinetics in the presemzk absence of polar
compounds (wet and dry) is lkely to be significantly différeMoreover, the
kinetics determined was used to analyze the behavior ofethetion system in

* Corresponding author: E-mail addresshidea@upb.r¢C.S. Bildea)
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continuous and batch reactive distilation columns with furpose of reaching
higher selectivity towards the isooctene products, up to 93%.

The present paper presents a study of the (dry) isobutemgizdiion, based on
the kinetics presented by Tawalkar et al. [1]. The goahefpaper is finding the
critical parameters that infuence the conversion agldctity in several reactor
types. First, the model of a discontinuous (DC) reactor ielalsed and the
results are compared and valdated against the previoushpdblioutcomes.
Then, the kinetics is used for analyzing the behavior c€RTR. Finaly, the
behavior of the plug-fiow reactor (PFR) is analyzed, dematimgf the influence
of the resistance to heat and mass transfer around tétgsica

2. Reaction system
Reactions and Kinetics

The dimerization of isobutene can be performed in the preseha sold acid
catalyst such as ion exchange resins or zeolites. &dwtians take place in liquid
phase and are highly exothermic. The reaction systemisisoms the following
paralel consecutive reactions, whdi DIB, TIB and TEB stand for isobutene,
diisobutene, tri-isobutene and tetra-isobutene, respectiddyially, the feed
stream contains significant amounts of 1-butebBu( which is isomerized to 2-
butene 2Bu). The reaction between isobutene and 2-butene leads triuaenof
octene isomers, known as c-dimeD[M). The reaction rates [1] are given by
relations (1)-(5), wherek stands for the mole fraction of species k. The kinetic
parameters are presented in Table 1.

IB+IB—%—>DIB, r, =Kk, x5 1)
IB+DIB—2>TIB, =K, Xg - Yo 2)
IB+TIB—<—TEB, Iy =Kg  Xg Xm 3)
IB +2Bu—<%— cDIM, M=K, Xg " X, (4)
1Bu—S— 2By, Iy =K Xpg, (5)

Considering the high activation energies of reactionsafl (5), it is expected
that the formation of the useful producBIiB and cDIM is favored by high
temperatures. However, ethexperimental data and catalyst information [1] [3],
indicate that the reaction temperature should not exceed@30 order to avoid
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catalyst deactivation. This factor is a major process mmistvhich prevents high
selectivity.

Table 1
Kinetic data [1]
Reaction no.  Pre-exponential factok; Activation energyE,
(mol/kg/s) (kJ/mol)
1 3.0110" 89.3
2 3.3810° 26.7
3 6.4510° 310
4 1.321¢° 57.6
5 5.6310'* 86.1

3. Discontinuous Reactor (DC)

In the discontinuous reactor, the reaction takes placigud Iphase, at constant
temperature. The effect of the external mass and reagfer resistances from/to
the catalyst particle can be neglected due to the pighdsof agitation [1] and of
small dimension of catalyst. The reactor model is chaizede by species
material balance equations, which are given by diffiedemstquations (6). The
species mole fraction is computed by their definttion celatip (7).

N Svn( i=1NG ®
n(t=0)=n,4
X = N(I;]i 0

Table 2

Feed Composition
Component Moles fio), Mole fraction Mass Mass fraction

B 44.5 0.380 2492 0.328
BU2 145 0.124 812 0.107
BU1 28.1 0.240 1573 0.207
10 175 0.150 1999 0.263
I 12.4 0.106 719 0.095
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Figure 1 presents the evoluton of components mole fractiominett for the
intial condttions presented in Table 2 and a catalyst amowg: = 29 kg
(similarly to the experimental trials [1]).
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Fig. 1. Components mole fraction in a batch reactor a) at 369 Kt 393 K.

The selectivity towards the formation Gf8 species DIB and cDIM), defined by
equation (8), and the isobutene conversion are presentedg.in2Fifor two
different values of the reaction temperature. As expectagh temperature
increases both the conversionlBfand selectivity toward€8.

o= 2- Mg + N
2: e + 3 Mg + Mpm + 4 Res

5 100
IB Conversion
90 - 90
0 i 0
C_Selectivity
70 - 70

C Selectivity 0

(@)

30 40 50 0
Time / [min.]

0 10 20 30 40 50 0 0 10 20
Time / [min.]

Fig. 2. Conversion ofB and selectivity towards C&: a) 363 K and b) 393 K.

Based on the closed match between the experimental dadadhe prediction of
the discontinuous reactor model, the kinetic model is furdibed for assesing the

isobutene oligomerization reaction in other types of cgact
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4. Continuous Stirred Tank Reactor (CSTR)

The continuous stirred tank reactor (CSTR) model is athiaased on the
stoichiometry and kinetics previously presented. Sincerdhetion mixture is well
mixed, the effects of the resistance to mass and leafer to/from the catalyst
are negligible. Moreover, according to the experimental fidtathe catalyst size
does not have a significant effect on the reaction edtteer, and the internal
diffusion could be neglected. The material balance is esguedy the following
nonlinear system of equations:

R
I:i,in_I:iput:rTl:at'zVi,j'n(X) (9)
j=1
NC J
% = Fi,out z Fi,out (10)
i=1

The feed flowrate is 117 kmolh, with the composition listedhé& Table 2. The
catalyst load ismea; = 29 kg. The results (Table 3) show the favourable effect of
high reaction temperature. However, the lower CSTR penfmenacompared to
DC reactor, should be remarked.

Table 3
CSTR Results
Temperature, K IB Conversion, % C8 Selectivity, %
363 65 47
393 88 56

5. Plug Flow Reactor (PFR)

Initial data

The analysis of the reaction system iPBR is done based on the reactions and
kinetics presented in section 2. The reactor geometry semisxl in Table 4,
while Table 5 presents the feed condition.

Table 4
Input Data

Tube diameterd), mm 50
Tube lengthl(), m 50
Number of ibes 662
Catalyst diameterd), mm 2

Cooling water temperaturdd), °C 100
Amount of catalysfm,), kg 112
Feed temperaturéC 100
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Table 5
Reactor Feed
Component Mole flow, kmol/lh Mole fraction Mass flow,kg/h Mass fraction

B 173.16 0.482 9697 0479
1BU 91.73 0.55 5137 0.53
2BU 47.34 0.132 2651 0.131
Inert 47.22 0.131 2644 0.136

The pseudo-homogeneous model

The pseudo-homogeneous PFR model ignores the heat and maeskr t
resistances in the liquid fim around the catalystsretbee assumes that the mole
fractions and temperature at catalyst surface areicdletd the ones in the bulk
iquid. It consists of the following mass and energy balegpeations:

dé,

E:S'rj'pcat (11)
dT 1 R :U

= = () (AHg ) - ———— (T -T, 12
Az uy-pp G ;(rj) ( » Y 0o G -2
& (z=0)=QT(=0)=To (13)

The mole fractions necessary to calculate the rearditss are computed by
relationships (14) and (15).

F=F +iu|,j g (14)
x=F/>F 15)

The overall heat transfer coefficieit))( from the bulk liquid (reaction mixture) to
the cooling water is calculated by summation of thermsistances, as shown by
relation (16).

=~y P4 = (16)
a
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The partial heat transfer coefficient on the coolingewaideas is assumed to be
constantas = 1000 W/mM'K. The fim transfer coefficient on the tube sideis
determined from the following relationship [6]:

—6-d
Nu=2.26 R P?33-exp£ q p] (17)

t

Fig. 3 presents the variaton of temperature, conversion andt\ggiealong the
reactor. Although the reactor achieves high conversiod aelectivity, the
temperature peak exceeding the maximum alowable valu&30f°C should be
observed. It should be noted that the temperature peak igteaaknost 200C
when the same amount of catalyst is used in a shodetorel. =5 m).

150 -

130 0.

Temperature [°C]

90

’ ;:actor L::gth [din:énsionlesl:] ' ’ oT!ea\ctor L::gth [dim(:nsionless;j. '
Fig. 3. Temperature (left) and conversion and selectivity peofilght) along the
PFR, as predicted by the pseudo-homogeneous model.

In order to elucidate the large temperature increasenidel is written in the
following dimensionless form:

. }/J 0 NC . )
d—l’ = Daj 'exp[mj' - X " ] = 1,R (18)

%:i(DajBjexp(}i'_g]ﬁ)("lj_ﬁ(e—ﬁc) (19)

&j(1=0)=0Q06(=0)=0 (20)
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The dimensionless model variables are the axial posltien,z / L, the reaction

1)

ref

extents &, =¢/Fiso and the temperatured = The dimensionless

c -(AHH.).

parameters represent the adiabatic temperature Bijse o the

1
po'cp Tref ,
4-U 'QBO
pO'Cp'dt'pcat' ki(Tref)
)L andthe activation energy,y; = = fl_’

1By ref

heat transfer capacty S = Damkohler  number,

E
Da, = o, -k (T,

ref

For a 5 m reactor, the ratio between the adiabatic temeraeB; and the heat
transfer capacity has a large valug, = B/ = 1.5 which explains the difficulty
of maintaining low temperature of the reaction mixture.

The heterogeneous model

The external heat and mass transfer resistancegnpogtant factors that should
be considered in the model, due to their influence on theenwatons and
temperature at catalyst surface. For exothermic readten temperature at the
catalyst surfacerls is higher than in the bulk, which can compromise thalysh
Moreover, the higher concentration of the produbiBf at catalyst surface
enhances the secondary reactions, which can lead to &mlestivity. Therefore,
including resistance to mass and heat transfer imtedder a realistic prediction
of reactor performance.

Whie the model equations (11) - (15) stil apply, the ieactates must &
calculated using the surface temperatlikeand mole fractions¢s. These values
can be found by soling, at each point along the reactorfolbeing set of
algebraic equations [4]:

kL,i'Aat'Cl"(X,s_ X,L):Z(Vi,j' Ys) My i:]"N (21)

rJ',s'(_AHr,j):kT 'Atat'(Ts_T) (22)

R
=1

The mass and heat transfer coefficients in the ligiid around the catalysare

determined from following relationships:
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Nu= 2+0.6- R&. PP* (23)
Sh= 2+0.6 R&. S (24)

The physical parameters necessary to calculate thensiimess numbers were
taken from Aspen database. The diffusion coefficient is ratairom the Wike-
Chang equation [5]:

Dys/[ ' s*|= 7.4x10 ((go- Ivg)“-ﬁJ (25)

HA
Table 6 presents typical values of the heterogeneous modseigbenst

Table 6
Typical values of the heterogeneous model parameters
IB DIB TIB 2BU 1BU
Da10°, cnf/s 9.9 7.2 5.4 10.9 10.7
k., cmi/s 0.0095 0.0072 0.0059 0.0096 0.0096
kt, W/mK 400 + 430
at, KW/nfK 0.133 + 0.149
U, kw/nfK 0.116 + 0.128

Fig. 4 shows the reaction extents (left), and the cooveesd selectivity profiles
(right) along the reactor. Fig. 5 presents the bulk andysaturface temperatures
(left) and isobutene mole fraction profies (right). Comgar® the pseudo-
homogeneous model, the heterogeneous model predicts a mucler smal
temperature increase. There is a large difference betvike isobutene mole
fraction in buk and at the catalyst surface, which detwl a lower conversion and,
more important, to a lower selectivity.

0. - 14
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[ T T T T \ 0 T T T T \
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Fig. 4. Profiles along the plug-flow reactor
('left - reaction extents, right - conversion and s&iggt
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Fig. 5. Profiles along the plug-flow reactor (left - bulk andadgdt surface temperature,
right - bulk and catalyst surface IB mole fraction).

6. Discussions

For the purpose of analyzing the infuence of heat and rnassfer resistances in
the lquid fim around the catalyst, two modekgere investigated: the pseudo-
homogeneous model in which the mass and heat transigtamess between the
iqud phase and sold (catalyst) were ignored and the dgeteeous model, in
which the rates of mass and heat transfer betweelnutkeand the catalyst surface
were explicitly calculated.

The pseudo-homogeneous model predicta higher reaction rate. Due to
exothermic character of the process, the temperatureasen rapidly, reaching
the peak around 18Q. Therefore, the conversion tB was almost complete.
Moreover, since the formation dDIB was favored by high temperature, the
selectivity was also high. The heterogeneous model, waotounted for the
resistance to mass transfer, prestich lower B concentration at catalyst surface (
Fig. 5. Profiles along the plug-flow reactor (left - bulk andadydt surface temperature,
right - bulk and catalyst surface IB mole fraction)right) and therefore a lower
reaction rate. Consequently, thB conversion was also lower. Lower reaction
rates also determined@ lower temperature, which favored the side reactions.
Moreover, as the DIB product accumulated on the catalyst surface, the ratime of
secondary reactions increased with the result of lovedgctsity towards C8.
Those effects were evident from the plot of effectiverfastors defined, for each
reaction, by equation (26) and presented in Fig. 4.

o (%, Ty)

T = r(x,T) (26)
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Fig. 4. Effectiveness Factor.

7. Conclusions

High temperature improved conversion and the selectvity towards C8; the best
reactor would be an isothermal PFR operated at the maxiteomperature
alowed by the catalyst;

The control of temperature below the maximum catalystvable temperature is
dificult in short tubes reactors (high catalyst dejskyng tubes reactors, where
the catalyst is diuted by a suitable inert, are neededofma gemperature control;
There a&e significant temperature and concentration gradients deetwthe bulk
lquid and the catalyst surface;

Low temperature favors the secondary reactions and desnbasselectivity.

8. Nomenclature and Abbreviations

Acat = catalyst area, in

Co = heat capacity, J/(Kg)

Da = difiusion coeffcient, s

d, = catalyst particle diameter, m
Ea = activation energy, J/kmol

AH, = heat of reaction J/kmol

ko = pre-exponential factor, kmol/(is})
k. = mass transfer coefficient, nm/s
kr = heat transfer coefficient, W/rq)
M = molecular mass, kg/kmol

R = ideal gas constant, J/(knkol

T = temperature, K

u = veloctty, m/s

U = overal heat transfer coefficient, WHi)
V = reactor volume, n

V, = molecular volume, #kmol
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Greek symbols
p = feed density, kg/fn
pear = bulk catalyst density, kg

b=

association parameter

n = effectiveness factor
u = dynamic viscosity, N/nf
A =thermal conductivity, W/(r{)

Dimensionless numbers

Re= 20 Reynolds number

y7i
- d,

= P - Nusselt number

C .
Pr :F’T’u - Prandtl number

Kk -d
Sh= P - Sherwood number
A
Sc= L Schmidt number
p-Dy
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Saccharomyces cerevisae YEAST IMMOBILIZATION IN
NATURAL SUPPORT - TESTING IN A REACTOR WITH
RECIRCULATION
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Abstract

Immobilized yeasin natural supports was evaluated for the productain
ethanol using molasses as carbon sourcaifixed bed reactor. This paper will
focus on marrow stem sunflower and volcanic rogbpsuts.

The activation of the supported yeast before uségseat importance. The natural
supports were tested to investigate the immobibratgrowth and proliferation of
Saccharomyces cerevisiae yeast cells for diffepmriods of activation. For this
study gravimetric and scanning electron microscapgthods were used. The
activity of the immobilized yeast was tested ineaméntation reactor with
recirculation to underline the influence of the edes concentration over the
fermentation process.

Keywords: bioethanol, Saccharomyces cerevisjageast immobilization, natural
support, marrow stem sunflower, volcanic rock

1. Introduction

Energy has always been the primary resource that peaple telied on for
survival and it provided us the opportunty to perform prodectactivites,
making industrialization and technological advances of modmciety possible
[1]. Bioethanol is an important alternative combustible doeits potential to
replace the fossil fuels that are limited and soon to beetdeplits use presenting
also advantages, the most important of them being of endargahmature: it is
biodegradable, nontoxic and it reduces particulate emissionsorpression
ignition engines.

During the last few decades the immobilization of thercorganisms used in the
fermentation process has been investigated using uoliffer@ural and synthetic
supports. These studies stamvimprovements in cell concentrations and thereby
in reaction rates and productivity, leading to shorter resgldime and smaller
reactor size.

"Corresponding authe-mail addresgetre.chipurici@pub.rgPetre Chipurici)
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Most of the natural supports tested in the immobiization gs®es are
ignocellulose materials such as sawdust, wood chips, rile Bad straw [2].
Finding new, low-cost, abundant and non-destructive immobizatystems that
can also be used at an industrial level is of greatestte Agriculture residues are
mostly considered due to their availability. Corn cobs, grape @on#, sorghum
bagasse [2]brewer’s spent grains [4], maize stem ground tissue [5] and even shell
sik cocoons [6] are some examplesvadstes that have been successfuly tested
nowadays as natural supports.

Other materials that don’t present any particular industrial mterest such as
Kissiris, an inexpensive mineral glass foam derived ftava, are also being used
in cell immobilization processes [7].

Due to high concentrations of fermentable sugars (40-60%lgsses, the main
by-product from the sugar industry, is a renewable substmatd in the
fermentation process and it satisfies 90% of the ethanol pi@durt some
countries [5], due to its high availability and low cost.

Saccharomyces cerevisiage the most common species of yeast used for the
bioethanol production, also with a role in wine making, bakird) lalewing since
ancient times [5].

In this present work two natural posomaterials, marrow stem sunflower and
volcanic rock, were used as supports for the immobilizatiorfsadcharomyces
cerevisiaeyeast in the fermentation process of molasses derived dugar beet

to ethanol.

2. Experimental

2.1. The immobilization of yeast using natural support

The marrow stem sunflower (MSS) and volcanic rock (VRjemused as supports
for immobilization of the Saccharomyces cerevisiageast (Ethanol Red from
Fermentis, 94-96 % dry weight; >20%1ding cels/g).

The volcanic rock support used was procured from the lalds fistuated
between volcano Laki and town Kirkjubaejarklaustur (Icelafa)ned as a result
of the volcanic eruption caled "Fires Skafta" from 1783.

The natural supports were cut into cubes with the theskref approximately 5
mm (MSS) and 10 mm (VR), and these were steriized by boiing for @0 mi

For both types of support the amount of yeast used representedf 2te
support’s weight.

For the growth of yeast cels on the support a nutri@midard solution contang
molasses (120 g1), (NH4%LSO; (5 g LY, KH.PO, (3 g LY), MgSQux7H,0 (5 g
L), ciric acid (5.4 g ) and NaHPO, (7 g L) was used. The molasses had a
content of 56.6% fermentable sugars.
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The solution was sterilized by reflux for 30 min prior to use.

The immobilization of the yeast was carried out in antbeshakerat 35°C for 8
h.

The activation of the yeast took place as it follows:

e After the immobiization of the yeast the molasses solutivas replaced
with fresh solution and the support was left for another a0I181-32C.
Again the solution was changed and the yeast wa® lefttivate for another
6h at 38C under agitation, obtaining a total of 24h of activaisS1-24,
VR1-24, andVR2-24).

e MSS248 /| MSS3-48/ VR1-48 / VR2-48 in a similar manner the activation
time was 48h (16h at 31-32, 8h at 38C under agitation and another 16h at
31-31°C - the molasses solution being replaced each time).

e MSS272/MSS3-72 VR1-72: 72h of yeast activation was obtained.

e MSS3-96: the yeast was activated for 96h.

A water jacketed bioreactor with a working volume of 60 mL antbtal volume
of 70 mL was used for the fermentation. It was comprised pli@ fow glass
tubular column (16 mm id., 185 mm length).

Atfter sterilization, the thermostated reactor was filedh support containing
immobilized yeast and fermentaton medium. A micro-dose pupe t335A
Unipan was used to transfer the feed medium (45-65 mL) &aylinder serving
as reservoir into the bioreactor. The exhaust gas arngeneffisolution were
removed via an outlet located at the top of the bioreactor. efloent from the
column was recirculatd with the micro-dose pump. A glassware device was
instaled between the column and feed puimpprovide a continuous supply for
the fermentation. The temperature was kept constant°& B circulating water
from the thermostat through the reactor jacket. Tk flow was also measured
during the fermentation. The schematic of the experahesgtup is shown in

fig.1.

2.2.  Bioethanol analysis

Bioethanol concentration in the fermentaton mixture waterch@ed by gas
chromatography, after an extraction in dichloromethane,g usin HP 6890
chromatograph equipped with fame ionization detector andAgilent GNW
Scientific (30mx0.250 mmx0.5u, DB1) capillary column. Helum was used as a
carrier gas. Pentan-1-ol was used as an internal standard.
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Fig.1. The laboratory setup.
2.3. Textural characterization

For the electronic microscopic scanning (SEM) micrographsyples were taken
consisting of fresh support, steriized support and after inimatibn and

activation. The lyophilization step is necessary before performingstt@nning electron
microscopy analysis. The samples were frozen in a frez&0°C for 24h, and then
freeze-dried in a Labconco FreeZone freeze-dryer, at OdB@r for 48h. The

temperature of the drying chamber was -50°C.

The inner and the outer surfaces of the fresh and inwedbistructures with
yeast cels were scrutinized by High Resolution Sognitlectron Microscope
(HRSEM), FEI Inspect F 50 (field emission gun). A 5kV voltagas used and
fracture surfaces were examined after gold sputterngoati

3. Results and discussions

To analyze and compare the experimental results obtainex, atlerage
fermentation rates and the average fermentation fateperiods of time were
determined (eq. 1, 2). The ethanol concentration was ceftwkth eq. 3 and the
transformation yield of sugars into ethanol were detexniteq.4.
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Cethano(g/ L)
time(h)

Cethanqaj1 (g/ L) - Cethanql(g/ L)
ti+1 -1

Fermentaton_ rate, =

Fermentaton_rate, =

Cethano(g/ L) = C

ethano

Cethano(g/ L)
Cyugar{0/L)x 05111

(%) X pethanol>< 10

Yield =

1)

)

3)
(4)

Experimental conditions and results are shawtables 1-5 and figures 2-10.

Table 1

Experimental conditionsused for testing the immobilized yeast on natural suppor
and results - the molasses solution used had a conceatimn of 120g/L, and the
volume of the fermentation medium was 45mL

BExp. Type of Time, | Cethanoy | FErmentation_| Fermentation_
support (h) (%) rates, ratey,

(9eton/Lxh) (9etor/Lxh)

1 1.66 13.09 13.09

2 1.89 7.44 1.80

1 MSS124 4 3.11 6.14 4.83

6 3.25 4.28 0.55

1 2.39 18.88 18.88

2 3.39 13.36 7.84

3 3.62 9.53 1.86

2 MSS248 35 3.71 8.36 1.38

4 3.80 7.50 145

5 3.67 5.79 -1.05

0.5 157 24.83 24.83

1 1.75 13.79 2.75

15 1.94 10.21 3.06

3 MSS272 2 2.26 8.91 4,98

3 3.18 8.36 7.26

4 3.66 7.23 3.84

5 3.80 6.00 1.10
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Fig. 2. The ethanol concentration and yield for the yeastwiized on natural support
(MSS124, MSS248 MSS272)

It can be noticed from fig. 2 that for the supports witloragér activation time of the
yeast the alcohol concentration increases faster. Amamed time of activation for
the immobilization of the yeasts on natural support ledatoincreased yield in

ethanol.
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Fig.3. The ethanol concentration and yield for the secondfssupports 1SS348, MSS372 al

MSS396)

It can be observed from fig. 3 that in the case of MSS#&Zactivation of the yeast
for 72h led to an improvement in the fermentation process. rii@@mum values
were obtained between 7 and 8h.
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Table2

Experimental conditions used for te sting the immobilize geast on MSS3 and re sults
— the solution of molasses that was used had a concetima of 240g/L

Vol. medium| . Fermentation_| Fermentation
Bxp. !zgzgr]; fermentation, TE?)G : Ce(tg/';’)‘;o" rate;, | rate,, |
(mL) (9etor/Lxh) (9etor/Lxh)

0.5 0.77 12.19 12.19

1 1.11 8.73 5.27

15 1.35 7.11 3.88

2 1.69 6.67 5.33

3 2.62 6.88 7.30

4 MSS348 44 4 3.60 7.10 7.76
5 3.82 6.02 1.73

6 4.37 5.75 4.35

7 4.92 5.55 4.34

8 5.13 5.06 1.66

0.5 0.93 14.70 14.70

1 1.43 11.31 7.93

1.5 1.84 9.70 6.47

2 2.12 8.38 441

25 3.03 9.57 14.35

5 MSS372 16 3 3.35 8.80 4.97
4 4.24 8.36 7.04

5 494 7.79 5.51

6 5.69 7.48 5.90

7 591 6.66 1.78

8 6.04 5.96 1.03

8.5 597 5.54 -1.11

0.5 2.60 41.05 41.05

1 3.02 23.85 6.66

2 3.85 15.18 6.50

3 472 12.41 6.88

4 5.46 10.76 5.81

6 MSS396 47 4.5 6.27 10.99 12.85
5 6.65 10.49 5.92

6 6.92 9.10 2.16

6.5 7.19 8.72 4,22

7 7.17 8.08 -0.25

7.5 7.11 7.48 -1.01
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Fig.4. The CQ measured flow- MSS

Fig. 4 shows the C@ values measured in time, and these can be relatedheith
activity of the yeast and the avaiabilty of the sudtstr It is obvious that for the
supports with 48h and 72h of activation the fermentation ise miatense and
begins almost instantaneously. The end of,G@mation is equivalent to the end
of the fermentation process.

The molasses concentration of 240g/L did not inhibit the yelstsugars being
transformed by the yeast within 8h in the case of MSS3MIBS3-72 and within

6.5h in the case of MSS3-96 showing that with the rigtilvadion time the

productivity of the microorganisms can increase.

35 —=— VR1-24 1004 Hl VR1-24 3h 4h
—e— VR1-48 . .

. 30+ —— VR1-72 o
=
D25
g 20 2
o) /
O 15 . %
© e e
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Fig.5 The ethanol concentration and yield respetyivn time for VR124, VR148and VR1-72

Fig. 5 shows the results obtained for VR1-24, VR1-48 and VR1-72arit lme
noted that the maximum vyield for the support with 24h yeastvation time is
92.2%, for the support with 48h activation time is 90.9% and fosupgort with
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72h of activation time the maximum vyield obtained is 99.9%r aftk of
fermentation.

Table3

Experimental conditions used for testing the immollized yeast on VR1 and results - the
molasses solution that was used had a concentratiasf 120 g/L

Vol. medium . Fermentation_| Fermentation_|
Bxp. gpegri fermentation, Tér;:)e ’ Ce(tf]}:;(” ratey, rate,,
PP (mL) (@etor/Lxh) | (geror/Lxh)
0.f 0.80 12.61 12.61
1 1.44 11.39 10.17
1.5 2.48 13.03 16.31
7 VR1-24 55 2 3.04 11.98 8.84
2.5 3.53 11.14 7.76
3 4.05 10.65 8.24
35 3.78 8.51 -4.32
0.5 0.65 10.23 10.23
1 1.19 9.42 8.60
15 1.64 8.60 6.97
8 58 2 1.97 7.77 5.28
VR1-48 2.5 3.00 9.46 16.22
3 3.68 9.67 10.73
35 3.99 9.00 4.95
4 3.97 7.83 -0.32
0.5 0.72 11.33 22.67
1 1.26 9.90 8.47
15 2.04 10.73 12.38
2 2.63 10.39 9.37
9 VR1-72 61 2.5 3.48 10.98 13.32
3 3.98 10.47 7.94
35 4.32 9.73 5.28
4 4.35 8.58 0.51
45 4.16 7.30 -2.93
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Fig.6. The ethanol concentration and yield for VR2-24 and VB2-
Fig. 6 shows that for higher concentration of the modassdution (240g/L) the

fermentation process takes much longer, even thoughasttiyf yields are also
obtained, suggesting that the yeast was inhibited byubisrate.
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Fig. 7 The medium fermentation rates for VR2and VR248

The man fermentation rates for the supports VR2-24 and VR2-48shkogn in
fig. 7. In both cases a maximum was obtained at the begiofithe fermentation
process but afterward a sudden drop was recorded followed byaiabidue to

the metabolism regulation of the yeast that depends aabilty to adapt to the
environment conditions.
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Fig. 8. The CQ flow rates for VR

Fig.8. shows the C@ flow rates for the VR supports suggesting how the
sugar content of the molasses was transformed by tis¢ geaifferent activation
times.

Table 4

Experimental conditions used for testing the immollized yeast on VR2 and results - the
molasses solution concentration was 240g/L and tliermentation medium wlume was 61mL

Type of | Time, | Cetnang Fermentation| Fermentation
BExp. support ) %) __ratey, _rate,
(9etor/Lxh) (Jetor/Lxh)
0.5 1.08 16.97 16.97
1 1.21 9.53 2.09
2 1.52 5.98 2.44
3 1.89 4.98 2.97
10 | VR224 4] 260 5.12 554
5 3.01 4.74 3.24
6 3.74 491 5.76
7 4.30 4.85 4.43
8 4.99 4.92 5.45
0.5 1.09 17.17 17.17
1 1.25 9.88 2.59
2 1.49 5.89 1.89
3 1.91 5.03 3.32
4 2.36 4.65 3.51
11 | VR248 5[ 302 4.76 5.21
6 3.38 4.44 2.85
7 3.96 4.47 4.60
8 4.63 457 5.31
9 5.35 4.69 5.68
10 6.31 4.98 7.56

37



loan CALINESCU Petre CHIPURICI Bogdan MIRICA Sorina PRODAN-RADU

Gravimetric study of the yeast activation on the MSS support

The yeast activation was gravimetrically studied in orde determine the growth
rate. Four samples were prepared, each containing 5 cubesnofttigkness.
Probe 1 consisted of fresh support, probe 2 consisted of stetigpdrs probe 3
consisted of steriized support with 24h activated yeast (Oebgptyand 12mL
molasses solution of 120g/L concentration were used) and prokas $repared
in the same conditions as probe 3, but with an activatien dihmi8h. These were
then freeze-dried and weighted. The results are presenteable 5.

Table 5
The gain in weight of the supports due to yeast activation
Difference in weight
Probe Initial weight Final weight Q) (%)
@) @
1 0.023 0.021 - -
2 0.023 0.0194 -0.0036 | -15.65%
3 0.023 0.0493 0.027 | 98.69%
4 0.023 0.0%43 0.0477 | 207.39%

“the values were calculated taking into accounwtbight loss caused by the sterilization process

Fig. 9. SEM images of the fresh support MSS (a) surface and (b)seasien
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Fig. 10. SEM cross-section images of the structures on whalstydeveloped for
48 h

Fig. 9 shows that the MSS fresh structure has unifoones with an average pore
diameter of 100 pum. Cross section images of the MSS structure after 48 h
incubation time show cell growth inside these poresl(fiy.

6. Conclusions

The immobilization of the yeasBaccharomyces cerevisiaen marrow
stem sunflower and volcanic rock supports was efficient ttuetheir
internal structures and high porosity.

Both supports can be reused in several fermentation pescess

The yeast maintains its grip on the natural support sgoactivity over a
long period of time. The activation time of the yeast laasgreat
importance in the fermentation process. Higher concemsatof ethanol
were obtained when the yeast was allowed to grow for moneatfakay.

In the case of the volcanic rock supports, increasing dmeeatration of
the molasses solution led to the inhibition of the yeadt thus a longer

fermentation time.
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Abstract

This paper summarizes the most important aspectsdémeloping a
mathematical model of anaerobic digestion procegh wapplications for biogas
production plants, along with the most fundameratatl representative already
existing generic models. The most significant matitecal models of anaerobic
digestion are reviewed. It also identifies theical stoichiometric parameters that
havebeen varied in order to fit the model at an industrsdale reactor. The paper
also enumerates the sequential order in which dr@meters have to be varied to
obtain an accurate data fit. Application of the rebdeeds to be further researched
and evaluated in the future, as to optimize and enhatesign and operation of
wastewater treatment plants.

Keywords: mathematical models, ADM1 model, plants, waste activatethesiu
anaerobic digestion, biogas

1. Introduction

Anaerobic digestion has become an increasingly importaloistiial process. It
has been used for many years to treat and sanitize esestamtpe waste from
municipal wastewater and industrial wastewater, redisc@dor and volume, and
produce useful biogas [1]. Because of its complex natureopiienization and

further process development of this technology go hand id haith the

availabiity of mathematical models for both simulaton ammhtrol purposes [2].
Anaerobic digestion is a subject of intensive researchcifisply focused on
novel digester design, substrate pretreatment to improvebitwegradability of
the biomass, hence enhancing the biogas production and uggoddime biogas.
Also, only recently developed advanced culture independent ulanldechniques

"Coressponding authe-mail addressalexandrinazuza@chem.ubb.cluj.(@&. Zuza)
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for identificaton of the microbial communites have pavéd tvay for obtaimg
more fundamental insights in the process][3,4

2. Conversion processes in anaerobic digestion

The metabolic pathway and process microbiology of anaerobictialigés shown

in Fig. 1. Generaly, the anaerobic digestion process or@istour stages; the
frst one is called hydrolysis, consisting in the tramsédion of complex organic
matter such as proteins, carbohydrates and lipids into ssojible products like
sugars, LCFA, AA and glycerin. In the second step, calledattidogenic stage
fermentative bacteria use the hydrolysis products to fotenmediate compounds
ke organic acids, leading to volatie fatty acids (VFAsluding acetic, butyric,

propionic and valeric acid). These VFA along with ethanel @nverted to acetic
acid, hydrogen and carbon dioxide. Finaly, in the fourth stag#) acetic acid

and hydrogen are the raw material for the growth of metienic bacteria,
converting acetic acid and hydrogen to biogas composed maininetfane,

carbon dioxide and hydrogen sulfide [5]. The resuling biogasposition

depends on several factors: (I) the oxidation state of carbtie substrate, (lI

the residence timg]lll) the reactor set-up and (IV) the temperature [6].

1
. MNon-active
I Carbohydrats II Protsin I I Lipid I Liomass
T T T ‘
I Inert carh. I I Inert prot. I
1
| Sugars | IAminoa:idsI I LCEA I
A i
2J |3| L4J'—
Death

Fig. 1. Conceptual model for ADM1 of the biochemical convergioocesses:

1) LCFA and HPr from Lipids; 2)Acidogenesis from AmirAcids; 3)Acetogenesis from
Long Chain Fatty Acids; 4)Acedogenesis from Propien 5)Acedogenesis from Butyrate and
Valerate; 6)AceticlasticMethanogenesis; 7)Hydrogemuhic Methanogenesis3) Methane and
carbon dioxide production [5].
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3. ADM1 model description
Anaerobic digestion models

The frst anaerobic digestion models date back to the ntidssih the model
proposed by Andrews and Pearson [7]. The substrateof theotigeas assumed
to consist of dissolved organicsubstances, which were cedvést methane by
microbialacidogenesis and acetoclasticmethanogenesis. sBedhae latter is rate-
imiting for solutes, several models have been developed, etihate biogas
production using only the methanogenesis step[8,9]. Denad. ¢10] extended
these models by including acetogenesis for the conversiopragionate into
acetate. The kinetics of these steps is traditonallyesgpd by Monod type
kinetics, which considers a single growth-limiting substréq.):

[S]
[S]+Ks

B =ty (1)

withz (d™) the specific growth ratey . (d%) the maximum specific growth rate,
[S] (g L) the substrate concentration, and K L) the substrate saturation
constant (i.e. substrate concentration at paff, ). It was found, however, that the

acetoclastic methanogenesis step exhibited inhibition iglt boncentration of
acetate [8]. Accordingly, a kinetic equation was proposed, basedHaldane
kinetcs (Eq. 2) as given in Eq. 3. The latter is sometimefsrred to as
“Andrews’s kinetics” [11],
U
_ mex 2
H Ke 9] 2)

1+ =2 +~—
[S] K,

M
s 3)
1_}.&4_@

[S] K
where [VFA] (g LY is the unionized VFA concentration, ard, (g L%) the
inhibition constant. As knowledge of anaerobic digestion heseased, it has
been clear that a range of factors can influence oigestficiency, such as
digester overloading or the occurrence of toxic componertk as sulphide,
ammonia or heavy meta[d2]. The inhibition effects on the process are included
in more recent models. Sanders et [aB] proposed a surface-based kinetic
expression, describing the coverage of particles with limctiat secret
hydrolytic exo-enzymes. With this the hydrolysis constpat unit area remains
constant in order to account for the variable concentratmfrenzyme (Eq. 4).

43



Paul-Serban AGACHI, Mircea CRISTEA, Cecilia ROMARAbhilash NAIR, Alexandrina ZUZA

H = Ksg A (4)

According to Vaviin et al.[14], hydrolysis is a two phase process. In the first
phase the particulates are colonized by bacteria, whickeguently excrete the
hydrolytic enzymes. When a surface is covered with bactérdegrades at a
constant depth, per unit of time. This type of behavior cambaeled effectively
employing Contois-kinetics (Eqg. 5).

[S]

K[X]+[S] ©)

H = Hie X

The modeling of anaerobic wastewater treatment closddyv#lthe evolution of
the models that describe the digestion of dissolved organids particulates.
However, it became necessary to distinguish between ubbstrate components
(carbohydrates, proteins and lipids) fed to the digester. Iriopsewodels these
were lumped together and simply expressed as the COD. pastitulate type is
then described by their specific kinetics and stoichiofd&ir$6,17] Although
the feed is considered liquid, suspended particulates arededgl with
accompanying  hydrolysis  kinetics. For readily degradable satbstr
(monosaccharide rich water), lactic acid may be generated is therefore
included in some model§18]. Paviostathis and Goss¢t9] included a cell
death/lysis step prior to hydrolysis. Eastman and Ferg[&@hmodel accounted
that during digestion of sludge hydrolysis/cell death awsi ke the rate-lmin
steps for methane production. Shimizu et [al] included nucleic acids as a
variable. The model that specificaly addresses the oigesf wastewaterss
reviewed by Batstone et §22].

ADM1

The ADML1 is a structured, mathematical model based on CO® @mmon base
unit in wastewater characterization. It describes tmeem@bic digestion process in
a batch as wel as a continuous-fow stirred tank reactachBimical processes
included in the ADM1 are the disintegraton of compositegdrdlysis d
particulate COD, such as carbohydrates, proteins and ligiots, substrate
degradation processes together with their six specific dsengrowth and decay
processes [23].
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Tabel

List of mechanistically inspired models including intermediate components (COMP hydrolysis kinetics (HYDR), acidogenesis kinetics (ACID)
acetogenesis kinetics (ACET), or VFA (VFA ACET), methanogenesis kinetics (METH)iteer acetogenotrophic (ACET METH) or hydrogenotrophic
(HYDMETH), Specific characteristics and field of application. Other abbreviations Acetic acid (C,), Propionic acid (C;), Butyric acid (C,4), Valeric

acid (Cs), Caproic acid (Cg), Monod kinetics (M), 1% order kinetics (1st), Acetate (AC), Propionate (PA), Carbohydrates (CH), Lipids (LI) [2]

Authors Comp Hydrolysis Acid ACET. METH Specific characteristics Application
Andrews (07} - M 88 VFA (ACET METH) M Yield and kinetics estimated from Dissolved
and Pearson steady-state condition organics
Eagman - 1st - - (ACET METH) M Hydr rate-limiting. No distinction in Particulate
and fermentation products, i.e. the fin:
Ferguson product is total COD originating fromn
acids, CH, CGO,, proteins
Denacetal Cx-C4 - M M (ACET METH) M Biofilm diffusion model Dissolved
(VFA) organics
Cogello et Co-Cs - M(pH, H., M(pH,H2,AC) M(pH, Hz, AC) Acid production stoichiometry s Wastewater
al. Lactic 4/3st order AC) hydrogen regulated and inhibite
acid, CH, (enzyme Hydrolysis by soluble enzymes
PROT, LI  concentration)
Shimizu et C2-Cs, CH, 1st 1st 1st 1st (ACET METH) Separate decomposition Kkinetics Sludge
al. NA, LI, 1st (HYD METH) different VFA. Nucleic acid degradatior
Batstone et C-Cs 4/3st order M(pH, Hy) M(pH) M(pH)(ACETMETH) Hydrolysis by soluble enzymes. Aci Sludge
al. Lactic M(pH) (HYD METH  production stoichiometry is hydroge
acid, CH, regulated and inhibited.
PROT, LI
Vavilin etal. C,-C3 Limited 1stor M - M(NH3,pH, M(NH3s,pH,H:S, PA) 8042_ reduction to HS by consumption Various
PA) of C; and G (M). Phosphorouspo; ).
Non-degradable solids Minerals Ca
Na’)
Pavlogtathis G 1st M - M(ACET METH) Viable cells/lyse (1 order) into an Sludge
and Gosset intermediate  particulate  requirin

hydrolysis

45



Paul-Serban AGACHI, Mircea CRISTEA, Cecilia ROMARAbhilash NAIR, Alexandrina ZUZA

Dynamic state variables

The model consists of 32 dynamic state concentration variayd involvesl19
biochemical rate processes, three—{gpdd transfer processes andaddititynad

acid-base kinetic processes. In order to characterize thebase dissociation in
aquatic systems, the dynamic states for VFAs, inorgaarboa (IC) and
inorganic nitrogen (IN) are split into two components each.

Rate equation matrix

Appendix 1 shows the 32 state variables structured in the @sbdiiocess rate
and stoichiometric matrix for biochemical and acid/baseibgail reactions.

Calculation of the derivatives

The calculation of the state variables in a continustiised tank reactor is shown
in Eq. 6 provided that the bulk volum&/4) in the reactor remains constant.

dS,; aS., dS, dSq,
it v, v, v, O ©)

liq liq

\/liq j=1-19

Where the termz p,V;i; s the sum of the specific kinetic rates for process j,
j=1-19

muttiplied by the stoichiometric coefficient;, g is the volumetric fow rate (see
Appendix 1) [23].

4. Modifying reaction parameters to fit industrial data

The kinetic parameters in the ADM1 model have been oltaime lab scale

experiments the ADM1 model has also been tested to gneptatde results for
piot scale operations. The model can also be applied to anrigidsetle with

minor modifications in either the Kkinetic or stoichionetrparameters. It is
important to perform a sensitivity analysis of these parars on the biogas
producton as wel as methane concentration. The kinetiamgders showed
minor variaton in the biogas production rate and methanecectration, the

stoichiometric parameters are considered to vary largety the scale of

production and the difference in feedstock composition. Hense thalues have
to be adjusted to fit in an industrial scale.

The stoichiometric parameter is classiied into threeums, to identify the

sensitivity of these parameters to variation in processeb types of substrates.
The group with the highest sensttivity is taken upt fmed the parameters are

46



Mathematical modeling of anaerobic digestors foglais production plants

sorted in a descending order of their sensitivity. Eaolch&imetric parameter is
varied as within the acceptable range and the biogasréitevand the methane

concentration in the biogas has been recorded.

Table2
List of Stoichiometric Parameters
Parameter Description Symbol Hydrolysis Acid
Soluble inert from Composites foixe 0.1 0.7-1.2
Carbohydrates from Composites fehxe 0.2 0.1 -0.23
Proteins from Composites forxe 0.2 0.1 -0.23
Lipids from Composites Flixe 0.25 0.20-0.30
Nitrogen content of Composites Nyc 0.002 0.0015-0.0023

Most of the

industrial anaerobic digesters work on continuougle. The

continuous stirred tank reactor (CSTR) model would be thé dmediguration to
model them. A mathematical model has been developed inrRintwlimodel the
reactor in CSTR configuration. The percentage changéheinconcentrations of
methane and the total fow rate of biogas has been présémtenalyze the
sensttivity of each parameter.
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5. Discussions

Simulations have shown that there is not much of arelite in the
biogas generation rate with the change in the selesti@idhiometric parameters,
but the concentration of methane gas showed significaidtion with the change
in the stoichiometric parameters. The Fig.2 to Fig.6rigleshows this variation
with time. To have a better understanding of this vamiathe final steady state
value have been recorded and presented in Fig 7. The slegselofine provides
the quantitative value of parameter sensitivity. Tiw plearly indicates that each
of these parameters has a different percentage varfatiothe same percentage
change in the input concentration. The exact percentdgehange has been
presented in the Fig. 7.

From the results of the simulations, it is clear that maximum deviation in the
output is shown by the variation in the stoichiometricosatof nitrogen and
protein, followed by carbohydrates and lipids and the least tweh inhibitor

concentration. This priority order can help us gain an irapbrinsight on the
extent and order of change made to fit the ADM1 model tnthestrial data.
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6. Conclusions

Optimizing the industrial process and providing an eflectontrol strategy is the
key factor of economical generation of biogas. The ADM1 witminor change in
parameters can accurately fit the industrial data. &yemting the sensitivity plot
for the variation in stoichiometric parameters, we hawdear understanding of its
effects in methane concentration. The simulation eequibvide us a sequential
order for the parameters to be varied to ft the model tanthestrial data. The
sensitivity study showed the flowing priority ord@kcf Nxc, fehxe, forxe, fsixe. After
the successful generation of a mathematical model,piossible to proceed to the
next step in optimzing the process and also develop a cattedegy for the
digesters.
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Appendix 1

Mathematical modeling of anaerobic digestors foglais production plants
Biochemical rate coefficients and kinetic rate equeons [23]
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Continued
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Abstract

Reducing greenhouse gas emissions and transitialdea carbon economy
for climate change mitigation represent key issaésodern society. The paper
presents various carbon capture approaches to bpliap in energy-intensive
industrial applications based on fossil fuels (@gwer generation, petro-chemistry,
cement, metallurgy etc.). Fossil fuels are predicteremain the backbone of energy
sector in the years to come. To make acceptabléotsd fuels from environmental
point of view, carbon capturatilization and storage (CCUS) technologies must be
implemented. The detailed examples presented irpéiper make use of various
assessment methods (e.g. mathematical modelinglagion, thermal integration,
techno-economic and environmental evaluations).

Keywords: carbon capture, utiization and storage (ccus), energyske
industrial applications, low carbon economy

1. Introduction

The increase of world energy demand put significant meessa avaiable energy
sources (both fossil and renewable). Since the renewablgyesources have
severe limitations in terms of avaiabiity, the fodails are predicted to remain
the backbone of energy sector in the decades to come. Facapsthe latest
statistical review of world energy resources indicated tt the current level of
production, natural gas reserves wil last about 56 yearsboiit 53 years and
coal about 109 [1]. The carbon intensity of fossi fuels sanadely, the liquid

(o) and sold (coal) fuels having the highest carbon fautprTo make

acceptable, from environmental point of view, the continudiation of fossil

fuels, new energy conversion technologies must be developgéddeployed at

* Corresponding author - E-maitormos @chem.ubbcluj.ro(C.L. Cormos)
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industrial scale. Two important conditions must be met: ing@owenergy
conversion efficiency and low greenhouse gas emissiesge¢ialy CQ).

Carbon Capture and Storage (CCS) or Carbon Capture, Otlizatid Storage
(CCUS) represent a diverse technology portfolio which intpt CO resulted
from the fossil fuel energy conversion is captured anch ibeeither used for
various applications (e.g. enhanced oil recovery, enhanced beol methane
recovery, food industry etc.) or stored in proper geological owatfe.g. depleted
ol and gas fields, salne aquifers etc.). Energy TechnoPegyspectives 2012
released by International Energy Agency (IEA) considett for 2030 - 2050
timeline, CCS technologies are a key approach be used todeeptemissions
reduction goals [2]. For instance, as technology portfolio to ceedCQ
emissions, CCS is predicted to account 20 - 25% having the thighesibution.

At EU level, several targets has been set for the wbolemunity block for the
period up to 2020 [3]: cutting greenhouse gases by at leasto?A%O0 levels;
reducing energy consumptions by 20% of projected 2020 levels byvingpr
energy efficiency and increasing use of renewable to @0%tal production. The
long term target is to reduce the greenhouse gas @msidsy 80 - 90% by 2050.
Such ambitious targets require strong actions. For imstamc EU power
generation sector, where coal contribution is about 60%, thleyd®nt of CCS
technologies is critical in the following years.

This paper has as aim to present various carbon capture cmsda be applied
in fossil fuelbased energy-intensive industrial applcat (e.g. power
generation, oil and gas, cement, iron and steel etc.). beletniled examples are
gven and evaluated covering vario@O, capture methods and configurations
(e.g. pre- and post-combustion capture using gas-liquid andotghssystems).
For the evaluated cases, various assessment tools hameubed: simulation
using dedicated software (ChemCAD and Thermoflex) to prodbee overall
mass and energy balances; pinch method was used for |tiegeation in view
of energy eficiency optimzation; key techno-economic aerdvironmental
performance indicators were calculated based on mass agy eadmnces.

2. Carbon capture approaches

There are three conceptual options for carbon capture topEmemted in fossil
fuel energy conversion technologies: (i) pre-combustion uoaptvhich involves
CO, capture from combustible gas (syngas) resulted from fhssé partial
oxidation processes (e.g. hydrocarbons catalytic reforming, doddi fuels
gasification); (i) post-combustion capture is which £® captured from the flue
gases resuted from fossil fuels total oxidation (combustionyl gii) oxy-
combustion in which the fossil fuel is burnt in oxygenvirenment to produce
CO; and water and after water condensation the GQlready captured. A good
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overview of CQ capture processes is given by "Carbon Dioxide Capture and
Storage" report of Intergovernmental Panel on Climatengeha IPCC [4]. Figure
1 presents the general carbon capture and storage (@@®pehes to be used in

fossil fuel energy conversion for power & heat applicati¢bis
N, Atmosphere
0

| L\ o,

Post-combustion g == =————=p|_Power & Heat . "\% Geological Storage
... 5 B N + Saline Formations

. ‘ l o

H : y[co + Enhanced Oil

i 1, Me— N0, !
Pre-combustion A'."" | Power & Heat |..... Lt Cor:npresssion Rl |
--"_) . o *
= : & Dehydratio g"g“"md Coa
(FE— €0 : A ed Methane
Oxyfuels »| Power & Hegt je i + Depleted
k—w"—) : 0il/Gas Fields

Air =—>| Air Separation Unif |-+« -2+~ 5

Fig. 1. CO, capture approaches in fossil fuel energy conversion feep& heat
applications

In terms of contacting systems for @Qcapture, various options are under
consideration ranging from classical gas-liquid absorptidenical and physical
absorption) to complex biochemical or ionic liquid systems. Camgdedhe
stringent time considerations for developing and largee sdaployment of carbon
capture, utiization and storage technologies, the preseperp#& focused
primarily on technologicaly and commercialy mature optidoased on gas-
lquid absorption as well as on promising under developmentod®tsuch as
chemical looping and calcium looping.

Gas-liquid absorption is a mature technology in petro-clhémipplications
including CQ capture from hydrogen production based on methane catalytic
steam reforming [4]. Although from chemical engineenpgnt of view this is a
mature technology, its applications for carbon capture froerggnconversion
sector is rather new. Both pre- and post-combustion captufigucations can be
use but the solvent selection criteria are different. post-combustion CO
capture, only chemical absorption can be used due to the lowp@sdal pressure
in the treated fue gases (0.05 - 0.15 bar depending on ful arse energy
conversion technology). For pre-combustion capture configuratioe syngas
resutted from reforming or gasification processes is ficsttalytically shift
converted with steam to convert CO into £0
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COqy + HOy < COy + Hyy 1)

Both chemical and physical absorption can be used fof €&@ture from shifted
syngas due to high GOpartial pressure (10 - 15 bar depending on fuel used and
operating parameters of reforming / gasification stagegrelis a tendency to use
more physical absorption because of lower heat consumption divents
regeneration (pressure flash can be used for physicanisohregeneration in
contrast with thermal regeneration for chemical sadyenthigher absorption
capacity and lower solent degradation ratio. Figures 2 anpre3ents the
conceptual process topology of chemical and physical gasid kpsorption in
pre-combustion C@capture configuratior6].

Various physical, chemical and mixed solvents can be wge@®, capture. The
most evaluated chemical solents are alkanolamines, e.go-etioenol-amine
(MEA), diethanol-amine (DEA), methyl-diethanol-amine (MBE One of the
main drawbacks of chemical absorption using alkanolamingkeisheat duty for
solvent regeneration (in the range of 3 MJ/kg ;L OThis solent regeneration
duty imples an energy penalty for the whole (includin@.Ccapture) energy
conversion design of at least 10 net electricity percengants [6]. As physical
solvents the most targeted commercial solents are:xaB&le (mixture of
dimethi-ethers  of poly-ethylene-glycol), Rectisol (metianin  cryogenic
conditions), Purisol (N-mBE2-pyrolidone) etc.

Purified ga:

| Cooler 4 > CO

__Make-up solver
L & water
D=4
. r Y >
Absorption
column .
Desorptior
Gas to bg column
—
treated —
A 4 ;/ »
©— O
Heat .
exchange Reboiler

B Ca

Fig. 2. CO, capture by chemical absorption (thermal regeneratitimea$olvent)
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Purified gas
Make-up ( )
solvent b
Absorption
column
» CO,
Gas to be
treated
Gas-liquid
Cooler separator

— 9
Fig. 3. CO, capture by physical absorption (pressure flash for sategeneration)

The heat duty for solvent regeneration is significaliyer for physical solvents
being in the range of 0.2 - 0.5 MJ/kg €[3].

The lower heat duty of physical absorption implies an energyalty for whole

energy conversion of about 8 - 9 net electricity percenaggs. One of the main
aims of research and development activities in absorpticedbaarbon capture
was directed to reducing the energy penatty.

One of the most promising carbon capture method to reducendrgy penalty

for carbon capture is chemical loopiri@]. These methods are still in the
development phase (laboratory and piot installations up to 1;xMWh chemical

looping, an oxygen carrier (e.g. iron oxide) is used to oxilieefuel. The gas

leaving the fuel reactor contains mainly €@nd HO. After water condensation,
captured CQ is ready to be sent to utiization or storage. The reducgdenx
carrier is oxidized back with air, steam or a combination df.béthen hydrogen

production is targeted steam is used. When heat and powenatgenis targeted

ar is used (Chemical Looping Combustion - CLC). As astrillive example,

when syngas is used as fuel, iron oxide is used as oxayear and hydrogen
production is targeted, the chemical reactions are:

- Fuel reactor:

FeZO3(S) + 3CO(g) - 2Fe(s) + 3C02(g) (2)

FeO,y + 3H,, — 2Fgy + 3HO, (3)
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- Steam reactor:

3Fe, + 4H,0

) + 4H

— Fe0,, 2(9) 4)

- Air reactor:

4FeO,y + Oy, — 6Fe0y 5)

Metalic oxide-based chemical looping cycles can be used iomye-combustion
capture configurations.

A particular chemical looping option is based on calcium oxdealcium
carbonate cycle to capture @(B-9]. The plant concept uses two interconnected
fludized bed reactors for carbonation and calcination acgpridinthe following
chemical reactions:

- Carbonation reactor:

COZ(g) + Caqs) = CaCQ(S) (6)
- Calcination reactor:
CaCQ(S) = Caqs) + COZ(g) (7

Calcium looping (CalL) cycle can be used in both pre- and quwsbustion
capture configurations. Figure 4 presents the concepyamlt lf CalL for post-
combustion carbon capture.

Purified gas CCo,
r N
- CaCQ [ - |
Carbonation > Calcination )y Fue
reactor < reactor
< Cao - le——— Oxygen
Make-up
-
sorbent
Gas to be
treated Spent sorben

Fig. 4. CQ capture by calcium looping (Cal)
A distinct advantage of all chemical looping cycles congbate gas-liquid

absorption is the high temperature heat recovery potentwdh significantly
reduces the energy penalty for carbon capture. In the clexpter, some
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llustratve case studies of these carbon capture optigiec to various
industrial processes (especially energy conversion ses®presented.

3. Case studies of C@capture applied to various industrial processes

3.1 Power generation based on coal gasification with Captue

This example considers power generation based on coal agasificising a dry
fed syngas quench gasifier (Shel). The syngas is cottedash removed then
carbon monoxide is shift converted with steam. The pre-cdimbugsarbon

capture is done by physical absorption using Sél¥xebivent. The power block
is based on hydrogen-fuelled combined cycle gas turbine (M7QfES2turbine

was used). The process topology of the power plant is preseriaglie 5 [10].

Air Coal
l (e}
2
Air Separation Unit —>| Gasification |<—Steam
Syngas Quench
. — S
and Cooling a9
N2 (07} o
Gas Shift Conversion|
Sulphur < (‘Tlaus Plant and Acid Gas || CO Drying L, corto
Tail gas Treatment Removal (AGR) and Compression| ~ Storage
Air s Combined Cycle Flue gases
Gas Turbine
Power

Fig. 5. Power generation based on coal gasification with prebastion CQ capture

The whole power plant concept was modeled and simulated aistgmmercial
process simulator (ChemCAD). The simulaton results weeddated by
comparison to literature data [11-12]. After simulation, heess balance was used
to perform the thermal integration using pinch methodpi@sented in [6]. Figure
6 presents the composite curves (HCC - hot composite c@@£ - cold
composite curve) for the two most important plant sub-sgstdm gasifier and
syngas conditioning train (including shift conversion) amdgbwer block.
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Fig. 6. Heat integration analysis for coal gasification with-pombustion C@capture

(a) - gasifier and syngas conditioning train; (b) - cameldl cycle gas turbine

The simulation results were used for evaluation of plaetformances.
Table 1 presents the main results of technical andoamémtal evaluation in
comparison with the corresponded design without carbon cagidfe [

Table 1

Plant performances for power generation based on coglasification
Main Plant Data Units No CCS CCs

Coal thermal energy MWy 1055.00 1180.00
Gross power output MW 558.14 554.25
Ancillary power consumption MW ¢ 78.35 118.16
Net power output MW 479.79 436.09

Net electrical efficiency % 45.47 36.95
Carbon capture rate % 0.00 90.55
Specific CQ emissions kg /MWh 760.10 89.05

Comparing the two gasification-based evaluated cases, dmeutwand one with
CCS the carbon capture energy penalty is about 8.5 net eficiparcentage

points. The CCS design has a carbon capture rate of about riD%ea specific
CO; emissions are reduced from 760 kg/MWh to about 89 kg/MWh.

3.2 Hydrogen production based on methane reforming with ca@ture

This example considers hydrogen production based on naturalagggtic steam
reforming. The generated syngas is cooled, and then CG@iticaverted with
steam to maximize the hydrogen production. The pre-combusiidiore capture
is done by chemical absorption using Methyl-Diethanol AmihDEA). The
process topology of the plant is presented in Figure 7 [13].
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Natural gas St(iam
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Fig. 7. Hydrogen production based on natural gas catalg@&nstreforming (NGCSR)
with pre-combustion COcapture

As main design assumption, an output hydrogen stream of 30Q; My&'s
considered (purity 99.95% vol.). The whole power plant concept wdgled and
simulated using a commercial process simulator (ChemCADE simulation
results were valdated by comparison with lterature da@]. The simulation
results were used for evaluation of plant performancese Talgresents the main
results of technical and environmental evaluation in pasison with the
corresponded design without carbon capture. Comparing the twoSR@ased
evaluated cases, one without and one with CCS, the carpamecanergy penalty
is about 2.6 net cumulative energy efficiency percentagets. The CCS design
has a carbon capture rate of about 70% and the speciic €0@sions are
reduced from 270 kg/MWh to about 84 kg/MWh. The reason for lax&ebon
capture rate of reforming case in comparison to gasificaiase is the un-reacted
methane from the syngas. Another important conclusiohais reforming case has
lower carbon capture energy penalty than gasificatise dalainly due to lower
plant complexity and lower carbon content of the fuel).
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Table 2
Plant performances for hydrogen production based on SCSR

Main Plant Data Units No CCS ccs
Natural gas thermal energy MW 410.00 410.00
Hydrogen output MW 300.00 300.00
Gross power output MW ¢ 18.25 12.15
Ancillary power consumption MW ¢ 6.55 11.01
Hydrogen efficiency % 73.17 73.17

Net power efficiency % 2.85 0.27
Cumulative energy efficiency % 76.02 7344
Carbon capture rate % 0.00 70.00
Specific CQ emissions kg /MWh 270.10 83.95

3.3. Calcium looping applied for GQ@apture

This example considers GOcapture using calcium looping from the flue gases
resulted from a combustion-based power plant. The steam paamercphsidered
in this example uses a super-critical steam cycle (290 B&82C with two steam
reheats at 75 bar / 58D and 20 bar / 58C). The flue gases are desulphurised in
a conventional wet limestone-based unit and then theytrased for carbon
capture in a calcium looping cycle. The £€® captured in the carbonation reactor
and then tt is released in the calcinaton reactor. eSinthe limestone
decompostition is heavily endothermic; an addiional coal lasbeé oxy-
combusted in the calcination reactor. Both hot gas stremsalted from
carbonation and calcination reactors are used for steaemagen which is then
integrated in the steam cycle of the main power plantt &fathe calcium-based
adsorbent is deactivated in the process, and then a frdshrumahas to be
provided. The conceptual layout of the power plant is presemtEdure 8 [14

As main design assumption, a steam-based power plant genedabut 1000
MW net power was considered. The whole power plant conceptmedsled
using ChemCAD process simulator. The simulation resutye used for
evaluaton of plant performances. Table 3 presents the ragunits of the
evaluation in comparison with the corresponded design witBddi capture [14].
Comparing the two combustion-based evaluated cases, one vetibubne with
CCS the carbon capture energy penalty is about 7.6 net eficiparcentage
points. The CCS design has a carbon capture rate of 92% eargpehbific CQ
emissions are reduced from 800 kg/MWh to about 70 kg/MWh. As b
noticed, calcium looping implies a lower energy penalty farben capture than
gas-liquid processes (especially using chemical absorpfid®. economic factors
of calcium looping are also favorable compared to gas-liquid absorption.
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Fig. 8. Calcium looping used for post-combustion Qfapture in a steam-based power

plant.

Table 3
Plant performances for calcium looping usedn combustion-based power plants
Main Plant Data Units No CCS CCs
Coal thermal energy MW 2184.48 3022.58
Gross power output MW ¢ 1008.75 1300.55
Ancillary power consumption MW ¢ 58.50 215.14
Net power output MW ¢ 950.25 1085.41
Net electrical efficiency % 43.50 35.91
Carbon capture rate % 0.00 92.50
Specific CQ emissions kg /MWh 800.58 70.24

Calcium looping cycle has the particular advantage dhat be

integrated also in

other industrial applications for instance in cement faatwre where limestone
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decomposition takes part of the production process. In this veaggent sorbent
resuted from the calcination reactor can be easily used.

3.4. Comparison of techno-economic and environmental performances

To summarize the main techno-economic and environmgrggbrmances of
various carbon capture options, Table 4 presents the resulitheofkey
performances indicators considering various carbon capturen®pplied to the
same coal-based gasification process as benchmark case [6-7,99]0,14

Table 4
Comparison of main techno-economic and e nvironme ntade rfiormance s
Main Plant Units Pre-combustion Post-combustion Calcium Iron

Data (solvents) (solvents) looping looping
Net power % 33-37 33-35 35-37 36-38
efficiency
Carbon capture % ~90 ~90 90 - 95 >95
rate
Specific CQ kg / 80 - 100 90 - 110 30-70 <30 -35
emissions MWh
Specific €/ kW 2400 - 2800 2800 - 3200 2300 - 2600 | 2200 -
investment cost net 2600
O&M costs €/ 35-40 38-45

MWh 34-36 32-35

Cost of| €/ 75-85 80 -90 75 -80 70 - 80
electricity MWh
CcOo, removal| €/t 22-25 25-30 20-25 20-25
cost
CG, avoided| €/t 25-30 30-35 25-30 25-28
cost

As can be noticed from the illustrative example of igatién process, there aee
distinct energy efficiency, carbon capture rate and cdsargages of innovative
chemical looping methods over the gas-liquid absorption options.

4. Conclusions

The present paper presents, through various examplesprnbeptual approaches
to be folow when carbon capture technologies having ecorpotential are to
be implemented in energy-intensive industrial applicatifeg. power generation,
petro-chemical, metalurgy etc.). The gas-liquid absorptiotorept(both chemical
and physical absorption) are commercially and technologiocadiure processes.
The main drawback of these technologies being the highgyengenalty for
carbon capture (especialy chemical absorption). One of tbet mromising
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carbon capture option to reduce both energy and cost penaltibased on
chemical looping. However, these technologies require stibktaevelopment
and scale-up in order to be applied at industrial scale.
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Abstract

The aim of this study was to investigate the capaaf Purolite A103S to
remove zinc as chloride complexes from hydrochlacid solutions (2M). Influence
of the zinc initial concentratioron the removal process, was estimated. The
experimental data were analysed using LangmuiruRddich, and Temkin isotherm
models. The Temkin isotherm model indicates tmat srption is characterized by
a physisorption process.

Keywords: zinc; isotherm models; hot-dip galvanizing

1. Introduction

Effuents contaminated by heavy metals are commonly prdddcem many
kinds of industrials processes [1]. Zinc is widely used inowa fields, e.g.
galanization, paint, batteries, smelting, pesticides, fo&sl combustion,
polymer stabilizers [2].

In the case of zinc hot-dip galvanizing process, the pckétep generates
effuents containing high concentrations of ZnCFeCj, and HCI [3]. Taking into
consideration that an anion exchangan separate the main components, iron and
zinc, of the raw solution from hot-dip galvanizing [4], wedsd removal of zinc-
chloride complexes formed in hydrochloric acid solution usingnaexchanger
resins [3].

In our previous paper, we tested four anion exchangersnhioveezinc as chloride
[ZnCkL]” from hydrochloric solutions (1 M) and the best results vabtaired on
Amberlte IRA 410 folowed by Purolte A103S resin with almosimiar
eficency [3]. This study has aimed at investigatiti;e capacity of Purolte
A103S resin to remove zinc chloride complexes from 2 M HCI solutions

* Corresponding author - E-mail address: andrada@agitdamiuj.ro, (A. Miicineanu)
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Removal of zinc ions as zinc chloride complexesng$iurolite A103S resin

2. Experimental
2.1. Reagents

Analytical reagents, HCI and ZnClwere purchased from Merck Co. Inttial zinc
solutions (500 — 1100 mg/L) were prepared by dissolving Zn€alt in a 2 M HCI
solution.

A weak basic anion exchanger resing. Purolte A103S, was employed for
investigation and its characteristics are summarizedour previous paper [3].
Before its use, the resin was soaked in double distiledrvimte24 h and then
washed several times.

2.2. Apparatus and analytical procedure

The sorption experiments were performed in batch condtiomsy Bsg Purolte
A103S resin contacted with zinc solutons (100 mL) at differanitial
concentrations at room temperature. The stirring rate maistained at 300 rpm
using a magnetic stirrer for 300 min. Samples of 1 mL vieken at established
time intervals and the concentration of zinc in solgtiovas determined using an
atomic absorption spectrophotometer Avanta PM GBC (Austriip)

The amount of sorbed zinc per unt mass of anion exchamac exchange
capacity) was calculated using equation:

_ 1
:(CO ce). Vv 1)
e m 1000

q

where G, Ce are the inttial and equilbrium zinc ion concentratignsy/L), & is
the ionic exchange capacity (mg/g), V is the volume ia¢ on solution (mL),
and m is the mass of resin (g) [3,5].

3. Results and discussions
3.1. Effect of the initial concentration

The results obtained for the sorption of zinc by Purolte A1@&8ting from
different initial concentrations are presented in Figlnlthe considered range of
concentration,i.e. 500 - 1100 mg/L, zinc sorption was rapid in the frsbutes
and further the sorption rate decreased. It was notedzti@tionic exchange
capacity at 500 mg/L was 10.07 mg/g and 21.36 mg/g at 1100 mg/L.
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Fig. 1. Effect of the initial zinc concentration on sorption Ryrolite A103S.

3.2. Isotherm models

The equibrium data were analysed using thsegherm models,.e. Langmuir,
Freundlich, and Temkin.

Langmuir isotherm

The linear form of Langmuir isotherm, valid for monolayeds@ption onto
specific homogenous sites, is given by correlafbh

1 1 1
q. 'K, -C_
e qmax L e qmax

2

where, K is the Langmuir adsorption constant (L/mghag Je are the maximum
and equiibrium adsorption capacites (mg/g), and i€ the equilbrium znc
concentration in the solution (mg/L) [3,5

The isotherm parametersp,g and K., obtained from the slope and intercept of
the plot 1/q vs. 1/G (Fig. 2) are presented In Table 1.
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Fig. 2. Langmuir adsorption isotherm for zinc sorption on Purdlii®3S.

Table 1
Isotherm constants for zinc sorption on Purolite A103S
Langmuir O K. R?
(mg/g) (L/mg)
25.64 0.64 0.969
Freundlich
KF 2
n (mgu—l/n) Ll/n/g) R
1.82 1.65 0.983
Temkin At B R
(L/9) (J/mol)
2.01 1.23 0.942

Freundlich isotherm

The Freundlich isotherm describes the adsorption chasticterifor the
heterogeneous surface and it can be expressed as follgws [5

1
Iogqe = logK T o logC, 3)

where K= and n are isotherm constants, indicating the capacityinggmbity of the
adsorption, and 1/nis a funaticof the strength of adsorption [3,5
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Isotherm constant K and n (Table 1) were obtained from the slope and the
intercept of the linear plot logass. logG (Fig. 3).

16 -
12 //
::: 0.8 -
04 -
0 | | | |
12 14 16 18 2

logC,

Fig. 3. Freundlich adsorption isotherm for zinc sorption on Rardélil03S.

From the data presented in Tabel 1, n value was deterrairieel 1.82, indicating
that zinc sorption on Purolte A103S was cooperative. The saset was
obtained on Amberlite IRA410 resin [3].

Temkin isotherm

The Temkin isotherm assumes that the heat of adsorptieaabfmolecules in the
layer decreases linearly rather than logarithmicalith the coverage. The
equations of this model are expressed as fdiyak

g.=BInA_ +BInC
e T e 4)
- RT
b ®)

where A is the Temkin isotherm equiilbrium constant )i/ br is Temkin
isotherm constant, and B is a constant related to heat ap#ids (J/mol)[3,5].
At and B constants were determined from: &sq InG plot (Fig. 4).
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Fig. 4. Temkin adsorption isotherm for zinc sorption on P urélied3S.

Taking into consideration that the calculated value (Tabelof the constant
related to heat of sorpton (B) had a value smaller t®@nkJ/mol [6], we
concluded that the sorption process takes place as physisoifrsame result
was obtained on Amberlite IRA410 resin [3].

3.3. Kinetics studies

Pseudo-first-ordeland pseudo-second-order reaction kinetics models were applied
to determine the reaction order and rate constant of theexohange process
[3,7].

Pseudo-first-order

Mathematical expression for pseudo-first-order suggesteldadmrgren is:

IN(@g—a;) =Inag —kyt (6)

where @ and @ (mg/g) are the amount of zinc adsorbed at equiibrium anel ti
(min) and k is the first-order rate constant (1/min) [B,7
Pseudo-first-order parameters and correlation coefficigf®®) obtained by

plotting In(qe—qt) vs. time are presented in Table 2. Based on the results

obtained in Table 2, the pseudo-first-order cannot be used tdbdethe sorption
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process because the calculated \@lues are different from the experimental
values.

Table 2
Pseudo-first-order and pseudo-second-order reactiokinetics constants for zinc
sorption on Purolite A103S.

Pseudo-first-order Pseudo-second-order
CO qe,exp
(mgl) (mgig) ki Geeac g2 ke Gecae 2
(Ymin)  (mg/q) (g/mg-min) (mg/g)
500 10.07 0.027 2.05 0.889 0.053 10.14 1
700 13.68 0.013 1.02 0.632 0.061 13.69 1
900 16.97 0.017 1.51 0.782 0.045 17.03 1
1100 21.36 0.019 2.17 0.830 0.033 21.45 1

Pseudo-second-order

The pseudo-second-order kinetic model proposed initially by Havihay [3,7]
is given by correlation (7):

1
Tt @

where k is the second-order rate constant (g/min) [7].

The values of pseudo-second-order equation parameters alediated from the
slope and intercept of V¢ys. time and are given in Table 2. Based on the fact that
Oecalc aNd Q,exp Values are almost simiar, sorption of zinc as chloridepi@s

on Purolte A103S is described by the pseudo-second-order modaurin
previous paper [3] we obtained the same result on Amberl#et 1R resin.

4. Conclusions

Based on the obtained results was noted that the ionic exchange capaciy at
equilbrium increased with the initial zinc concentrati

The results reveal that the isotherm models fitted ekeerimental data in the
order: Freundich > Langmuir > Temkin. The Freundlch isothéndicated that
zinc sorption on Purolite A103S was cooperative and the paraceiilated
from Temkin isotherm predicted a physisorption process.
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Kinetics studies suggested that zinc removal as Zmoride complexes on
Purolte A103S, a weak basic anion exchanger resin, was desstibed by
pseudo-second-order kinetic model.
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Abstract

The process of copper leaching from waste eledtri@ad electronic
equipment (WEEE) was investigated by leachimg ferric chloride environment.
The factors affecting process performance, suchteasperature and oxidant
concentration were thoroughly scrutinized. Expenta data was used to
determine the reaction rate parameters, such as phe-exponential factor,
activation energy and reaction ordéNe propose a new shrinking core model to
define the exact geometrical changes that appedhéndissolution process. The
values of the identified kinetic parameters indeca&bntinues increase of copper
leaching performances with the increase of opettemperature and oxidant
concentration.

Keywords: waste electrical and electronic equipment, copper leachingticki
process, modelling

1. Introduction

Waste electrical and electronic equipment (WEEE) israavigg concern globally.

The lfespan of electrical and electronic equipment idgegfitors, washing
machines, mobie phones, computers, printers, TVs) is rélatsleort and

decreases continuously as a result of rapid changese irchhracteristics and
performance. It thus generates a significant amount stewa, 2].

Copper is one of the most used materials in the productionecfrical and

electronic equipment. The copper recycling became more @mpoHtely as a
result of resource depletion, as well as the continuousaise of copper demand.
Also, the development of recycling processes is an impodapect of the

eficient use of resources and minimzing copper negatiects of hazardous

" Corresponding autheE-mail addresslipopescu@yahoo.cqrfioana Popescu)
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Kinetic modelling of copper leaching process udhegk for recycling waste electrical and
electronic equipment

materials on the environment [3, 4]. The processes usedofgpec recycling

firstly depend on the copper content of raw materials. Téibdiion and the size
of those materials and the presence of other constitweritiose contents are
other factors, which determine the development of a recyplogess [2].

The methods used to recover copper from electronic wastebased on

mechanical, pyrometallurgical and hydrometallurgical preees[5]. Mechanical

and pyrometallurgical processes were commercially used thé recycling

industry. Disadvantages posed by these processes are tmigd pollution and

high energy consumption. Hydrometallurgical methods are maceurate,

predictable and easier to control than pyrometallurgical psoiwg when used for
recovery of metals from PCBs [6, 7]. Over time, metalipper dissolution has
been the subject of many investigations using aqueousor@anroxidizing agent

[8, 9. Another strong oxidizer is nitric acid where copper isolliesl in the form

of Cu? *. Ferric ion is one of the most powerful oxidizing agemtthe dissolution

of metalic copper ands mostly found in ferric chloride or ferric sulphate. Feerri
chloride plays a very important role in accelerating tligsolution of metalic

copper, which tends to function both as an oxidant and a comiplé&h

This paper aims to estimate the copper leaching kindtenvierric chloride is the
active media, so #t the measurements were carried out applying ferric isdlor
as oxidant. Kinetic models with redox systems were develop®tl validated

using measurements data. To define the exact geometigadjes that appear in
the leaching process we propose a new shrinking core model.

2. Experimental

Material

All copper samples used in the dissolution process were edthiom WEEE. A
cylindrical copper sample with a weight in the intersél2 — 4 g and a length
ranging between 2.8 and 3.4 cm with a diameter of 6.2427 cm was used for
each experiment. The metalic copper wire had a purity of 99.99%e

composition of the samples was determined by dissolutioagima regia and

analysis with an atomic absorption spectrometer Avanta GBLC Australia

(AAS).

Leaching process

The experiments were performed in an isothermal stirrddhb@actor. In each
experiment a quantity of 100 ml of ferric chloride solutionswaroduced in the
reactor. When the desired stirring speed and reaction tatungemwere reached,
the sold sample was added into the reactor. At specifie timtervals 1 mL
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sample was taken out of the reactor. Al samples wergzadaby AAS. After
each experiment the copper sample was dried and weightelokd& the reliability
of the AAS measurements.

3. Kinetic modelling

The dissolution of metalic copper in acidic solutons of e€la heterogeneous
reaction [1(Q. In lterature there are multiple methods to calcutate reaction rate
of copper leaching process [11-13]. The basic methods usenidsHexpressions,
and single reaction rate as parameter. A more punctibbangefers to multiple
parameters identification for each reacton process [14, 15fh \Whe
determination of pre-exponential constants),(kactivation energies £ and
reaction orders, the concentration and temperature dependamdee examined.
These methods, which consider a kinetic specific to homoggskems, are not
specifics to leaching reactions, but they are widely uskdn it accepts that the
reactions take place at leaching metal surface. Therefare use these
assumptions despite of the fact that the dissolution {iggcprocess of metal is
basically a heterogeneous chemical reaction with nmitgieps.

If ferric chloride is being used as an oxidant, two reagticen be identfied. Both
Fe** and Cd" ions can dissolve Cu, as seen in Eq. 1 and Eq. 2.

Cu+2Fe* — Cu* +2Fe* (1)
Cu+Cu*? — 2Cu* 2)

The kinetic model is characterized by two reaction ragegpresented in Eq. 3
and Eqg. 4.

=Koy eXF{— %) ' (Cpe?ﬁ )nl 3)

ry =Kop- eXF{_ FEaWZ' j : (CCu2+ )n2 4)

The process rates represented in Eq. 1 and Eq. 2 are dependiet area
between the solid and the liquid phases. To calculate thegeh in mass of
copper wire we multiply the calculated reaction rated Wie surface area (A) of
the wire:

dm
E:_A'(H*'rz)'McU ®)
Eg 6 to Eg. 9 represent the component balances o Fef*,Cl/f*and C,

where \§ refers to the intial volume.
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dCFe3+ 2 * A' rl

- 6
dt v, ©)
dCFe2+ _ 2 * A' rl (7)
v,
dCCu2+ — A (rl B r2) (8)
dt v,
dCCu* __ 2-A. r, (9)
dt v,

The balance switch is used to calculate the change®rinentration and solid
phase mass in case of Cu leaching in ferric chloride. doortwo reactions, Six
parameters must be calculated; two set of pre-exponertiastants (K),
activation energies @F and reaction orders. We defined the objective function as
the sum of square error between the measured and ealcudaincentration
profles. The experimental data, reported in figure 3 and 4, been used for
minimizaton of objective function in order to obtain the abowntioned
parameters. Table 1 shows the results of the identifiectioiegparameters.

Table 1
Identified reaction parameters
Parameter Value Unit
ko1 3.8E-3 mof ™" m*" 2. st
Ea 18018 J-mot*
Ny 143 -
Koz 3192 mott ™. n?" 2. st
Ex 43834 J-mot*
n 232

Shrinking core model

To define the exact geometry changes shrinking core nuzatelbe used. In our
case a two dimensional method were created to calculatdigimeter and length
changes in time. The results were validated againsisurements. The initial
shape in the experiments was a cyinder, so the caloulaf the length and

diameter can be completed, and the kinetics can be extended & surfae
dependent one (see figure 1).
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—a

dv./ dv_ /dt
d-
di/d dd/d :

\ 4
4 A U

Fig. 1. Calculation of the geometry changes

The volume change from the length changes:

2
av, _di d°-7 (10)
dadt dt 4
The volume changes from the diameter changes:
2
[z.d.gﬁ_@fj J.,z
dv, dl
22 _(1=-2). 11
dt ( dt) 4 b
We can assume:
d?.-z
v, _A 2 _.d 12)

a, A dz-L 2L
The sample used presents a cylindrical geometry (diametkrlength— 1). The
change in lengths described by:

dm

a_
dt 2

pcopper'(l"'dtj'dzﬂ' (13)

The change in diameter can be represented by:

dd di ™ dl di”
—~=d-d%.||I-= dd-l=d-==2.]-—
dt ( dtj ( dt dtj (14)

The relations (13) and (14), whe@m/dt resulted from relation (5), can predict
the time evolution of length and diameter of the cyiliadricopper particle. As
figure 2 shows this proposed approach is capable of calcubgnghanges in
measures, and mass, so we can buid it to the program, endorudurther
calculations. Continuous line represents the values neltathrough modelling
and points correspond to the experimental data.
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4 L/LO (meas) wm==L/LO (calculated) A d/dO (meas) me==d/d0 (calculated)

1
=09 3 4 L 2 * * -
o
509 ~
§ 004 T~
go.
= 092 T~
3 A--~__-£->
= A
N —t
s 0.
&
2 0.
2
' 0. 4
® 0.2 :

0 20 40 0 0 100 120
Time [min]

Fig. 2. The differences between the measured and modgdwtech copper particle dimensions
temperature:25°C, initial FegCtoncentration200 mol/m3, initial mass of copper particle:1.971g

4. Results and discussions

The experiments were conducted to separately investiateperformance and
eficiency of the FgCl solution in the leaching of copper samples. As it has
shown, the factors affecting the efficency and perfoomarof the leaching
process are temperature and concentratioRegfl in the acid leaching solution.
Based on experimental data the specific kinetic parameters identified (see
table 1)

Effect of temperatureThe effect of temperature on the leaching process of
copper was investigated for 30, 45 and 60 °C. We can observadlaisgolution

of copper increases with the rise in temperature. If @@pare the leaching state
for 45 and 60 °C we have obtad for the initial concentration of 0.4 M FeCl
and two hours leaching time, an increase of 18.4 % in didsalopper.

3000

.+
2500~ 4 3090 L
o o+
£ O 45°C +
3 + ¥ + F o
S 2000 6oc = 5
3 +
g L o
° +
2 L
S 1500 + * *
B + o ©
°© | % *
S o .
5 1000 & Lt *
a o
% + * *
= *
500 *
L
5%
*
ol ®
0 20 40 60 80 100 120

Time, min

Fig. 3. Evolution of the dissolved copper mass at diffetemperatures for 0.4 M ferric chloride
concentration
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Effect of concentratianThe effect of ferric chloride solution concentration was
investigated for values of 0.1, 0.2 and 0.3 M and for an leadhiegno more
than 2 h. The increase in ferric chloride concentrgiimduces an increase in the
guantity of dissolved copper. An increase of oxidant concentritom 0.3 M to
0.4 M at 60 °C results in a rise of 69.5% of dissolved copper (idur€&igure 4
also contains process dynamics data in the form needed dotione model
parameters identification.

3000 r
oo % FeCl02M e F

o O FeCl0.3M o+
E + FeCl0.4M o+
g +
g 2000 =
o
© +
g L
g +
§ 1500 +
3 + o
[ L
ES] O +* * *
5 1000 + *
» o © * *
8 + o) & ¥
= O g ¥

o)

500 + F
*
*
+ Q% *
@ @

0 20 40 60 80 100 120
Time, min

Fig. 4. Evolution of the dissolved copper mass at diffemmcentrations
at a temperature of 6@C

Results of kinetic identification process of Fe@lodel

Figure 5 shows a comparison between experimental and modegbutedm
dynamics of the dissolved copper mass. We mention that themetars of
processing two reactions (two set of pre-exponential coss(@), activation
energies (P and reaction orders) have been identified using expéamdata
from figures 3 and 4. The difference between the measoreand the calculated
values are relatively smal, however higher differencan be observed in some
cases. In conclusions we can state, that with the figgnthodel parameters the
systems can be describe adequately.
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30°C; 200 mol/m® 1.893g 45 °C; 200 molim®2.041g 60 °C; 200 mol/m®; 2.084 g
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Fig. 5. Results of kinetic identification process of Fa@bdel where the continuous line
represents the values obtained through modellimgpenints correspond to the experimental data

5. Conclusions

Experimental study and modeling for copper dissolution inicfechloride
soluton was investigated. Best performance can be obtainedsiby a high
temperature and concentration of oxidant. The proposed matt@nmatidel was
used in order to identify the Kinetic parameters chaizoterthe global surface
reactions of the leaching process. The identified reagameters and kinetic
model wll be used for our next studies for recovery copper from WEEE. Th
model can be valued for describing simiar products invohdigsolution of
metals or alloys.
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ENDS PROCESSING
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Abstract

This is a case study of light ends processing iniarefinery by adopting the
dividing-wall distillation columns (DWC). Simulatie in CHEMCAD 6.3.1 were
performed in three distillation sequences: the org sequence with simple
columns, a sequence including a DWC with three pobsl and another one
including a DWC with four products. The simulatiomere performed with respect
to the purity of products and with the main objeetbf energy savings. The DWC
was modeled as a sequence of two columns: onegueihator performing like the
section before the dividing wall followed by a puampund column. The study
demonstrated that DWC in Kaibel configuration camddopted successfully with
great energy savings.

Keywords: Dwiding Wall Column, Three Product Specifications, Four Pcbdu
Specifications, Kaibel Column Simulation, Energy Saving

1. Introduction

A multcomponent mixture withn components is conventionaly separated into
pure components in a sequence(refl) distilation columns, with one top product
and one bottom product eadB.g. A ternary mixture needs a sequence of two
distilaton columns connected either in a direct way, bsgpasating the
compounds in order of decreasing volatiites, or in an indiney, by separating
frst the heavier compound. More components lead to more Sepavatiants.
The old idea of Petiyuk [1] to change the conventional stparavith two
thermally completely integrated distilation columns wamproved by G.Kaibel in
1987 [2] who designed the dividing-wall column with the adge#aof a single
compact column and developed by B.Kaieelalin 2006 [3].

Since then, separation processes using dividing walllatistl columns (DWC)
were investigated by simulation and proved to be energyestfi separation of
aromatics mulicomponent mixtures [4-6], alcohols mixturgd, bioethanol

* Corresponding author: E-mail addregigincsg@yahoo.conClaudia Koncsag)
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purification through extractive and azeotropic distillatif@], reactive distilation
[9,10] and C4-C7 alkanes distillation [11,12].

This is a case study of light ends processing in arefsiery, separating the C2-
C5 alkanes mixture. Starting from the original process, prapose and debate
two other separation variants, each sequence includingvidingtwal column.
The simulatons are performed in CHEMCAD with the mabjective to
minimize energy requirements at fixed product puritiegesovery degrees and to
minimize plant cosin the same conditions.

2. Problem statement

The Light End Unit of an oil refinery processes at pre$di43 kg/h fraction C2-
C5 with the following composition, % wt: Methane(C1)-1.72; Ed(@2)-4.58;
Propane(C3)-9.29; i-Butane(-C4)-10.17; n-Butane(n-C4)-23.62; iRER@hb)-
26.81; n-Pentane(n-C5)- 23.85. As long as the refinery procégssarhe oil, and
this seems to be the situation, the feed composition wihlvays close to this.
The separation requirements of different products are eguras terms of purity
or recovery degree as seen in table 1. Depending on the market’s demand, the unit
can produce LPG or pure isobutane and pure n-butane.

Table 1
Light Ends Unit. Products specifications and recovery derges, %wt

Propane Isobutane n-Butane LPG Isopentane/ n-Pentane
for rubber separation
C2max. 5 C3max.8 C3max0.2 C3 max12% ¢ncs0.98
C4min.87%
C3min. 92 i-C4-max.80 i-C4max 4 C5max.5%
Cdmax.2 n-C4 n-C4
difference min.94
nC5-max. 0.5 i-C5+n-C5
max 1

The presentsequence of columns is gven in figure 1 and the equipment
specifications and operating parameters are given in 2able

In the present configuration, the direct sequence couldn’t be adopted entirely
because of the large flows of @& in the feed so, the debutanizer’s position is
before the depropanizer as a column with equiibrated ihtdiovas and by
consequence with a smaller diameter. The most difieggastions, IC4/nC4 and
iIC5/nC5, were left at the end of the separation train, Bectiese require a large
number of trays and lower pressure in the columns. Howtherpressure in the
C4 spltter is impsed at a higher value (p=10 bar) for condensation’s feasability.

By design, the pressure in the de-propanizer is 18 bar bulatgms at 10 bar
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proved that the column performs well at this pressure, esaldbutanizer, the de-
propanizer and the C4 spltter can work al at approx. 10 bar smithll
differences due to the pressure drop in the transfer iies gave us the idea of
including these columns in a Kaibel- type column with dagdwal (DWC).

C1-C2

c3

Deethanizer Debutanizer Depropanizer - C4 Splitter C5 Splitter

Fig. 1. Present configuration of Light Ends itUn

Table 2
Columns specifications for the Light Ends Unit
iC4- iC5-
De- De- De- nC4 nC5
ethanizer butanizer propanizer Splitter Splitter
No. of
stages Design 24 30 30 59 59
Equipment
specifications Feed StageDesign 12 12 12 16 26
Design 34 9.5 18 10 19
Pressure
(bar) Simulation 25 10 10 10 2
Top Design 45 49 49 52 55
Parameters ~témperature
(°C) Simulation -2 57 25 65 48
Bottom  D€Sign 120 92 92 62 85
temperature
(°C) Simulation 133 119 74 78 57

Data in table 2 refer to classical separation designtimed as Design) and
simulation results using modified operating condition the be applied when a
dividing wall column is used (mentioned as Simulation)
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In the present configuration, the dresequence couldn’t be adopted entirely
because of the large flows of @& in the feed so, the debutanizer’s position is
before the depropanizer as a column with equilibrated ihtdiovas and by
consequence with a smaller diameter. The most difiegasations, iIC4/nC4 and
iIC5/nC5, were left at the end of the separation train, sectiiese require a large
number of trays and lower pressure in the columns. Howtherpressure in the
C4 splitter is imposed at a higher value (p=10 bar) for contimsafeasability.
By design, the pressure in the de-propanizer is 18 bar butatéms at 10 bar
proved that the column performs well at this pressure, esaldébutanizer, the de-
propanizer and the C4 spliter can work all at approx. 10 bar swithll
differences due to the pressure drop in the transfer ies gave us the idea of
including these columns in a Kaibel- type column with dagdwal (DWC).

The compact structure performing the same separationdwiixeor three column,
as seen in Figure 2, should be adopted as a new separasone sasing fuly
thermally coupled distillation columns, for energy sasing

c T c3
1ot ! ! l ica
3 nc4 ot
icd 3 i
nC4 iCa+nc4 ica
e ncd |
2 S ic5
W ——
ics nCa
ncs ics

3 ncs
é%?f by
iC3+nC5

@) (b)
Fig. 2.Dwviding- wall column DWC with (a) one side product and (k) side
products.

IC5+nC5

We performed the simulation of the Light Ends Unit in CHEAD 6.3.1, in three
variants: the original sequence (figure 1), the sequenteling one dividing-
wall column with one side product (figure 3) and the sequémduding one
dividing-wall column with two side products (figure 4).
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c1-C2 c3
- s
_ iC4 iC5
d -
Feed C4
nC4 nCS
N P,

DWC

Deethanizer C4 Splitter C5 Splitter

Fig. 3. Configuration of the Light End Unit including DWC with eoside
product.

C1-C2
e
iC5
Feed
nC5
-], C3-C5 &

Deethanizer C5 Splitter

Fig. 4. Configuration of the Light Ends Unit including DWC witva side
products.

The commercial process simulators do not include yet thdindiwwall column.
For the modeling of the process in a DWC, the general agp®ac sequence of
simple columns with one top product and one bottom product eachheAnot
approach is one column pump-around model [13]. Since one colunm groemd
model has better convergence, the sequence of simple colsmeasier to
evaluate [14].

In this work, we adopted a model with pre-fractionator plus ahemn with side
products. The pre-fractionator performs lke the section bef@redividing wall in
the DWC. The diiding wall was considered in central mositelated to the trays
(vertically). The specifications for the pre-fractionaiocluded the number of
stages, the partial condensation of vapors in the condetistiigte mole flow
rate and bottom product temperature. The specifications focdikenn with side
products included the number of stages, the partial conadensatihe condenser,
the two feed positions, the position of side products trays, Ipest@lensation of
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side products, etc. The simulations were performed with respethe purity or
recovery degrees of products as mentioned in table 1. The nsemsleand
reboiers duties resulted from calculations. Then thengsiof the columns
including annexed equipment was performed and the cost tafleids equipment
resulted. Thecost index was updated according to the Chemical Engineering’s

Plant Cost Index (CEPCI) in February 2014 [15]. The costsolar gressure
steam and cooling water were considered local in 2013:$ 65 f@Jcooling
water and $18.32 GJfor steam. The cost of the refrigerant at °@0was
considered folowing the guideline offered in [13] as $ 7.89.GJ

3. Results and discussions
The comparative results of the simulations in threeamtar (figures 1, 3 and 4)

are presented in table 3 which summarizes the eneygyraments for condensers
and rebéers and the costs with the installed equipment.

Table 3
Summary of energy requirements and equipment costs in the variants
Separation sequence Condensers duty, Reboilers duty Installed  equipment
GJh? GJh? costs (mil. $)
Original configuration -90.7 +91.2 6.5
Sequence includingc -44.8 +44.2 10.15
DWC with one side
product
Sequence including -65.2 +65.7 8.53
DWC with two side
products

The calculations are not detailed, only major items sacltadumns and annexes
(reboilers and condees) were taken into account, this being a fair approach for
this type of case study.

In the second configuration, the Kaibel column with one pideluct has 80 trays,
the wall is on 30 trays height (from the tray # 26 to #55), thadextraction tray
for the sideproduct is 30. In the second configuration, the abshe instaled
equipment is the highest because the DWC is expensietl® two splitters
remain in the sequence since in the third configuratine DWC cost is
comparable but only one spltter remains. The DWC in tind tlariant has 100
trays and a wal on 50 trays height, also central (fray #26 to # 75), and
extraction trays for iC4 and nC4 are 30 and 70 respectively.

As one can see in table 3, the condensers and reboilers ahatienuch lower in
the second and in the third variants, which is the poinusafy DWC. In the
second variant, the energy savings are more important (51.1%)
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60,00 30,00
50,00 25,00

40,00 20,00

30,00 —4—Difference in 15,00 - —4—Difference in
equipment costs, mil & equipment costs, mil 5

20,00 == Energy savings, mil $ 10,00

10,00 + 5,00

@) (b)

Fig. 5.Investment recovery and energy saving for sequenaglingl DWC with
one side product (a) and for sequence including DWC withsisle products.

The costs with the utiites are $2260 per hour in the nafigconfiguration,
$1100,6 H for the configuration with DWC and one side product and $1627 h
for the third variant. The differences in equipment casis be recovered in a few
months and after that, savings of $9.6 mi a year proceedadmpting the DWC
with one side product and $5.24 mi a year for DWC with two pid&lucts. In
figure 5, one can see that in a few months the diffegeit equipment costs can
be recovered and during 5 years energy savings rise tondl #8case of DWC
with one side product and $ 26.2 mil in case of DWC with two side pisadu

In conclusion, the column with two side products seems taed®e dfficient but its
exact configuration could be changed for improving the gneayings. Besides
the Kaibel column adopted here, there are other configwatime Sargent
arrangement [16], the Agrawal arrangement [17], the gtdan wall structures
[18] and other arrangements can be conceived and simulated.

4. Conclusions

The Kaibel column configuraton can be appled successtdly light-ends
processing in oil refineries, as demonstrated by simulatiorikis case study.
Despite higher costs with equipment, the investment lwanrecovered in short
time due to important energy savings.

The separation sequence with Kaibel column wih three pt®d(one side
product) seems to be more profitable than that with two siddupts in Kaibel
configuration but further study wil be performed for optiti@a of DWC
configuration having in view more energy savings.
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Abstract

The assessment of fluids turbulence found in d@digubjected to a circular
motion through specific ring-shaped spaces can kpressed by the Taylor-
Reynolds number (k. It depends on the centrifugal and viscous fantiforces
that occur in close correlation with the geometifytloe flow area, revolution and
liquid properties, especially viscosity. Experimardeterminations were performed
on the mixtures ethylene glycol-water, glyceringavamineral oils (paraffin ad
transformer oil), magnetic fluids, castor oil mixedth different pyromellitic esters,
surfactant-based fracturing fluids. It was usedéational viscometer Rheotest-2 or
a Couette type viscometer with glass cylinderdiav visualization. The measured
shear stress and dynamic pressure created durigqgjdi flow were correlated with
theTagenumber.

Keywords: Circular motion, dynamic pressure, ring-shaped space, shess, st
Taylor-Reynolds number

1. Introduction

Reynolds number, expressed as the ratio of inertial foragshe viscous friction
forces, is commonly invoked to characterize the hydrodynaegime of linear
fuds flow, being also used in the calculaton of convectireat and mass
transfer.

Circular movement of liquids through ring-shaped spaces) mesome industrial
equipment (evaporators, centrifuges, hydrocyclones) or ationafatviscometer,
leads to the appearance of centrifugal force field detedmivy the geometry of
ring-shaped space or the intial speed of the liquid andhéyrdtation of some
parts of the device. The ring-shaped space is charagdténzéhe radii of the inner

and outer cylinder (rand ), by their difference § =r, —r;) or ratio, as well as by
the revolution (n) or angular velocites2(and(2,), that can be gwven to both
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cylinders or to just one. In such cases, the flow regrag be defined by the
Taylor number (which represents the rate between théifiagal force and the
viscous drag force, rell) or Taylor-Reynolds (rel.2) number idemgy the
geometrical customizaton and physical properties of tha& frespectively
dynamic 1) or kinematic (v) viscosity and the liquid density (p). The submitted
relations are specific to Taylor-Couette flow, includingg thmovement of fluid
through the ring-shaped space of rotational viscometer &dteot Couette flow
used for a wide range of liquids [1-4].
2 3 2 2 3 2
Ta:Rez-é:Q'riz'é :4-7r-n-2ri-5 P (1)
r v n
Qr-(r,-r)_2-z-nr-8-p )
v n

Based on these expressions, the critical regime for Tayober is considered
Ta, =1700[5-7], and for Taylor-Reynolds numbera,, =60. By overcoming the
critical regime, in liquid are formed toroidal or spiral vt which increases
with the increasing of turbulence (figure 1a,phenomenon called “instability of
Couette-Taylor flow[6]. The formation of these vortices is explained by the
increase of the dynamic pressure of the ﬂ(Jiddyn) which can be much higher

than the shear stress of the lajers.

Tag, =

a. Toroidal vortices in ring- b. Evolution of toroidal vortices depending on th
shaped space [5] length of the ring-shaped space and the
hydrodynamic regime [5]

Vortices in the end zone 4 @ 0 - @
overcoming critical regime &== < A58

— Vortices in evolution on thq @OOO 0000 Oﬁ

entire length of the ring-
shaped channel

reter-aiilll 0 608006060

Fig. 1. a, b. lllustration of the vortices when the liquid flows thgburing-shaped spaces.

2. Experimental
Reagents

The main characteristics of the analyzed Ilquids asl wasl the operating
conditions are given in table 1.
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Table 1
The characteristics of the analyzed samples
Sample Liquid Density | Viscosty | Temperaturg Ring-shaped
(kg/nt) (Pa.s) (°C) space (mm)
r; o

I Ethylene glycoEG 1114 0.0171 25 19.6 0.5
Il Transformer oil TO 880 0.0168 25 19.6 0.5
M Magnetic fluid-TO 1035 0.0380 20 196 | 05
v Magnetic fluid-petroleum 1080 0.0048 20 19.6 0.5
V Glycerine 2120 0.0779 25 19.6 0.5
\| Additivated castor oil 921 0.1696 50 19.6 0.5
Vi Glycerine 2120 0.0779 25 400 20

7 wt.% pyromellitic ester

Methods

To assess the flow of liquids through ring-shaped spaceasitused a rotational
viscometer Rheotest with metalic coaxial cylinders, peetvely, a modified
Couette type viscometer with glass cylnders. At Rheotsstometer the inner
cylinder with radius {£19.6 mm is rotatable and the outer cyinder is fixed and has
the radius ¢=20.1 mm, so that the thickness of the ring-shaped spéee,is=0.5

mm. Samples analyzed with Rheotest viscometer have béen |

Linear
Measuring
System—y

% Measuring RS
Disc ——=IR

Outer
s Cylinder

Inner
Cylinder

Thermost.
Enclosure

wall N

Elastic
¥ Sleeve

Sealing
| System

TN
§ \-—7 H ¢ Belt Drive X
7 )

a. b.
Fig. 2. a. The scheme of modified Couette viscomebeThe experimental set up.

93



Zeno GROBIAN, Andra TAMAS, Romulus MINEA, Nicu BRS

Couette-type viscometer, (fig. 2a, b), have radi of the dgim =40 mm and
r,=42 mm, respectively, the thickness of rihigped space o=ro-i=0.5 mm. The
cylinders are made of Duran glass to enable viewingfite phenomena. The
inner cylinder rotates at a revolution that can be adjubty means of a frequency
converter in the range 1+120 Hz, with the step 0.1 Hz. Toumedse revolution,
on the axis of rotation is mounted a cam plate (to amplfynumber of pulses)
which rotates in front of a proximity detector connected tpulse counter with
digital output signal and an interface that allows tbanection to a computer. By
means of the torsion moment it is calculated the slaar[8-10Q.

3. Results and discussions

The study of flud motion in ring-shaped space was carrigdfasuliquids with
different viscosites and Newtonian behavior (EG [11], agsesalutions of
glycerine [8-10], mineral and parafin oi [11], magnetiids, castor oil
additvated with pyromelitc esters [12]). Using the retioh of the inner
cylinder it was calculated the dynamic pressure of ipaid| considering the
average speed of layers in contact with the two cylndaczording to the
relations (3):

W =

med

'(\Ni+Wo);VVi:Qi'ri:27T'ri'n;WOZO; pdyn:p'\gfﬂed (3)

N

The ratio of shear stress and dynamic pressyrep,,, is a direct measure of the

increase of centrifugal or inertial forces in correfatiwith the viscous friction
force, depending on the Taylor-Reynolds numbergeTaln the graphical
representation of rel. (4a) the dependence is parabolice(figur Logarithmic
representation of rel.(4b) is a right ine whose slope témdbe unitary value, the
dependence being inverse proportional (figure 4):

2-f / pdyn = f (TaRe) ; In(Tf / pdyn): a In Ta?e+ b ; (4a, b)

In(rf / pdyn): b —InTa,, (4c)
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Fig. 3. 7/ py,, = f(Tg,,) dependence for the analyzed samples.
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Fig. 4. In(z/ p,,,) = f(InTa,,) dependence for the analyzed samples.

Taking into account the conditon of equality between slat@ss and dynamic
pressure £, / py,=1, or In(z, / py,)=0) the equiibrium value of Taylor-

Reynolds numbeT,a,,, can be determined. This ratio, that can be also deduced

through calculation, is smaller than the critical @alliere ¢r €Stablished, based on
the observations related to the vortices appearance. Hydracyratio, Take,
ranging between the equilbrium and the critical valdicates that the dynamic
pressure may exceed, with a certain threshold, the vélsbear stress so that the
appearance of vortices and turbulence might be possible.

In table 2 were exemplfied these calculations for tbhev fof ethylene glycol
(Sample ) into the ring-shaped space of the rotationabmister Rheotest, at a
temperature of 25C. For the studied liquids it is presented the range ofticaria
of the main measures taken into account, as wel a®lbt@®ned values for the

numbefT ag,.
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Table 2
Representative values measured and calculated for thehglene glycol flow
n(s?) 7 (Pa) Payn (Pa) T /Pdyn In T /Payn Tare In Tage
0.75 4.3 1.18 3.64 1.29 3.01 1.10
1.35 7.4 3.83 1.93 0.66 5.41 1.69
2.25 12.5 10.6 1.18 0.16 9.02 2.20
4.05 22.5 34.4 0.65 -0.43 16.2 2.79

As it is shown in table 3, on the whole, the field of workiagation of
range for Tae number was between 0.02 and 37.is also found out that
representation in logarithmic coordinates (rel. 4b) is pelgti inear and the
values of constant "a" for different samples are closenib It is proposed a
general relationship (rel. 4c) in which the slope isbdsted at -1 and the free
term 'b" was recalculated according to this.

Table 3
The variation range of measures and the parameters oél. (4b,c)
sample| n(sY) | w(Pa) | pyn(Pa) | Tare oA ) T
[ 0.75+4.05 | 4.3+225 | 11+341 | 2.97-160 | -1.014 | 2394 | 236 | 10.6
[ 0.75+4.05 | 4.7+22.1 | 0.9+27.2 | 2.42+131] -1.079 | 2.608 | 242 | 11.2
II 0.75+4.05 | 9.4+48.2 1.1-32.2 | 1.26+6.80 | -1.037 | 2.390 | 2.34 [ 10.4
IV | 1.35:4.05[ 2.1+6.3 3.7+335 [ 18.7+56.1 | -0.998 | 2.352 | 236 [ 10.6
V | 0.15+1.35[ 4.0-34.0 0.05+4.2 [ 0.14+= 13 | -1.027 | 2.345 | 235 [ 105
VI 0.05+1.35 | 2.71+65.8 | 0.004+3.17] 0.02+0.51 | -1.024 [ 2.399 [ 2.40 [ 11.0
VIl | 0.16+0.85 ] 2.259.3 0.265.4 | 11+50 | -1073| 2240 | 216 | 8.7
Thus, for each substance it was obtained the equilbriule vaf Taylor-
Reynolds number in the rang#04<Ta,<11.2, for the ring-shaped space of

Rheotest device (samples I-VI), the average value ing. For the space of
modified Couette rheometer, the value is slightly differefa, = 87 .

To visualze the fiow in the ring-shaped space of a mdd@®uette viscometer,
equipped with glass cyinders, were used two miscible liq(atkylene glycol
and a colored solution) with near values for density, and;eggin revolution
values and Taylor-Reynolds numbers, respectively, it wdswvéd the evolution

in time of the mixing/diffusion process. The colored solutieas introduced at
the top of the ring-shaped space uflg 5a) and was measured the height of
mixing zone. For the revolutions corresponding to laminamee@nd Tare=6.3,
the height dependence follows an exponential curve withredsing tendency.
Photos were made at intervals of 2 minutes. The totahgnod the two layers
was achieved after eight minutes.
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C.
Fig. 5. a,b,c,d. Evolution of the diffusion process in time fdaze=10.6 [8].
4. Conclusions

It was buit a modified Couette rheometer for studyingfihe in laminar regime,
as well the visualization of the mixing of two liquids.

It was correlated the Taylor Renolds number with the raéitween shear stress
and dynamic pressure for different substances.

For the equalty between dynamic pressure and sheas straglor-Reynolds
number of equilibrium"” was introduced.
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Abstract

The present work is an interdisciplinary researbhttcombines aspects from
chemical engineering with aspects from polymer Bagiing, polymer chemistry,
and analytical chemistry, all these aspects beihgracteristic to the field of
molecularly imprinted polymers (MIPs). This workmai to complete the previous
results regarding the molecularly imprinted polysievith diosgenin as template
and three poly(acrylonitrile-methacrylic acid) (ANAA) systems as matrices. The
previous studies of elemental analysis, Feutransform infrared spectroscopy,
Raman spectroscopy, size exclusion chromatograpkeymogravimetry, derivative
termogravimetry, differential scanning calorimetand Scatchard analysis, which
individually confirmed by specific means the molacumprinting, are being
completed with the current mathematical modellitgdges of mass transfer in batch
conditions. The adsorption dynamics data were dbkedr with the help of a
phenomenological mathematical model, having thepeters k , kg, and Di;. The
parameters identification evidenced a slowly depamo# of these parameters on
diosgenin concentration. These parameters are highfuenced by the type of
copolymer that gets into the matrix structure. Bdesorption process at equilibrium
derived from the developed mathematical model ¢ethé obtaining of Scatchard
relation, equation frequently used to express tipglébrium in various adsorbents.
The best agreement between experimental and cothpgata were obtained for the
MIP-AN:MAA-80:20 system.

Keywords: mathematical modeling, molecularly imprinted polymers, MIPs
diosgenin, acrylic copolymers, molecular recognition.
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1. Introduction

Molecular imprinting is a big and growing research @108 articles and 1185
patents in May 2014) [1,2] that has its roots in the immuncdogg, when Breinl
and Haurowitz published in 1930 a paper concerning some chestuchds on
the precipitate from haemoglobin and anti-haemoglobin serath @ theory
regarding the nature of the antibodies [3]. The theory tdalpes in 1940 with the
work of Linus Paulng, who considered that antbodies adopt alficpbee-

dimensional complementary structure toward the antigen apatact with it [4].

This theory surpassed the boundaries of biology and inspiret FaDickey to

create, in 1949, adsorbents with specific affinties for preoied substances
[5]. Since then, the feld of molecularly imprinting is perentially growing,

reaching 1012 papers in 2013. The target molecules, the mol@oplanted

matrices, and the application felds are continuously impgodnd diversifying
[6-12]. Nevertheless, the mathematical modeling studies a$sntransfer in
molecularly imprinted polymers (MIPs) are stil underrspreéed. That is why the
present work aims to enrich the direction of mathematsadieling in MIPs.

Previous mathematical models were applied for mass transthromatographic
columns [13], for nickel ion-imprinted membrane [14], and for hyeleog
imprinted with 5-fluorouracil [15].

The aim of the present work is to complete the previoustsesgarding the
MIPs obtained for diosgenin by phase inversion using threg(apofionitrie-

methacrylic acid) systems as matrices [16].

2. Materials and methods
Adsorbate

The adsorbate for the batch adsorption experiments was dipsgersteroidal
saponin with anti-tumoral [17-19], anti-leukemia [20], hypochetedemic
[19,21] and estrogenic properties [22,23]. It is found in a variefylasits, having
a robust molecule, molar mass of 414.62 g/mol, two hydroxyl funttipoaps,
and two oxygen atoms in heterocycles. These functionapgrovas found to
facitate the molecular imprinting in by creating noovalent bounds, lke
hydrogen bonds, hydrophobic, and/or van der Waals interactions with the matrix’s

functional groups [24-26].

Adsorbents

As adsorbents in the batch adsorption experiments were lussd MIP systems
(MIP-AN:MAA-90:10, MIP-AN:MAA-80:20, and MIP-AN:MAA-70:30) and the
corresponding NIP systems (non-imprinted polymers), mearamge smatrices,
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but in the absence of template and encoded NIP-AN:MAA-90:10; ANRIAA-
80:20, and NIP-AN:MAA-70:30. All these adsorbents, MIPs and NIPsge we
prepared by an alternative imprintng method called phassion, which was
described in previously publshed work.

Characterisation methods

MIPs can be characterized by extremely diverse methaols, thermal analyses
to spectroscopy, gas and liquid chromatography, mass spectrometgscopy,
to electrochemical methods [1,2,27-33]. In the previous work [18],otbtained
selective (MIPs) and non-selective (NIPs) materialerew characterised by
elemental analysis, Fourier-transform infrared spectroscBaynan spectroscopy,
size exclusion chromatography, thermogravimetry, derivatteemogravimetry,
differential scanning calorimetry, and Scatchard asalyBriefly, the elemental
analysis proved that the experimental results for teenezital composition are
closed to the theoretical ones, which suggests thatdpelymerization occurred
in good conditons and that the template is present in Mif@re extraction and
disappears after the extraction with ethanol.

The attenuated total reflection spectroscopy (ARIR) evidenced
characteristic peaks at 2860 tm2244 crt, 1727 cnt, 1211 crtf, and
1167 crit[16]. The wavelength 2860 ¢ corresponds to associated —O—H
stretching vibration and is characteristic for diosgeamal suggests also possible
intramolecular H-bonds between the template and the copolynagrix. The
wavelength 2244 cth correponds to —C=N stretching vibration and at this
wavelength the absorbance is higher in NIPs and esdtabtiPs then it is in
MIPs, signifying that the nitrle groups are more frige move and vibrate than
they are in MIPs, and that confirms the imprinting rnaedm, when the nitrie
functional groups make hydrogen bonds with template’s hydroxyl groups. The
region 1727 cm, 1211 crit, and 1167 cih is characteristic to C=0O and C—O
stretching vibratons and is extremely active, sigfyithat the -COOH
functional groups, present in the methacryic segmenttgeract with the
template’s -OH functional groups. So ATRT-IR analyses evidenced that in the
imprinting process, both types of matrix’s functional groups, —C=N and —COOH,
are being involved, fact that increases the qualty ofecodsr imprinting and,
subsequently, the affinity for the template.

The Raman analyses evidenced hydrogen and van der \Weedstions between
diosgenin and the matrix’s functional groups, fact visible in the area 1200 — 2000
cmt. After diosgenin is extracted with ethanol, the extdckélPs had simiar
spectrum as the non-imprinted materials (NIPs).
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Batch adsorption method

The batch adsorption method was accomplished as previoushbddsfi6] and,
briefly, consisted in contacting imprinted and the correspgnaiion-imprinted
pearls with five diosgenin solutions of known concentratiohe Toncentrations
in liquid were determined through high performance liquidorcitography by
correlating the peak areas with the calibration curve ingota with known
diosgenin concentrations. The adsorption results were eggdress incipient study
in the form of Scatchard diagram, which was further usedcalculate the
adsorption parameters of MIPs and NIPs. The adsorption and dasospidies
evidenced that diosgenin attached to the matrix using its free —OH functional

group and that the bounds are non-covalent and reversiblg. breek in the
extraction conditions, ethanol at high temperature (60°C), rendstablish in
adsorption conditions (room temperature, batch contacting vaihiceotrated
solutions).

The main conclusion of the previous studies was thatatteorption properties
and the affinity for the template, expressed as the #ingrifactor (IF), decreased
in the order MIP-AN:MAA-80:20 > MIP-AN:MAA-90:10 > MIP-AN:MAA-
70:30, suggesting that the ratio 80:220 is the optimized solutitweér high
affinty and low resistance, given by the MAA segmerdsd low affinty and
high resistance, given by the AN segments. As cortmuaf the previous work,
the adsorption results are in depth studied in the presamt by mathematicaly
modelling the batch adsorption process in diosgenin-MIPs WittMAA matrix.

Mathematical modelling

In batch contacting liquid-MIP, the frequently used modeissorption dynamics
characterization are based on pseudo frst-order rate eqaatibpseudo-second-
order rate equation [34-36].

The phenomenological modeling of batch sorption dynamics for anenore
components is not a simple problem due to the complexity oédoations and
constraints system that characterize this process [37-8B@nsidering the
experiments reported above, it can be proposed the following pdescrodel: i)
inside of one pearl, diosgenin diffuses and interacts tt pearl’s binding sites;

i) as long as in the site vicinity the equilbriumse®s, the interaction occurs by
species binding or releasing; i) at the pearl surfa@nity, the liquid is
vigorously stirred and, consequently, the mass transfestamse is negligble.
For passing from the descriptive model to process, the mditenmaodel it also
assumes: a) the pearls (adsorbent particles) have a pooousyweling, structure,
with the same equivalent radiu®); b) the overall adsorption rate of diosgenin
depends on the competition between the adsorption and the desprptiesses;
c) the kinetics of adsorption process is linear with resfgetee pores surface and
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species concentration in liquid phase; d) the diosgenin diesokpnetics is linear
with respect to species concentration in sold phase;o#jernal conditions are
assumed for phases contacting; f) a formal multicomponeeties sorption is
considered with the model equations. Based on these consiterdtie following
system of equations and restrictions results as theematbal model of the
adsorption process:

- diosgenin or other species conservation in the liquid indfuk
spherical, porous, adsorbent pear

oG o%c; 20 .

——=Defj| —— +>— |- VRi(Gi,Csi) 1=1,2.,N

or or r or )

- diosgenin or other species balance equation, in respect tsoite
phase (pearls);

OCg; .
PP Lsi =VRi(Ci,Csj) i=1,2..N
Ep or (2)
- the rate equation describing the species adsorption kinetics;

N
Zai Csi

VRi (G Cs) =kai 02 —)c —kgi e i=12.N
0 °° @)
- interphase species transfer rate at pearl’s surface;
—V dCii = mq dCsimn i=1,2.N
dr dr (4)

- the instantaneous mean concentrationi secies in solid phase:

1 R
Csimn (T) = chsi (r ) T)dr
0

()
- intial conditons for the concentration feld in the solichd liquid
phases:
=0 0<r<R ¢i=0 1¢c5=0
=0 r>R Ci =Cjio: i =1,2.,.N (6)
- boundary conditions for species diffusion inside the porous pear
>0 =0 i_g %i_g
dr dr
r>0 R 3% _ p d9)  i_12n
dr dr
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The mathematical model {equations and restrictions (1)-(®gs numerically
transposed through an adequate finite differences method iparameters
identification problem. Further, the computed values of tis¢amaneous mean
concentration of species in lquid phase; (z), which depend on known
parameters, namelR ep , pp, ai, Q, Co, Cio (seetable 1), and on the unknown
parameterdes, Kai, Kdi, are expressed relative to the measured mean conoantrati
of species in liqud phase, gven by equation (8), fact thaidyses the
identification of Defi, Kai and kqi. Here Ciiexp(zj) IS the experimental concentration of
i species in liquid phase at time

f; (Dot i Kai ki )= Z[Cn ,mn(7j) —Cii exp(7 ) oi=12.N
J (8)

A procedure inspired by the stochastic algorithm for muttipeters optimization
problem [40] has been used in order to obtain the minimizaficthe functional
(8) after species effective diffusion coefficient, procesisorption constant, and,
respectively, process desorption constant. It contains thewifgl steps: 1)
Choosing a start point; 2) Minimizing the functional &ftees parameter; 3)
Changing the start point by considering the identifiedueglof the effective
difusion coefficient; 4) Minimizing the functional aftek,; 5) Changing the start
point by considering the identified value kf; 6) Minimizing the functional after
kq; 7) Verifying the covering of the experimental conside® dynamics. The
figure lilustrates this minimization procedure.

Table 1
The known parameters for model of species adsorptiomiMIP- AN:MAA pearls
Parameter Symbol Value Unit Source
1 Pearl radius R 0.05 cm experimental
2 Pearl density pp 0.55 glent experimental
3 Pearl porosity &p 0.34 cni/cnt  established fromp
4  Adsorption pearl capacity Q 0.05 oo/g initial diosgenin
concentration in pearls
5 Mass of pearls in batch my 1 g experimental
6 Liquid volume in batch Vi 80 cnt experimental
7 Initial liquid species Cioo 0.0007j, Op/diq experimental
concentration j=1,.5

3. Results and discussions
The results of mathematical modeling of mass transfemolecularly imprinted

polymers with diosgenin in poly(acrylonitrie-methacryli@cid) matrix are
presented in the following figures and tables.
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Fig. 1. Minimization of the functional (8) with the start poB107, 10-10™, 2:10?): a)
afterD. , b) afterky, ) afterk,, d) experimental and model computgdlynamics.

For all tested systems of diosgenin MIPs are presented; ihad&®rm oftable 2

the results oDes, Ka, Kq identification. As it was expected, it has been obtained a
slowly dependence of these parameters on diosgenin conoentfat important
mfluence on these parameters was obtained related to the copolymers’ type. So,

for each imprinted polymer type it was considered as repatisenthe mean
values ofDet, ka and respectivelyky.

The above considerations can be proposed based on these ideaitified i) the
diminishing of MAA content in the basic copolymer redudes pore radius and
pearl porosity and increases the pore tortuosity; this if|actustained by the
decreasing of effective diffusion coefiicientD§; =D, /¢ ) from  MIP-

AN:MAA- 7030 (6:107" cnf/s) to MIP-AN:MAA-90:10 (2-10°" cnt/s); i) Det has
the magnitude order of diffusion processes in porous solids mitifonic pores
[37,38 ]; i) the evolution ofk, and kg with copolymer type shows that the type
MIP-AN:MAA-80:20 is the most favourable for diosgenin adsorpfidnshows
that the ratio betweek, for the MIP-AN-MAA-80:20 and the others give the
values 3.2 and respectively 4); iv) the computation, for dasted MIP, of
deviaton from the mean value @.s, ka and respectivelky shows that the
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smallest deviation from the mean are seen for the cbhdélP-AN:MAA-80:20;
the figures 2-4sustain this observation.

Table 2
Results ofDg, ks, kg for diosgenin adsorption by MIP-AN:MAA systems for five
concentrations (0.1, 0.2, 0.3, 0.4, and 0.5%)
Adsorbent code-sol.conc. D10 (cnf/s) k10" (s7) kg 10° (s7)

1 MIP-AN:MAA-70:30-0.1 0.80 15 250
2 MIP-AN:MAA-70:30-0.2 0.60 10 200
3 MIP-AN:MAA-70:30-0.3 0.50 10 200
4 MIP-AN:MAA-70:30-0.4 0.60 5 100
5 MIP-AN:MAA-70:30-0.5 0.50 10 150
Mean value 0.60 10 180
6 MIP-AN:MAA-80:20-0.1 0.40 40 150
7 MIP-AN:MAA-80:20-0.2 0.30 30 100
8 MIP-AN:MAA-80:20-0.3 0.30 30 100
9 MIP-AN:MAA-80:20-0.4 0.30 30 120
10 MIP-AN:MAA-80:20-0.5 0.30 30 150
Mean value 0.32 32 120
11 MIP-AN:MAA-90:10-0.1 0.20 10 230
12  MIP-AN:MAA-90:10-0.2 0.30 10 200
13  MIP-AN:MAA-90:10-0.3 0.15 10 300
14 MIP-AN:MAA-90:10-0.4 0.15 5 150
15 MIP-AN:MAA-90:10-0.5 0.20 10 300
Mean value 0.20 8 240

Related to thefigures 2-4 it was shown that the selection ofcg axis seems to
emphasize the differences between the three tested sydems. The large
scattering of experimental points figures 2 and 4is a consequence of this
selection. If it is calculated the relative deviation alif experimental values,/cp
ratio to those obtained with the model with identified pararsetthen are found
values not higher that 6.5%.

The extension of the above presented model to the equilistai® reveals that
overall adsorption rate undergoes to very low or zero valles we adsorption
process rate becomes equal with desorption processes rateheFoase of
monocomponent sorption, adding this last observation inside tbme@) leads
to relation (9). Scatchard equilbrium expression is eadiained by processing
the relation (9). This processing leads to relation (10)hasicthe most known
Scatchard equilbrium expression. Intially, this expressias been developed to
characterise the reversible combination of small ions oleaules with specific
stes on the surface of a protein or other biopolymer. Now Sbatchard
equilbrium expression is used in many cases of liquiddid equilbrium. The
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equilbrium liquid — adsorbent for imprinted polymer is part of these cases [41-
43].

kd&cs
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Q
cf _ K, B K, c. (10)
Tk K
& &
1 T T T T T T T

444 CR=0000789g1 OO0 Cp=000157 g1
soo Cp=0002367g1 ©0C L =0003156 gl

i-gﬂ %33 Cyp=0.003945 gl T
b o —— model computed D, =4 IEI_? ik a=1s-1
"I k p=0018 51
0927 -
o
I
0.9 & ~

08353 \ (el

0.817 H

T
[

& T SB0
D?g 1 1 1 | 1 | 1
o 550t 1ot 1esant 220t 270t 33000t 3zsa0t 440t

Fig. 2. Dispersion of experimental adsorption dynamics datandrthe modgs
computed data with the identified parameters (for MIP -ANAA70:30).
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Fig. 3. Dispersion of experimental adsorption dynamics data around the model’s
computed data with the identified parameters (for MIP-ANA430:20).
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Fig. 4. Dispersion of expariental adsorption dynamics data around the model’s
computed data with the identified parameters (for MIP-ANAY90:10).
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Fig. 5. Comparison between experimental values and thoselatald using the relation

(9) for equilibrium concentration of diosgenin in solidaph (tested MIPs witky, andkgy
fromtable 2and with Q=0.05).

By mean offigure 5 it is shown that for the system MIP-AN:MAA-80:20, a very
good agreement between experimental and computed values ibf pbake
diosgenin concentration has been obtained. The differenatodhur in the case
of MIP-AN:MAA-70:30 system and respectively MIP-AN:MAA-90:10arct be
attributed to the fact that for diosgenin imprinted systesngart of this template
has been physicaly irreversible bound. In these two cidmesliminishing, under
0.05, of Q in relation (9) is better approaching tbecalculated and experimental
values.

4. Conclusions

The MIP pearls, developed from the three AN:MAA systenth diosgenin as
template, were successfuly prepared by phase inversioredBas analytical
proofs previously obtained, which confrmed the interaction d&etwdiosgenin
and the specific molecular sites from the AN:MAA matrike study of mass
transfer in D-MIPs was developed. The isothermal batch jiitsorof diosgenin
from alcoholic solutions on three types of D-MIP AN:MAA adsamts has shown
that the MIP adsorbent type AN:MAA-80:20 is the most effficie A
phenomenological mathematical model, wih kg and Des as parameters, has
been considered to capitalize data characterizing the adsodynamics for the
experimentally investigated cases. The identification nuddel parameters has
revealed, as it was expected, a slowly dependence of theaeepas on
diosgenin concentration. An important influence on thesanpsers is obtained
related to the copolymers type and, consequently, each MiEmsyms been
characterized by itk,, kg and Des values. The adsorption process at equilbrium
derived from the developed mathematical model led to the IBedtaelation
which has been tested to compare the computed and expdiimebtained
diosgenin concentrations at equiibrium, bound by the MIPesgst A good
agreement has been obtained for the MIP-AN:MAA-80:20 system.
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Abstract

In this paper, structural features of cellulose regenerated from its
corresponding solutions in 1-ethyl-3-methylimidazolium acetate, 1-allyl-3-
methylimidazolium chloride and 1-buthyl-3-methylimidazolium chloride ionic
liquids have been assessed by FTIR spectroscopy, contact angle and radiluden
sorption studies.

Key words: Cellulose; lonic liquids; FTIR spectroscopy; Surface energy
1. Introduction

Cellulose, as being the most widespread biorenewable and biodegradable organic
polymer on earth, may overcome the negative issues regarding the environmental
and economic issues that have long been associated with non-renewable energy
resources and materials [1-3]. Products that are derived from cellulose have been
frequently used in the wood, paper, textile, paints and lacquers industry [4-8].
However, due to its complex structure, in which hydrogen-bonded supramolecular
structures bearing a great amount of inter and intramolecular bonds are formed,
cellulose is practically insoluble in most conventional solvents [8]. A limited
number of systems, such as concentrated ammonia, concentrated urea or sodium
hydroxide aqueous solution are able to perform limited swelling of cellulose
material [1, 8]. Also, it has been reported that strong acidic (phosphoric acid,
sulfuric acid) are able to initiate limited cellulose dissolution, but in this case
degradation of cellulose may easily occur in the presence of atmospheric oxygen
or hydrolysis and/or functionalization of the polymer occurs after a limited
storage period, rendering this method of dissolution less useful. In the textile
industry, several dissolution and regeneration techniques have been employed,
such as viscose rayon, cupramonium cellulose, and ly@ibetk [1-3]. These
solvent systems currently used for cellulose dissolution suffer from drawbacks
such as chemical instability and generation of toxic gaseous emissions [1, 2].
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To date, a number of complex solvent systems, such as N-methylmorpholine-N-
oxide (NMMO) and NaOH/urea have been more efficiently used in cellulose
dissolution, but their use implies some drawbacks, regarding toxicity, difficulties
in solvent recovery, high cost and energy consumption [2, 9]. Thus, development
of an environmental friendly and economically efficient solvent for cellulosic
materials is of utmost importance. lonic liquids (ILs) are a group of new organic
salts that can exist as liquids at temperatures lower thafiCLOthey have many
attractive properties, such as good chemical and thermal stability, lower toxicity,
non-flammability and low volatility [3, 5, 10].

Studies regarding dissolution of cellulosics in ionic liquids (especially
alkylimidazolium-based ones) have indicated that their dissolution efficiency can
vary considerably. Among the most efficient cellulose-dissoluting
alkylimidazolium ionic liquids are included: 1-buthyl-3-methylimidazolium
chloride (BMIMCI), 1-ethyl-3-methylimidazolium acetate (EMIMACc) and 1-allyl-
3-methylimidazolium chloride (AMIMCI) [3, 11]. Relatively few studies have
focused on characterization of cellulose regenerated from ionic liquids solutions,
the most studies being focused on dissolution ability of ILs toward different
sources of cellulose (often pretreated) or wood [11]. The most frequent studies
have used BMIMCI as dissolution agent for cellulose, and the structural features
of the regenerated cellulosic material have been determined by spectroscopic or
diffraction techniques (FTIR, XRD) in conjunction with imagistic methods of
analysis (SEM, AFM), that revealed modifications in lowering the crystallinity of
the samples and in morphology of the regenerated material [5, 10, 12].

However, most of the studies have employed dissolution of the cellulosic material
under inert atmosphere (i.e. nitrogen) [12], which can offer a somewhat different
view on the properties of the regenerated material, especially when in real-life
applications; atmospheric oxygen would contribute to significant structural
changes.

The paper aims to complete the existing database comprehending the properties of
regenerated cellulose from different alkylimidazolium ionic liquids, under
different operational parameters, by studying the properties of regenerated
cellulose from its solutions in 1-ethyl-3-methylimidazolium acetate, 1-allyl-3-
methylimidazolium chloride and 1-buthyl-3-methylimidazolium chloride ionic
liquids, obtained at 10%C and 120C.

Structural modification in crystallinity, crystal axis orientation, structural
transitions and potential degradation has been assessed by FTIR spectroscopy
(middle infrared and near-infrared) and correlated with water sorption
experiments. Oxidation has been correlated with methylene blue sorption capacity
of the cellulosic material, as regarded by the reference literature [13] and the
surface properties (polarity; surface formal charge) of the regenerated cellulose
have been assessed by surface energy measurements.
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2. Experimental

Materials

The three ionic liquids, 1-ethyl-3-methylimidazolium acetate, 1-allyl-3-
methylimidazolium chloride and 1-buthyl-3-methylimidazolium chloride have
been purchased from IoLiTec lonic Liquids Technologies GmbH, Germany. The
purity of the purchased ionic liquids was >99.5%.

As cellulose source, Whatman no.4 filter paper with 204 um thickness and 96

g/n? basis weight has been used without any modifications.

Other reagents, such as methylene blue been supplied by Sigma-Aldrich and have
been of analytical purity.

Obtaining of regenerated cellulose

The filter paper has been milled by using a mechanical sieve grinder in order to
better facilitate its dissolution in the ionic liquids. Prior to dissolution, it has been
dried for 5 hours at 108, in order to eliminate water traces that could influence
further experimentation.

Then, briefly, 1g of cellulose has been added to 10g of the ILs preheatefiCat 70

in a stoppered glass vial, under magnetic stirring, and thereafter the temperature
has been raised to 180, and 120C, for another set of samples, respectively.

After the complete dissolution of the cellulose material in the selected ionic
liquids under continuous magnetic stirring, the obtained clear and viscous
solutions have been cooled to room temperature (cca’CR4following the
addition of non-solvent (50 mL of distilled water). At different time intervals, a
new volume of distilled water has been added, in order to facilitate the elimination
of ionic liquid under a higher concentration gradient. The complete elimination of
ionic liquid from the system has been monitored by electrical conductance
measuring of the washing water, until electrical conductance similar to the initial
distilled water has been attained.

After the removal of ionic liquids, the precipitated cellulose has been dried in a
desiccator (with CaG) for one week, until constant mass has been achieved. This
drying method has been chosen in favor of traditional heating &Cl.@fie to the

fact that the heating of cellulose in presence of water could promote some
structural changes [13], which could be later erroneously attributed to the ionic
liquid processing.

After drying, the regenerated cellulose materials have been grounded; introduced
in a dye and by means of a hydraulic press pelleted at 100 atmospheres into 1 cm
diameter and 3 mm thickness pellets.
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The pellets have been conditioned for a week in an atmosphere having 55%
relative humidity, until they reached equilibrium moisture content of 3%, and then
further used in the related methods of analysis.

Methylene blue sorption tests

The amount of carboxyl groups in cellulose, formed by potential oxidation of
hydroxyl groups under thermal treatment of cellulose in the presence of ILs has
been determined by methylene blue sorption tests [13, 14].

A weighed cellulose sample with a known moisture content was immersed in 25
mL of aqueous methylene blue chloride solution (300 mg/L) and 25 ml of borate
buffer at pH = 8.5 at 20 °C for 1 hour. Then, the immersion solution has been
fillered and 5 mL of the filtrate were transferred to a calibrated flask, with|10 m
of 0.1 N HCI and subsequently filled with water up to 100 ml. The methylene blue
content of the solution has been determined with a Perkin ElImer Lambda 25 UV-
VIS spectrophotometer.

The carboxyl group content of the sample is obtained according to Eq. 1 [14]:

_(7.5- m,,;)>0.001%
m

mmol COOH | g (1)

Where myg is the total amount of free methylene blue in the solution after
absorption (mg) andhis the weight of oven-dry sample (g).
All presented values are the mean value of triplicate measurements.

Water sorption tests

The conditioned regenerated cellulose samples were immersed in closed glass
recipients containing 50 mL of distilled water and their mass has been monitored
at precise time intervals until a constant value has been reached (20 days).

The relative mass (Am) gain of the regenerated cellulose at equilibrium, during

water storage, has been calculated by using the following equation (Eq. 2):

o = 77 M0) 40 @
m,q
Where:
- M represents the mass of the sample at time “t” of immersion in water
corresponding to equilibrium absorption;
- M=o represents the mass of the conditioned sample before water immersion (at
t=0)
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Surface energy determinations

Contact angle measurements of the regenerated cellulose samples, by using
distilled water, glycerol and ethyleneglycol as reference liquids were performed
with an OCA System 20 goniometer, provided by Data Physics Co., Ltd°at 25

Five different single drops of test liquid with 2 uLL volume were deposited on the

surface of the same specimen.

The surface energy of the wood samples has been calculated using the Lifshitz-
van der Waals and Lewis Acid-Base (LW/AB) approach, with the help of the
instrument’s software. According to this approach, the surface energy (y) is
decomposed into a Lifshitzan der Waals (y-"') dispersive component as well as

into a polar component ¥°- with Lewis acid (y*") and Lewis base (y")
contributions respectively (Eq.3) [15]:

y=r HyP =y 2y (3)

The initial contact angl@,, which is the contact angle at the beginning of the
wetting process (for=0) for the test liquids was used in the calculation of surface
energy. The dispersive and polar components of the surface tension of the test
liquids have been obtained from the reference literature [16]

Photographic image analysis

Color changes on precipitated cellulose were analyzed using an alternative
technique to those extensively used up to this date. The novelty is that it uses
photographic image analysis, rather than the use of a photocolorimeter. In the
paper we have demonstrated that this technique offers good relative results, in
agreement with experimental data obtained by other analysis methods, such as
FTIR spectroscopy.

Photographic images of the samples irradiated at different times have been taken
with the help of a Sony DSC110 digital camera (3072x2034 pixels resolution),
under the same lighting conditions.

The individual images of the samples have been loaded in Adobe Photoshop and
the L*, a*, b* parameters using the CIELAB (8 bit) channel were determined in
twenty points for each specimen, and the average value was used in further
interpretations.

L* represents the lightness and varies from 100 (white) to 0 (black) athdad

b* represent chromaticity indexesa*red, —a* green, b* yellow, —b* blue.

The color differences were calculated using Eqs- (#) and the total color
differencedE was calculated from Eq. (7) for each sample [17, 18].
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DL=L,- L 4
Aa=a,-a, (5)
Db=b,- b, (6)
AE =+AL? + Aa? + Ab? ™

Where subscript 1 denotes the values obtained for the reference and subscript 2
denotes the values after precipitation of the cellulosic material from its
corresponding ionic liquid solution.

Positive values offa describe a red shift, negative values4afa green shift,

while positive values oflb represent a yellow shift and negative valuegiofa

blue shift for the color of the precipitated samples, in comparison with the
reference.

FTIR spectroscopy measurements

The FT-MIR spectra of the regenerated cellulose were obtained with a Bruker-
Vertex 70 Fourier transform infrared spectrometer equipped with an attenuated
total reflectance (ATR) device with a resolution of 2”tin the 4000-400 cth
interval. TheFT-NIR spectra of the same materials have been obtained in the
4500-12500 ci range, by using the same spectrometer.

3. Results and discussions

Regarding the objective color changes determined by photographic images
analysis of the samples (Fig.1), it can be observed that, generally, significant
overall color changes occur (as it can be seen from the AE values). The highest

color changes occur in samples that have been obtained by dissolution of cellulose
at 120°C, probably due to the formation of more chromophoric carboxyl/carbonyl
groups on the cellulose macromolecular chains, in comparison with the samples
obtained from their ionic liquid solutions at @0

The more significant color changes occur in the samples precipitated from their
solutions in AMIMCI and EMIMACc ionic liquids, probably due to cellulose
oxidation and/or functionalization, that tends to darken (as seen from the negative
AL values) and yellow the precipitated samples, as seen from the positive values

of Ab (Fig.2). BMIMCI seems to promote less extensive changes in color of the
precipitated material. This may be due to the fact that oxidation of the material in
BMIMCI is less pronounced.
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Fig.2. Photographic image analysis parameters of cellulose samples

Additional information can be also drawn from the data presented in Tab. 1,
regarding the oxidation degree and the water sorption capacity of regenerated
cellulose.
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Tade 1
Water sorption capacity and oxidation degree of the cellulose samples
Sample Tterrgzifnrzt#[re Am (%) -COOH (mmol/g)
Reference - 120.65 0.0417
BMIMCI 100°C 142.48 0,0571
120°C 192.05 0.4937
EMIMACc 100°C 195.84 0.0757
120°C 210.51 0.1608
AMIMCI 100°C 400.66 0.2152
120°C 599.79 1.1726

Generally, itis observedthat higher the color modifications (as seen from AE

values in Fig.1) in the regenerated cellulose samples, higher the water sorption
capacity and the carboxyl group content. So, the samples regenerated from its
AMIMCI solution have the highest water sorption capacity regarding to their
higher degree of oxidation that increases their hydrophylicity and also due to their
lower crystallinity degree comparing to the other samples, as it will be shown
from the interpretation of the FTIR spectra. Also in agreement with the total color
modification parameter, BMIMCI ionic liquid seems to impart the lowest
oxidation degree (and hence minor modification in color due to the formation of
hydrophilic carbonyl/carboxyl groups) and water sorption capacity for the
cellulose samples.

Also it can be seen that generally the samples obtained from their dissolution at
120 °C in ILs and precipitation with water bear the most pronounced
modifications regarding the water sorption capacity and carboxyl groups content
in comparison with the samples obtained by initial dissolution in ILs at@00

As shown in Tab.2, the total surface energy of reference cellulose ranges within
the 25-60 mN/m, interval and it is mainly contributed to the LW component (non-
polar), which agrees well with the results obtained for wood reported in the
literature [15,16].

Regarding the regenerated cellulose it can be generally observed that the
dissolution and precipitation two-phase process has a pronounced influence in
increasing the wettability of the samples (higher surface energies than the
reference cellulose).

The contribution of the dispersive nonpolar Y- component for the regenerated
cellulose is lower, in favor of the polar y* component, by comparing to the
reference, which clearly indicates cellulose oxidation and/or functionalization.
Since the regenerated cellulose has been pelleted in the same conditions (identic
dye and applied pressure), it is to be noted that the contribution of the surface
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roughness of the sample to the contact angle is less pronounced and it is
appreciated that it can be ruled out from further discussions.

Also, it could be noted that the dominating contribution to the polar component of
the surface energy is the Lewis base one, which means that the surface of the
cellulose samples presents electron-donor properties, probably due to the presence
of trace amounts of water and residual oxidation (in the case of reference) and in
the case of precipitated samples due to the presence of polar and electron-donor
COO and-C=0 groups due to conjugated electromeric effects.

Table 2
Surface energies of the ionic liquid treated samples

Temperature Lw + -

0o water Y 'Yp 'Yp 'Yp
Sample ”e(%g‘e”t (degree)| (MN/m) | (mN/m) | (mN/m) | (mN/m) | (mN/m)
Reference - 63.35 | 27.34 | 16.37 | 10.97 2.64 11.37
BMIMCI 100°C 62.3 36.58 | 17.41 | 19.17 1.93 47.55
120°C 43.45 | 48.37 4.97 43.4 8.42 55.91
EMIMAG 100°C 58.25 | 47.16 | 19.36 | 19.36 8.90 21.70
120°C 39.00 | 51.49 2.97 48.52 8.06 73.02
AMIMCI 100°C 40.5 50.96 | 47.50 3.46 0.23 12.86
120°C 36.85 | 54.28 0.64 53.64 8.63 83.37

Also it can be remarked that the contribution of the polar component to the
surface energy of the analyzed samples is more pronounced in the case of initial
dissolution in ILs at 128C, in accordance with the data presented in Tab.1.

Also, it could be noted that minimum surface energy modifications occur in the
samples obtained from the cellulose precipitation from its BMIMCI solution
obtained at 108C, in accordance with the values presented for the carboxyl group
content and equilibrium water sorption values from Tab.1. AMIMCI imparts the
highest surface energy among the studied ILs, probably due to the oxidation of
cellulose when in solution.

Even if it is reported that AMIMCI and EMIMAc have higher cellulose
dissolution capacity than BMIMCI [11, 12], if one’s goal is to fractionate biomass

and obtain cellulose of high purity, with properties close to that of the original
material, than BMIMCI seems a better choice than the other two ILs studied. If
highly amorphous and polar cellulose is required (for example in biomedical or in
wastewater purification applications), then AMIMCI and/or EMIMAc should be
used.

The FTIR spectrum of cellulose (Fig.3) reveals typical representative bands,
related to different vibration modes, such as: H-bonded -OH stretching (~3300
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cm?); CH, and CH stretching at ~2900 @mC-H asymmetric bending and
wagging (14701455 cm'); CH bending in cellulose | and cellulose Il (1375
1365); CH deformation in cellulose | and cellulose Il (128277 cmi') and G
O-C asymmetric stretching in cellulose | and cellulose Il (£1625 cn).
Water weakly associated with cellulose is also present in the-1638 cni

interval [19, 20].
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Fig. 3. FT-MIR spectra of cellulosel-and regenerated cellulose from i BMIMCI, (b)

EMIMAc and ) AMIMCI solutions obtained a2- 100C and(3)- at 126C

It has been remarked from Fig. 3 that no supplementary bands appear in the
regenerated cellulose in comparison with the spectrum of pure cellulose, which
could be due to the fact that the interaction between the studied ionic liquids and
cellulose is of physical nature.

The increase in the intensities of the absorption band in the 1650-170@gion

is due to the carboxyl and/or carbonyl groups formation [21, 22] and due to
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absorption of atmospheric water, facilitated by the increasing in hydrophilicity.
Therefore, it is suggested that oxidation of cellulose end-groups has taken place
during cellulose dissolution and processing in the selected ILs (as it can be seen
from carboxyl groups determination by methylene blue sorption tests of the
precipitated celluloses; Tab.1).

In order to asess the oxidation degree of the cellulose samples, the ratio between
the areas of the bands at ~1639"crand at 2900 cthhas been calculated. This
ratio is often recalled to as moisture index (Ml) [23].

In order to determine the structural changes that occur in cellulose precipitated
from its ILs solutions, the crystallinity index, the lateral order index, the energy of
the hydrogen bonds, the ratio gftb |, cellulose anomer and the width of the
band associated withOH stretching at half intensity have been calculated.

The height ratio of the bands at 1371 and 2900 ¢21-23] has been used to
determine the crystallinity index (Crl) of cellulose and the advantage is that it can
be applied to both cellulose | and 1l [23]. This factor offers a comparative view of
the precipitated cellulose structure and properties. A higher Crl owes for better
mechanical properties and lower water absorption. Alternatively, a low Cirl
indicates a dominating amorphous structure of the material, owing for a higher
affinity to water and better sound and thermal insulating properties [13].

The lateral order index (LOI) was calculated by using the ratio of the band heights
at 1430 and 898 cinthat is related to the proportion of cellulose | from the
sample [23]. Cellulose | generally has good mechanical properties (higher
rigidity) owing to its high crystallinity, and it is converted by chemical or thermal
treatment into cellulose I, which is dominating amorphous, more
thermodynamically stable than cellulose | and more resistant to chemical
treatments [13]. Native celluloses usually have high cellulose | content [23, 24].

It has also been found that native cellulose (cellulose I) is actually a mixture of
two crystalline modifications (cellulose, land }) that vary in proportion,
depending on the source of the cellulose. In bacterial celluloseg, (clinic)

form dominates, while in higher plantg (monoclinic) is predominant [24].
During chemical or thermal treatment, cellulose Io converts into the p anomer,

the latter that is more thermodynamically stable [24, 25].

The ratio of celluloseglto I, (Al) has been calculated as the height of the band at
~ 708 cnt (ascribed tog) divided by the height of the weak band at ~751'cm
(ascribed to)) [25].

It is important to assess whether if the precipitated cellulose is more
thermodynamically stable and more resistant to chemical and thermal treatments,
in order to define the potential applications of the cellulose material, and the LOI
and Al values can semi-quantitatively offer an insight on this matter.
Supplementary, the energy of the hydrogen bonds in the cellulosic mategjial (E
and the width of the band associated wi@H stretching at half intensity (wy)
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could offer some additional information about the inter- and intramolecular
interactions that occur in/between cellulose macromolecules. These parameters
could be thus related also to the stability (physical, chemical) of the cellulosic
material, in correlation with Crl and LOI.

The energy of the hydrogen bonds has been calculated by using the following
equation (Eq.8):

Er=(L/K)[(v-vo)/vo] (8)

Where:vo = 3650 cn (the standard wavenumber corresponding to theiBe¢
groups strething); v — the standard wavenumber corresponding to -téd
groups stretching observed in the MIR spectra (Fig.3) and K=2.61-10°kJ, a
spectroscopic constant

The values of the above mentioned parameters are illustrated in Fig.4, for
regenerated celluloses and reference.

As it can be seen from Fig. 4, from the Al values of the reference; toatent is
higher than that of the,lprobably due to the thermo-mechanical processing of the
original filter paper.

Crystallinity index of cellulose generally decreases in the order Reference >
BMIMCI regenerated sample> EMIMAc regenerated sample > AMIMCI
regenerated sample for both 180 and 120°C, with the mentioning that the
crystallinity index of the samples obtained at £@0is lower than in the case of
cellulose processing at 1. This can occur due to the fact that at higher
temperatures, the ionic liquids are able to penetrate in a facile manner in the
crystalline and semi-crystalline regions of the polymer and break more of the
intermolecular hydrogen bonds between the cellulose molecules. The variation in
Crl is generally consistent with the ability of the selected ionic liquids to dissolve
cellulose. It has been reported that AMIMCI generally has the highest solvation
capability for cellulosic biomass, followed by EMIMAc and finally by BMIMCI
[4-6], thus AMIMCI having the highest ability to disrupt the hydrogen bonding
network resulting in a regenerated material with dominating amorphous character
(proved also by MB sorption ability and absorbed water amount, Tab.1).

So, it appears that BMIMCI ionic liquid is the choice of use when desiring a more
crystalline cellulosic material.

In correlation with the Crl values it can be seen that the highest crystalline
cellulose | content is recorded for the BMIMCI regenerated sample, while the
highest cellulose Il content is recorded for the AMIMCI regenerated sample. A
higher processing temperature generally determines supplementary conversion of
cellulose I to cellulose 1l, more thermodynamically stable.

Higher oxidation degree and thus higher atmospheric water sorption capacity in
comparison with the reference sample has been observed from the calculated
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values of the MI. Moisture index of cellulose generally increases in the order
Reference < BMIMCI regenerated sample < EMIMAc regenerated sample <
AMIMCI regenerated sample for both 168G and 120°C, with the mentioning

that the moisture index of the samples obtained af@26 lower than in the case

of cellulose processing at 160.

It appears that also, with the higher solvation power and ability to convert
cellulose in the thermodynamically stable and amorphous polymorph, the
cellulose processing in ionic liquids can also favor degradation, by cellulose
oxidation in the presence of atmospheric oxygen, and due to the slightly acidic pH
that the molten ILs possess. BMIMCI can act as a cellulose oxidation inhibitor, as
demonstrated by our previous results regarding lignocellulosic biomass [26, 27].
Even if the data from Fig. 4 suggests that the ILs are able to convert cellulose |
into the amorphous cellulose II; the remaining unconverted cellulose | content is
subjected to a second order transition, rearranging itself into ,ttndmer
structure, less thermodynamically favored, but with a more compact crystal
structure than theglanomer [25]. This result is consistent with our previous
findings regarding cellulose treated with similar alkylimidazolium ionic liquids
[27].

Disrupting of the H bonding in the structure of the biopolymer imparted by the
ILs is reflected in the [ values. For all regenerated samples from their ILs
solutions obtained at 100 and 1%D, B, values are lower than in the case of the
reference, which owes for quantitatively less hydrogen bonds between the
polymer macromolecules.Evalues for the samples from their ILs solutions
obtained at 1T are higher than those of the samples processed &€,100
probably due to the fact that the treatment at a higher temperature leads to
oxidation of the polymer, by forming of carboxylic and carbonylic groups, which
supplementary contribute to the formation of hydrogen bonds in the regenerated
cellulose. In this case, also, it seems that the BMIMCI ionic liquid is able to
preserve upon regeneration a quantitatively similar hydrogen bonding network as
the original reference sample.
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Fig. 4. Cellulose samples structural parameters, obtained from interpretation of their
FTIR spectra

Similar information is obtained from the width of th@H stretching band at half
intensity (Won). As all the regenerated samples have a higher value of ghe W
comparing with the reference, this may indicate supplementary interactions of the
—OH groups from cellulose with polar molecules, such as water. It has been
reported in the reference literature, that #@H groups of regenerated cellulose
are generally more reactive than those from the original cellulose samples [13],
probably also due to the favorable macromolecular rearrangement of the
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macromolecular chains, the#OH groups being faced outwards, thus beinganor
accessible to other reagents.

Similar information could be drawn from the analysis of the FT-NIR spectra of
cellulose and regenerated cellulose samples, illustrated in Fig.5. Near infrared
spectroscopy has been extensively used as a tool to identify the taxonomic origin
of several wood samples, as well as a tool for discriminating between cellulose
from bacterial or algal origin and cellulose from superior plants (based on the
principal component analysis method), due to some specific overtones belonging
to—OH, weakly absorbed water and alkyl groups [28,29].

To our knowledge, this type of spectroscopy has not been used before to
characterize cellulose regenerated from their ionic liquid solution.

a 1 b

Reflectance, a.u.

6000 8000 10000 12000 6000 8000 10000 12000

Reflectance, a.u.

Wavenumber. cm™ ! Wavenumber. cm™!

Reflectance, a.u.

6000 8000 10000 12000

Wavenumber. cm~1

Fig. 5. FT-NIR spectra of cellulosel-and regenerated cellulose from itgy BMIMCI, (b)
EMIMAc and () AMIMCI solutions obtained a2- 100°C and(3)- at 126C

4. Conclusions
The paper aims to complete the existing database comprehending the properties of

regenerated cellulose from different alkylimidazolium ionic liquids, under
different operational parameters, by studying the properties of regenerated
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cellulose from its solutions in 1-ethyl-3-methylimidazolium acetate, 1-allyl-3-
methylimidazolium chloride and 1-buthyl-3-methylimidazolium chloride ionic
liquids, obtained at 10t and 120C.

Structural modification in crystallinity, crystal axis orientation, structural
transitions and potential degradation has been assessed by FTIR spectroscopy
(middle infrared and near-infrared) and correlated with water sorption
experiments. Oxidation has been correlated with methylene blue sorption capacity
of the cellulosic material, and the surface properties (polarity; surface formal
charge) of the regenerated cellulose have been assessed by surface energy
measurements. It has been observed that crystallinity index of cellulose generally
decreases in the order reference > BMIMCI regenerated sample> EMIMACc
regenerated sample > AMIMCI regenerated sample for botf@nd 124°C,

with the mentioning that the crystallinity index of the samples obtained &iC120

is lower than in the case of cellulose processing a’@oM correlation with the

Crl values it can be seen that the highest crystalline cellulose | content is recorded
for the BMIMCI regenerated sample, while the highest cellulose Il content is
recorded for the AMIMCI regenerated sample. A higher processing temperature
generally determines supplementary conversion of cellulose | to cellulose Il, more
thermodynamically stable. Also, the regenerated material obtained by
precipitation of the solutions obtained at PZDare more polar (hydrophilic) and

tend to have a darker color, due to the formation of chromophoric carbonyl
groups.
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Abstract

Isothermal (P, T, X, y) data have been measured for the binary system carbo
dioxide + ethanol at 333.15 K. The pressure range under investigatiobetagen
6.8 and 105.5 bar. The phase equilibrium apparatus used in tbik was a
variable-volume visual cell coupled with ROI'S(Rapid Online Sample Injector)
valves and a GC (gas chromatograph). The new experimental data are modkled wit
the Soave-Redlich-Kwong (SRK) equation of state coupled WitBOS (excess
Gibbs free energy) mixing rules.

Keywords: VLE, CO,, ethanol, SRK, high-pressures

1. Introduction

Nowadays supercritical fluid processes are important alternative to conventional
methods in many fields, such as extractions, particle micronization, material
processing, chromatography or crystallization/purification [1-3]. A fundamental
role in the success of these applications is played by the equilibrium and
volumetric properties of binary mixtures containing organic solvent and
supercritical fluids, especially carbon dioxide.

High-pressure vapor-liquid equilibrium data of carbon dioxide + alcohol systems
are of interest due to their importance in the supercritical extraction of thermal
labile compounds, extraction of natural products using near critical solvents, and
dehydration of alcohols using supercritical carbon dioxide [1-3].Among the most
important compounds in separation processes are the low molecular weight
alcohols. They are often used as entrainers to control the polarity of a supercritical
fluid (SFC) solvent in extraction applications and are also used as modifiers in

"Corresponding authors: E-mail addressecuianu@chim.upb.(€. Secuianu),
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SFC chromatography. The most important supercritical fluid for these processes
has shown to be carbon dioxide, because it is cheap, nontoxic, nonflammable, and
has a low critical temperatures of 304.25 K.

The carbon dioxide + ethanol mixture is very important industrially and the
system has received much attention. However, numerous articles present only
solubility of carbon dioxide in ethanol or VLE data at low pressures. A number of
papers have reported experimental vapor-liquid equilibria data around the critical
temperature of carbon dioxide (298-333 K). Although we found many papers
investigating the carbon dioxide + ethanol binary system [4], only few report VLE
data measured from low pressures (5 bar) to the critical point of mixture. In
addition, there are significant deviations among the data from different sources
[5].

The purpose of this paper is to present new high-pressure vapor-liquid equilibrium
data for the carbon dioxide + ethanol system at 333.15 K. In this work we made
new measurements using ROI'SIvalves and a GC, in a high-pressure visual
cell, for carbon dioxide + ethanol system up to 105.5bar.

The phase equilibria data for the studied system were modeled with the Soave-
Redlich-Kwong [6] (SRK) equation of state coupled with &E®S mixing
rule.The HuronVidal (HV) mixing rules [7] coupled with the reduced
UNIQUAC excess Gibbs energy model [8,9] was chosen.

2. Experimental
Materials

Carbon dioxide (mass fraction purity > 0.997) was provided by LindeGaz
Romania, Bucharest, Romania and ethanol (mass fraction purity 0.998) was a
SIGMA product. Chemicals were used without further purification, except for the
careful degassing of ethanol. The mole fraction purity of ethanol was checked by
gas chromatographic analysis and it is > 0.999.

Apparatus and procedure

A detailed description of the experimental installation was presented in earlier
papers [10-12]. The main component of the installation is a high pressure visual
cell with variable volume connected with a modern sampling and analysis
equipment. Samples from liquid and vapor phases are collected via BOLSI
valves and sent to the gas chromatograph (GC) equipped with a TCD (thermal
conductivity detector). The apparatus is completed with a Teledyne ISCO model
500D syringe pump.
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The procedure is similarly as described previously [10-12]. The entire internal
loop of the apparatus including the equilibrium visual cell is rinsed several times
with carbon dioxide. Then, the visual cell is evacuated with a vacuum pump. The
alcohol is degassed with a vacuum pump and vigorously stirring, and it is charged
into the cell. The lighter component (in this case,CO introduced with the
Teledyne syringe pump into the cell and the pressure is set to the desired value.
Then the cell is heated to the experimental temperature. To facilitate the approach
to an equilibrium state, the mixture in the cell is stirred for a few hours. Next the
stirrer is switched off, and about one hour was allowed to pass until the coexisting
phases are completely separated. Samples of liquid and vapor phases are
withdrawn with the ROLSI valves and analyzed with the GC. At the equilibrium
temperature and pressure, at least six samples of the liquid phase are analyzed to
check the repeatability. As the sample sizes are very small, the equilibrium
pressure in the cell remains constant.

The calibration of the TCD for CO and ethanol is done using gas
chromatographic syringes by injecting known amounts of each component.
Calibration data are fitted to quadratic polynomials to obtain the mole number of
the component versus chromatographic area. The correlation coefficients of the
GC calibration curves were 0.999 for carbon dioxide and 0.997 for ethanol.

The uncertainties of the measurements are estimated to be within £ 0.1 K for
temperature and to be better than + 0.01 MPa for pressure from calibration with a
precision hydraulic deadweight tester (model 580C, DH-Budenberg SA,
Aubervilliers, France).

3. Modeling

The phase of the carbon dioxide + ethanol binary system was modeled using the
Soave-Redlich-Kwong (SRK) equation of state (EOS) [6] coupled with Huron-
Vidal (HV)-residual UNIQUAC [7-9] mixing rules. This model was chosen based
on previous results with mixtures containing hydrogen bonding compounds.The
Soave-Redlich-Kwong equation of state ik [6

_RT __ AT
v V-(V+b) @)

The Huron and Vidal mixing rules [7] for the SRK EOS are given by:

b=>"xh (2
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bRT_Z [bRT In2

wherey, (P—>oo) is the activity coefficient of the component in the mixture at

infinite pressure.
The HV mixing rule is based on a reduced UNIQUAC model suitable for infinite
pressure conditions [8,9]. The model is reduced to its residual part only:

9 -
Ny, (P—o)=q|1- In(z “} ZZTTUT. &)

g = 3% (5)

| ;qm

7, = exp(—ii] (6)

The interaction parameters are considered temperature dependent [8,9

1
U; :qj'o“rll$ (7)

4. Results and discussions

The equilibrium compositions for the carbon dioxide + ethanol binary system
were measured at 333.15 K and the results are plotted in Figure 1. The values are
typically averages offive or six sample measurements. For the VLE
measurements, theuncertainty of the mole fraction in the liquid phase is
typically0.0005.

Figure 2 shows a comparison of the new measurements with existing data [4,12
for the same temperature. A good agreement can be observed, nearly within the
experimental uncertainty.It should be remarked that the data reported by ref. [4
are measured using a static-analytical method with manual phases sampling, while
ref. [12] presents only the liquid phase. A more detailed comparison of our data
with existing literature data at nearest temperatures is made in Figure 3. It can be
noticed that there are significant deviations among the data from different sources,
as Polishuk et al. [5] also remarked. Therefore new experiments are required.
Although it is difficult to appreciate the quality of data, our new measurements are
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in good agreement with those previously measured in our group [4,12] as well as
with those of Cruz et al. [20] and Galicia-Luna et al. [21], which are more recent
and measured with high quality equipments.
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Fig. 1. Pressure composition data for the carbon dioxide + ethanol binary system at
333.15 K.
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Fig. 2. Comparison of measured and literature data for the carbon dioxide + ethanol
system at 333.15 K.

The new data measured in this work and literature data were modeled with the
SRK/HV mixing rules and the reduced UNIQUAC model using a semi-predictive
approach [13,14].

The calculations were made using the software package PHEQ (Phase Equilibria
Database and Applications), developed in our laboratory [15].
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The modeling procedure is explained in detail in our previous works [13,14]. VLE
data at three temperatures near the critical point of the carbon dioxide (i.e.,
293.15, 303.15, and 313.15 K) for the carbon dioxide + ethanol system were
firstly correlated with the SRK equation of state [6] coupled with the HV mixing
rules and the reduced UNIQUAC model (Egs-(8)).
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Fig. 3. Comparison of measured and literature data for the carbon dioxide + ethanol
system at 333 K.

These values of the HV-residual UNIQUAC parametersdndu,;) were used to
obtain a linear dependence with the inverse of the temperature (Eq. (7)).Thus, the

linear equations [13] for the temperature dependence of the reduced UNIQUAC
parametersu, anduy;) are:

u, =196826.3T - 425 ®)
U, =-165316.9T '+ 598. 9)

with u; andT in K. The values of SRK/HV parameters from the linear correlations
were used to predict VLE at higher or lower temperatures.

The results of the calculations by the above procedure are compared with our
experimental data in Figure 4. As can be seen, the agreement between the
experimental data and the calculations results is very good.

Several isotherms comparing the prediction results with experimental data are also
illustrated in Figure 5 (selected literature data). Taking into account the semi

predictive approach used in this work, the VLE prediction for the carbon dioxide
+ ethanol system is reasonable.
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Fig. 4. Comparison of experimental phase equilibrium data with calculated resultsby the
SRK/HV-residual UNIQUAC model for the carbon dioxide + ethanol system.
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6. Conclusions

A visual high-pressure variable volume static-analytic apparatus coupled with
ROLSI™ valves and a GC was used to obtain VLE data for the carbon dioxide +
ethanol system. New experimental data were measured 333.15 K and pressures up
to 105.5 bar. The SRK/HV model with the reduced UNIQUAC model is applied

in modeling the phase behavior of the mixture under study in a semi-predictive
approach. The VLE data of three isotherms measured near room temperature (i.e.,
293.15, 303.15, and 313.15 K) were used to obtain a linear correlation of the HV-
reduced UNIQUAC parameters with the temperature. The values of the
parameters from the linear correlation were used to predict VLE curves. The VLE
data is well predicted taking into account the relative simple model and the semi-
predictive approach used.

REFERENCES

[1] Fonseca J.M.S., Dohrn R., Peper S., Review. High-pressuid-pthase equilibria:
Experimental methods and systems investigated (Z@B). Fluid Phase Equilibria 300
(1-2), (2011), 169.

[2] Dohrn R., Peper S., Fonseca J.M.S., High-pressure fluid-phasibrémjuExperimental
methods and systems investigated (2@004). Fluid Phase Equilibria 288 (1-2), (2010),
1-54.

[3] Christov M., Dohrn R., Review Article. High-pressure flygbdase equilibria: Experimental
methods and systems investigated (39999). Fluid Phase Equilibria 202 (1) (2002),
153-218

[4] Secuianu C., Feroiu YGeana D., Phase behavior for carbon dioxide + ethanol system:
Experimental measurements and modeling with a cubic equation of dtatmal of
Supercritical Fluids 47 (2) (2008), 109116.

[5] Polishukl., Wisniak J., SeguraH., Simultaneous prediction of the critical and sub-critical
phase behavior in mixtures using equation of state |I. Carbon diakiderels. Chemical
Engineering Scien¢&6 (23) (2001), 64856510.

[6] Soave G., Equilibrium constants from a modified Redlich-Kwongaggn of stateChemical
Engineering Scien¢®7 (6) (1972),1197-1203.

[7] Huron M.-J., Vidal J., New mixing rules in simple equatiofistate for representing vapour-
liquid equilibria of strongly non-ideal mixtureBluid Phase Equilibria 3 (4), (1979), 255
271

[8] Feroiu V, Geana D., Prediction of vapor-liquid equilibria at high pressures using activit
coefficients at infinite dilutionFluid Phase Equilibria 120 (+2), (1996), +10.

[9] Geana D., Feroiu V, Prediction of Vapor—Liquid Equilibria at Low and High Pressures from
UNIFAC Activity Coefficients at Infinite Dilution.Industrial & Engineering Chemical
Research37 (3), (1998)1173-1180.

[10] Secuianu C., Feroiu VGeana D., High-pressure phase equilibria for the carbon dioxide plus
methanol and carbon dioxide plus isopropanol syst&asista de Chimjes4 (11), (2003),
874-879.



Sergiu SIMA, Catinca SECUIANU, Viorel FEROIU, D&EANA

[11] Secuianu C., Feroiu MGeana D., High-pressure vapor-liquid equilibria in the system carbon
dioxide and 2-propanol at temperatures from 293.25 K to 323.76u¢nal of Chemical and
Engineering Data48 (6) (2003), 13841386.

[12] SimaS, FeroiuV., Geania D., New High Pressure Vapdriquid Equilibrium and Density
Predictions for the Carbon Dioxide + Ethanol Systdournal of Chemical and Engineering
Data, 56 (12), (2011), 50525059.

[13] Secuianu C., PhD Thesi2004), University“Politehnic& of Bucharest.

[14] SecuianuC., Feroiu V., Geania D., High-pressure vapeliquid and vaporliquid-liquid
equilibria in the carbon dioxide + 1-heptanol systdftuid Phase Equilibria 270 (1-2),
(2008), 109115

[15] Geana D., Rus L., Proceedings of the Romanian International Conference on Cheamistr
Chemical Engineering (RICCCE XIV), Vol. 2, (2005), Bucharest, Romdtages 17d.78.

[16] Lim J.S., Lee Y.Y., Chun H.S., Phase equilibria foboardioxide-ethanol-water system at
elevated pressureshe Journal of Supercritical Fluidg (4), (1994) 219-230.

[17] Nagahama K., Suzuki J., Suzuki T., High pressure vapaidlieguilibria for the supercritical
CO2 + ethanol + water system, in: Perrut, M. (Ed.), (1998), ProcSymhp.Sup. Fluids,
Nice, France, Vol.1143-150.

[18] Suzuki K., Sue H., Itou M., Smith R.L., Inomata, Arai K., Saito S., Isothermal vapor-
liquid equilibrium data for binary systems at high pressures: carboidioxethanol, carbon
dioxide-ethanol, carbon dioxide-1-propanol, methane-ethanol, methprapanol, ethane-
ethanol, and ethane-1-propanol systedosirnal of Chemical and Engineering Dat2b (1)
(1990),63-66.

[19] Joung S.N., Yoo C.W., Shin H.Y., Kim S.Y., YooK, Lee C.S., Huh W.S., Measurements
and correlation of high-pressure VLE of binary CO2-alcohol systems émathethanol, 2-
methoxyethanol and 2-ethoxyethanéluid Phase Equilibria 185 (1-2) (2001), 219230.

[20] Mendoza de la Cruz J.L., Galicia-Luna L.A., Higlessure vapor-liquid equilibria for the
carbon dioxide + ethanol and carbon dioxide + propan-1-ol systems pértgares from
322.36 K to 391.96 KELDATA: The International Electronic Journal of Physico-Chemical
Data, 5, (1999), 157164.

[21] Galicia-Luna L.A., Rodrigue&.O., Richon D., New apparatus for the fast determination of
high-pressure vapor-liquid equilibria of mixtures and of accurate critical pess3aurnal of
Chemical and Engineering Datd5 (2), (2000), 265271.

[22] Hirohama S., Takatsuka T., Miyamoto S., Muto T., Measare and correlation of phase
equilibria for the carbon dioxide-ethanol-water systdournal of Chemical Engineering of
Japan 26, (1993), 408415.

[23] TakishimaS, Saiki K., Arai K., Saito S, Phase equilibria fo€0O,-C;HsOH-H,O system.
Journal of Chemical Engineering of Japd® (1), (1986),48-56.

13¢



Bulletin of the Romanian Chemical Engineering Society, Vol 1, N0142 ISSN 236@697

LONG RANGE TRANSPORT OF HAZARDOUS AEROSOL
PARTICLES. CASE STUDY: INTRUSIONS OVER ROMANIA

Horatiu STEFANIE", Nicolae AJTAI, Alexandru OZUNU

Babes Bolyai University, Faculty of Environmental Science, Department of
Environmental Science, 30 Fantanele Street, 400294, Cluj-Napoca, Romania

Abstract

The main objective of this study is to assess the hazards associated with the
presence of hazardous aerosol particles in Romania using remote sensing
techniques. The hazardous aerosols particles present in the atmosphere have
various origins and are represented by mineral dust, biomass burningadiaies
and volcanic ash. Every type of aerosol has different optical and microphysical
properties. Considering this properties, one can identify the type of particle and its
origins.

Keywords: aerosol, remote sensing, optical properties, hazardous particles.
1. Introduction

This study presents evidences of long range transport of hazardous particles from
different types of sources. Monitoring of such atmospheric particles remainsa
difficult task since aerosol particles are highly inhomogeneousand variable in time
and space. Consequently,aerosol observations have to be global and continuous.
The ground-based aerosol remote sensing contributes significantly to the
understandingof aerosols properties and potential impacts associated.

In Romania the hazardous particles intrusions are monitated stations
belonging to the Romanian Atmospheric 3D Research Observatory (RADO)
Bucharest_Incstation (Lat: 44.34806° N, Long: 26.02972° E; elevation: 93
m),CLUJ_UBB station (Lat: 46.76833° N, Long: 23.55139° E, elevation:
405m)Eforie station (Lat: 44.07500° N, Long: 28.63222° E, elevation: 4@ma
Timisoarastation (Lat: 45.7462° N, Long: 21.22736° E, elevation: 122 m).

The most common intrusions of hazardous particles are represented by mineral
dust, volcanic ash and soot particles from biomass bufhiB{

The saharan mineral dust intrusions that may reach over Europe are a good
example. Even though they occur relatively often, there is a low associated risk to

*Corresponding author - E-maliloratiu.stefanie @ubb.clup (Horatiu Stefanie)
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human health and the environment due to the fact that dust particles are
transported in the upper layers of the atmosphere most of the time.

The volcanic ash proved its hazardous properties in recent history. Althosgh it i
composed of small particles compared to other materials usually ejected during an
eruption, damages and hazards associated can be significant because once in the
atmosphere, is subject to long-range transport processes and spread over large
surfaces [4].

Another example of long range transport of aerosol is the soot particles from
biomass burning. The wildfires may occur in the Balkan Peninsula or in Eastern
Europe, huge amounts of soot being injected into the atmosphere [5].

2. Material and method

Data analyzed in this study were provided by the Romanian Atmospheric 3D
Research Observatory, NASAAERONET stations in Romania equipped with
Cimel CE 318 sun-photometers [6] (Fig. 1). The AERONET network aim is to
provide two types of data: direct Sun spectral data and inversion data derived from
the angular distribution of the sky radiance.

The basic direct sun algorithm parameters used for this study are AOT (Aerosol
Optical Thickness) and Angstrom parameter.

The Aerosol Optical Thickness (AOT)is the degree to which aerosols prevent
the transmission of light through absorption and scattering processes. The aerosol
optical thickness (1) is defined as the integrated extinction coefficient over a

vertical column of unit cross section [7] (GESDISC, 2014

The Angstrom parameter (o) describes the dependency of the aerosol optical
thickness, or aerosol extinction coefficient on wavelength [8]. The first derivative
of AOT with wavelength in a logarithmic scale is known as the Angstrom
parameter (o) [9]. The Angstrom parameter is a good indicator of the aerosol
particle size. Large values of the Angstrom exponent indicate the predominance of
small particle scattering, whereas lower values are associated with coarse
particles.

The inversion data used in this study are the fine and coarse volume
concentrations - and G (un/un?) and the single scattering albedool).

The fine and coarse volume concentration$C.s and G (unT/unt)) retrieved

within the size range 0.05pm < r < 15 pm. The fine and coarse volume
concentrations are calculated using sky radiance almucantar measurements at 440,
675, 870 and 1020 nm and the direct sun measurements (AOT) at the same
wavelengths [1D

Thesingle scattering albedds represented by the ratio of scattering efficiency to
total extinction efficiency at wavelengths corresponding to the sky radiance
measurements.
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HYSPLIT back-trajectories were used to identify different patterns of long range
transport phenomena [11]. Results show intrusion events which can be validated
also by modeling software such as Barcelona Supercomputer’s BSC-DREAMS8b

v2.0 Atmospheric Dust Forecast Systgif)].
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‘ f orie|

Fig. 1. NASA — AERONET - Aerosol Robotic Network stations in Romania
Source: http://aeronet.gsfc.nasa.gov/cgi-bin/type_piece_of map_opera_v2_new

3. Results and discussions

3.1. Mineral dust

A good example of Saharan dust intrusion over Romania occurred ikubgist

2010. Representative for the mineral dust aerosol is a clear bimodal representation
and the predominance of the coarse mode in the size distribution (for AERONET
data, r > 0.6 um, Fig. 2). The Angstrom parameter also has lower values (values<
1.2, Fig.3). Given the fact that mineral dust particles are larger and significantly
less absorbing, the single scattering albegl@) increases or remains neutral with

the increase of A. This are a major characteristic employed in the characterization

of a dust intrusion [13
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Fig. 2. Size distribution for August 182010atCLUJ_UBBAERONET station
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Fig. 3. Angstrom parameterforAugust™ 2010atCLUJ_UBBAERONET station

We also compute a HYSPLIT model backward trajectory for the air mass ove
Cluj-Napoca for 18 August 2010, (Fig. 4), were we can see that the air mass was
near de Saharan desert a few days before arriving over Cluj-Napoca.
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NOAAHYSPLIT MODEL
Backward trajectories ending at 1200 UTC 16 Aug 10
GDAS Meteorological Data

ol ®
s g ! &
=] sy %4
=
-]
=
= .
=
*
@
:% b
Y
I
T
5 [ 10000 &—
(] -
= SN = - 9000
o | gooo m___;:__—’f_r_____ 8000
2 7000
T TS M S I e e
o6 o0 18 12 06 o0 18 12
0BA16 0BA15
Job 10: 30887 Job Start: Sat Oct 16 18:44.07 UTC 2010
Source 1lat 14645 lon.: 23,33 hgts: 6000, 8000, 10000 m AGL
Trajectory Direction: Backward  Duration: 48 hrs ;
Ve | Motion Calculation Mathod: Model Vertical Velocity
Metzorology | 00D0Z 15 Aug 2010 - GDAS1

Fig. 4. NOAA HYSPLIT Backward TrajectoryforAugusti@010

Also, using the Barcelona Super Computer BSC DREAM model, we obtained a
dust load simulation for the same day, simulation which confirm thesaharan dust
intrusion over Romania

BSC-DREAM8b Dust Loading (g/m~2) and 3000m Wind
6h forecast for 18z 16 AUG 10

200 108 0 10E 20E 306  40E  SOE

Fig. 5. BSC-DREAM dust loading simulation for August*12010
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3.2. Volcanic ash

An eruption at Grimsvétn volcano in Iceland occurred in May' 2011.
According to simulations regarding the volcanic ash dispersion made by the
Rheinisches Institut fur Umweltforschung [14] (Fig, éhe ash plume reached
over Northern and North-Eastern parts of Romania in small quantities dufing 26
of May.

PM10 Ho/'m* Level 17 26.05.2011 08 UTC (F+32)

| B 1l

200 400 1000 2000 400

Fig. 6. Rheinisches Institut fir UmweltforschuadrIU simulation of Volcanic Ash
dispersion

Measurements made with the CIMEL sun photometer at the Cluj_UBB
AERONET station determined the presence of volcanic ash particles over Cluj-
Napoca city on May 262014.We can observe an increased AOT (Fig. 7)and the
low values of the Angstrom parameter (Fig. 8) which indicates the predominance
of the coarse particles in the atmosphere associated with the volcanic ash.

144



Long range transport of hazardous aerosol particles. Case study: Intrugofmania

CLUJ_UBB , N 46°46'84", E 23°33'03", ALt 485 h,
¢ Nicolae_Ajtai and Dan_Costin, nicolae.ajtai j.ro and dan_fl.c
Level 2.8 AOT: 26 HAY 2611
071620 © €0.125>
0T_878 ¢ <B,149>
AROT_675 : <8.218>
07,500 <8,334>
1 07448 : 0,407
+ 0T_388 : <B.480)>
=0T 348 <B,549>
0.9
0.8 -
0.7 -
0.6 -
0.5 -
9 I
§ oar 3
E
£ =
el &
E 2
£ 83 z
~ M
7 1]
il 18
g ez ¢
£ 4
& I3
3 I
g e H
4 2
5 I
é ¢
%9ge BT B2 B3 B4 B5 B6 ©7 ©8 W8 e W1 W2 13 04 05 H6 H7 < Hour In GHT
26 ¢- Day in GHT
nay
2011 Yersion 2 0§

Fig. 7. Aerosol Optical Thickness (AOT) for 2&f May 2011 aCLUJ_UBBAERONET
station

CLUJ_UBB , N 46°46°04", E 23°33°03", ALL 405 n,
PI : Nicolae_Ajtai and Dan_Costin, nicolae.ajtaiGubbcluj.ro and dan_fl
fngstron fron Level 1.5 AOT; Data fron 26 HAY 2611
F—<48-870nn_: <1.455>
1.7
1.6 -
o
1.5
nd
1.4 3
=
i
2
A z
g
2 .
g 3
£ ]
& k
5 13- s
< 4
=
£
H -
4 im
H H
@ H
& &
g I}
& &
.2hp B1 W2 B3 B4 B5 W6 B7 b6 W9 We W1 h2 3 W4 15 06 H7 < Hour inenT
26 <- Day in GHT
HAY
2011 Version 2 DS

Fig. 8. Angstrom parameterfor 2&f May 2011 aCLUJ_UBBAERONET station

3.3. Biomass burning aerosols

The main sources of biomass burning aerosols are the wildfires which cower larg
surfaces in Eastern and Southern Europe (Fig.9) in the summer periods. The
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resulting aerosols, which are subjected to long-range transport, can arrive over
Romania.

Fig. 9. Fire Information for Resource Management System (FIRMS, 2012)

The particle size distribution for biomass burning aerosols is mainly dominated by
the accumulation mode. The size of these particles increases the hazard they pose
on human health, small particles penetrating deeper into the respiratory system.
The properties associated with small particle scattering can be observed [13], with
high values of a (1.7 - 2.0), decrease af(1) with increase of A and a pronounced
decrease of the asymmetry parameter to relatively low values.

Although biomass burning smoke is known as an absorbing aerosol due to its high
concentration of black carbon produced by combustion, AERONET data show
that the value of single scattering albedg(})) for smoke varies significantly for
different origins, age, and type.A study regarding the North American forest fires
[15] showed the dependency aiy(A) as a function of time after ignition.
Measurements showed an increasedl) as the fires progressed from intense

burning @o(A) = 0.7) to smoldering combustion (wo(A) = 0.92).

The hazards associated with biomass burning aerosols are represented by
compounds containing nitrates, ammonium, sulphate, organic components and
black carbon [1p
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4. Conclusions

Long range transport of particles is a widespread phenomenon. The aerosols
transported may include hazardous particles with different risk grades. We may
conclude that the most hazardous patrticles for human beings are the volcanic ash
particles. Health effects are not negligible, the inhalation of ash resulting in
respiratory problems and eye irritation. Besides health effects, one of the most
important risk factors concerns aircrafts, due to the strong corrosive effect of the
ash injected to high altitudes, on the engines of the aircrafts. This results in an
increased risk of malfunctions. Ash poses a hazard also to turbine blades and
causes friction scratches on the windshield, resulting in poor visibility.

Dust has a major contribution to the loading of the atmosphere with aerosols,
contributing tothe optical extinction of light through the atmosphere. Saharan dust
intrusions may have an impact on visibility and on some occasions, when
increased concentrations are present at ground level during the deposition, it can
affect the human health.

Biomass burning aerosols may have a significant tagge impact on radiative
forcing and the climate system due to its high absorption.
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Abstract

One of the most concern in (petro)chemical com@exeluding high-
risk plants and reactors used for conducting higldyothermic hazadous
reactions, refers to possible accident consquengben the chemical plants
are located in a close proximity. This study highlis, by using a classical
BLEVE fire model, the importance of the stock viessee, plant capacity,
operating severity, and fuel nature on the accideffiects (radiative heat flux),
consequences (P% of fatalities), and possible Domeffect occurrence at
various distances from the fire source

Keywords: accident consequences and effects, BLEVE fire, butane, alcohols

1. Introduction

(Petro)chemical plants belong to the category of the so-cdlledtical
Infrastructures (CI)” [1], that is social-economic structures which are vital
elements for the proper functioning of a society. Apart from others CI-s like
information technology, telecommunications, energy, transportation systems,
emergency services, nuclear reactors, materials and waste, agriculture and food,
defense industrial base, etc., the chemicak @re subjected to complex risk
analyses, extensive and multi-layer plans for accident prevention and protection,
all being focused on reducing the impact of possible chemical accidents leading to
important casualties [2].

A quite large number of chemical plants belong to this category, by processing
important quantities of hazardous substances at intense temperature and pressure
conditions, or by conducting hazardous reactions or complex physico-chemical
processes, all making these plants potential sources of severe accidents. Besides,
due to a high level of interactions among chemical platform subsystems, and small
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distances between plants, the accident consequences are worse often generating
accidents in-chain (the so-called Domino effects [3,4]).

Even if such plants, including highly sensitive exothermic chemical reactors, are
design to be operated under minimum risk conditions, the market pressure for
getting a high plant productivity leads to set the nominal running point in the
vicinity of the safety limits (in the parametric space). As a consequence, the
presence of uncertainties in the runaway boundaries, random disturbances in
operating parameters, raw-material / recycling variable conditions, catalyst
replacement or reactivity modifications result in the presence of a low but not
negligible technological risk in spite of a tight process control [5,6].

Runaway of such thermally sensitive plants may lead to severe fires when
flammable substance and fuels are manipulated, or to the release of toxic puffs.
The effects and consequences of such chemical accidents strongly depend on the
accident conditions, plant location, severity of plant operation, on-site human
population density, and equipment thermal sensitivity. The investigated process
dynamics and accident scenarios involving the key-equipments are evaluated
through valuable mathematical models for the accident source, outputs
(explosions, fire, toxic substance dispersion), and consequences (percent of
fatalities of humans). Finally, the plant operation risk results from a complex
combination of the plant failure probability, and of the effects and consequences of
a number of different accident scenarios [1,4].

The aim of this paper is to use the classical BLEVE fire model to evaluate the
influence of accident conditions on its consequences and possible Domino effect
occurrence involving storage tank / risky reactors manipulating hazardous fuels.
Few common flammable substances of very different combustion heat are
checked in this respect. The case studies include the butane storage tank of the
maleic anhydride catalytic synthesis plant (with the reactor operated at 1.3-2 atm.,
350-450C, [5]), and alcohols used for biodiesel production (methanol and ethanol
[7]). From safety reasons, the approached intermediate storage tanks do not
contains stocks larger than the necessary for one week of plant continuous
operation. Such BLEVE fires involving very flammable fuels may easily escalate
generating accidents in chain. The considered fireball accident parameters refers
to:

- The influence of théuel mass;

- The influence of thaised model relationship® evaluate the radiative heat
flux at various distance from source;

- The influence of théuel heat of combustiofbutane and alcohols in this case).
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2. BLEVE model relationships and application rule

The worst possible fire accident case considered in most of the chemical plant risk
assessments is théireball (“Boiling Liquid Expanding Vapour Explosion”,
BLEVE). Such an accident happens following a sudden loss of a flammable
superheated liquid or liquefied gas from a pressure tank, leading to the rapid
expansion of the liquid (flashingp the atmosphere.

The blast wave, vessel fragment projectile speed, and fireball itmdgn
following the tank rupture depend on several factors [4i8pe and
properties of the released fuel, the produced expansion energy and its release
rate, shapef the vessel, tgof rupture the presence of neighboring reflecting
surfaces. The materials below their normal boiling point do not produce BLEVE
fires.

\ condensation

I ring
/
CZRN
/ N
H 1\ lofted ~ _ path length (Xc)
1} debris g

|
1
- N
1

L receptor %

Fig. 1. Geometry of a BLEVE fireball.

The effects and consequences of the fireball depends on the flammable liquid
combustion heat, its boiling point / vapour pressure, the released mass, and the
distance to the receptor. The BLEVE characteristics (i.e. fireball diameter,
combustion duration, center height of fireball, and thermal emissive power, Table
1, Fig. 1) can be satisfactorily modelled by using empirical correlations with the
released fuel mass and type, and athmospheric conditions (Table 1). Eventually,
these relationships lead to evaluate the received thermal flux by a receptor
(humans, equipment, etc.) located at a given distance from fire source. This flux is
necessary to evaluate the received thermal radiative dose (DTL) and fire
consequences (P% of fatalities) using the relationships given in the Table 1. The
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received thermal radiation can be evaluated using various assumptions using the
horizontal, or vertical receptor surface model, the Roberts’ formula, or the
Hasegawa-Sato formula. More conservative predictions are given by taking the
maximum of radiative heat flux predicted by all these models.

Table 1
BLEVE fire and Probit models for evaluating the radiative heat flux at the
receptor, and fatality levels at various distancefrom source (after AIChE [4];
Maria et al. [3]).

Variable Relationship

Maximum diameter of the fireball Dimax = 5.8M", (m)

Fireball combustion duration tereve = 0.48M"° (for M < 3011) , (s)
tgLeve = 2.6\/||/6 (for M > 30 t) s (S)

Center height of fireball HgLeve = 0.75Dmax, (M)

Initial ground level hemisphere Dinitiat = 1.3Dmax, (M)

diameter
The emitted flux at fireball surface  E=RM H¢ /(7 DAatsLEVE ), (KW m?)
The horizontal geometrical view Fa1 nor= Hateve (0.5Dma)2/(L2+ HéLEVE)l'S

factor between fireball and receptc
The vertical geometrical view factor £ _ | (95D )2/(L2+ H2 15
between fireball and the receptor " (0-Dma ¥ BLEVE)

Path length from fireball centertoth , _ [ 2 2
receptor Xe= yHpLgve +L° (M)

Path length from fireball surface to _ \/ﬁ
the receptor Xs= JHE gve * L7 - 0.Fmax, (M)

Water partial pressure in air [9] pw= 101325R, exp(14.4114-5328L), (Pa)
Atmospheric transmissivity Tair = 2.020w X%

Received flux at horizontal receptor E; o= zair E F21nor, (KW ni?)

Received flux at vertical receptor  E; = 7air E Farver, (KW mi?)

Received flux (formula of Roberts) g _ = 2 2103RHM*¥/(4n x2), (KW m?)

Received flux (Hasegawa-Sato rule) E, rus = 828M°77Y XE (kW m?)

Maximum radiative heat flux max € nor, Er.ver, Er.rs ErrHs), (KW m’?)

Probit variable Y) (E; in W mi®) Y=-14.9 + 2.56In(t s EVeER3 ) 104)
Thermal radiation intensity thresholc 4.7 kW m?

Notations M = initial mass of the fuel in the fireball (kgl; = distance from fireball center
to the receptor at ground level (mHi; = heat of combustion (kJ KY; R = radiative factor
of H. (adoptedR = 0.4, for fireballs from vessels bursting at dvose the relief set
pressure)T, = ambient air temperature (KRy = relative humidity of air (%).

The fireball accident consequences can be expiesse means of
various models (e.g. F-N curves [4]), but the mmsthmon rule uses the Probit
variable Y(x) evaluated at various distanceg {rom source, and log-linearly
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correlated with the received thermal radiative ddSensequently, the fatality
level P(Y¢,e1(X)), that is P% human fatalities resulting from th@esure of a

population to the radiative dose DTL at varioustaligesx from the fire
source, can be evaluated by means of the geneagiarship [4,8]:

Y-5 Y -5 .
P% =501+ erf , With Y = Y, = k1 +KkoIn(DTL 1
0 ({ |Y—5| [\/E j:l fuel 1 2 ( ) ( )

wherek; andk, are given in Table 1, while the thermal radiative dose DTL =
t gLeveEs 2 /110% is evaluated by using the BLEVE model.

3. Analysis of the case study

The analysis of the influence of BLEVE fire accident conditions on the accident
conseqguences is based on scenario simulations using hominal, but also minimum,
and maximum values of the model parameters specified in Table 2 for the three
considered fuels (butane, methanol, and ethanol stock vessels).

Table 2
The fire conditions and BLEVE model parameter range considered in the accident
sensitivity analysis. The receptor is situated at maximum L = 300 m from fire
source. The ambiental temperature is 298 K. The Pasquill class of stability is D

(neutral).
Model parameter Nominal value Other tested values
(model) (models)

Type of model for the received flux at the

receptor (Er, KW/r) Maximum (Er) Roberts’ model

. 49700 30540 (ethanol)
Heat of Combustion of fuel (kJ/kg) (butane) 23000 (methanol)
Fuel mass in the stock tank at the ignitior 3 days stock 1 days stock (10 t)
moment (1 day stock = 10 t) (30 1) 7 days stock (70 t)

Apart from the maximum radiative heat flux model, the Robers’ formula was
also considered as being explicitly correlated witle combustion heat
(while RHS model does not explicitly include thisrtg. The BLEVE model
outputs are the followings:

e Maximum fireball diameter
Fireball combustion duration
Fireball height
Radiative heat fluxg,) at various distances from source
Heat radiative dose (DTL), and P% of fatalities at various radius around
source.
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4. Results discussion and conclusions

The analysis of the influence of fireball accident conditions on its consequences is
based on scenario simulations using combinations of parameters and models
specified in Table 2. The tank blast involving the butane, methanol, and ethanol

fuel feeding the maleic anhydride and biodiesel production plants respectively is

considered over three different scenarios, depending on its filling level ensuring

one day, three days, or seven days raw-material stock for continuous plant
operation

BLEVE characteristics

BLEVE characteristics

M= 10 t fuel
Roberts' formula -

_____

max Er, (kW/m?)

300

50l SM=30t SN | E |
-M=10t Methinl .,

P(o/o) fatalities

P{o/o) fatalities
o
=2

0 L L
0 50 100 150 200 250
distance from fireball center, (m)

300 0 50 100 150 200 250 300
distance from fireball center, (m)

Fig. 2. (left) The influence of the fireball fuel mass (butane fuel, BLEVE model with the
Max Er formula) and, (right) of the combustion heat of the fuel (butane, ethanol, and
methanol for a = 10 t stock; BLEVE model with only Roberts’ formula) on the accident
effects (radiative flwEr, and P% of fatalities) at various distances from the fireball center
(nominal conditions of Table)2

Scenarios simulations lead to the following conclusions:

e The effect of tankKuel masson the fireball scale is very high (left of Fig. 2),
the percentage of fatalities P(%) and emitted radiative fla®) Eharply
increasing with the involved fuel mass in the fire. As expected, the worst
scenario corresponds to the level of 7 days butane-stock, the vitudeig
higher than the threshold of 37.5 kW?rf4] causing damages to the process
equipment over more than 300 m radius (P% > 40%). Even if the calculated
fireball life-time is short (10-30 seconds) compared to reported minutes
required to cause serious plant damages, the flux intensity is very high (usually
150-400 kW rif at source) possible generating Domino effects in a close
vicinity [3].

e The effect of theused model(see Table 1 relationships) to calculate the
radiative heat flux is also very important (see Roberts’ formula results in Fig.
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2-right vs. the maximum radiative flux model results in Fig. 2-left). To
generate risk assessment in the worst possible scenario, the Max (Er) formula
is recommended. In any simulated alternative, the dangerous radius around
fireball where the radiative flug, > 37.5 kW nif is about 150 m. Also the
possibility of Domino effects generation should be taken into account in
complex accident scenario studies.
e The influence of the fudieat of combustioon the accident consequences, that
is P% fatalities and radiative heat flu Y is also very high. The higher is the
combustion heat (i.e. butane fuel case) the greater is fireball effect, thus
leading to high fatality levels over a larger radius around the fire source (Fig.
2-right). The methanol tank used for biodiesel fuel production exhibits the
lowest fire consequences under similar accident conditions.
As a general conclusion, the BLEVE-fire model is proving to be suitable for
simulating various accident scenario consequences involving industrial plants.
Such models are quite flexible, by accounting for the accident source size, fireball
scale, and environmental conditions. The study points-out the tremendous
importance of considering all parameters influencing the accident magnitude and
occurrence risk directly related to the plant operating severity, its location,
hazardous raw-material stock level, plant proximity, etc.
Such a risk assessment analysis associated to igensitemical plants is of
significant importance in the process design phhséalso during the process
operation and risk management, by adjusting the régvef plant operation
conditions vs. the associated risk. Such a commegident consequence
analysis, completed with evaluation of the incideaturrence frequency may
lead to valuable conclusions related to the dangemperating conditions of
the chemical plants.

Acknowledgment. First author is grateful for the PhD study scholarship offered with
generosity by the Ministry of Education and Scientific Research of Irag.

Notations
Dinitial - initial ground level fireball hemisphere diameter
Dmax - maximum diameter of the fireball
E - the emitted flux at the surface of the fireball
E, - thermal radiation flux received by the receptor
Fs1 - geometrical view factor between fireball and the receptor
Heieve - center height of fireball
H. - heat of combustion
L - distance from fireball center to the receptor at ground level
M - molar H/NB feed ratio, or initial mass of the fuel in the fireball
Pw - water partial pressure in air
P% - percentage of fatalities
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R - radiative factor oH,
Ry - relative humidity of air
taLevE - fireball combustion duration
Ta - ambient air temperature , or cooling agent temperature
X - axial distance
Xe - path length from fireball center to the receptor
Xs - path length from fireball surface to the receptor
Y - probit variale
Greeks
Tair - atmospheric transmissivity
I ndex
a - ambient air
hor - Horizontal
max - Maxim
o] - Initial
ver - Vertical
w - Water
Abbreviations
BLEVE - boiling liquid expanding vapour explosion
Cl - Critical infrastructure
DTL - toxic dose
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