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Abstract

The catalytic wet air oxidation (CWAO) of phenolshaeen studied in trickled bed
reactor using 2 wt.% platinum supported on carbamofibers (Pt/CNF) as catalyst.
The catalyst was prepared by incipient wetnessegumation, and characterized by N
adsorption, XRD and TEM. The operational varialdagdied and their range were:
total air pressure, temperature, catalyst loadaradr liquid flow rates, and were varied
from 1.0 to 3.0 MPa, 413 to 453 K, 0.5-2.g 150-400 mL/min of air and 0.5-2
mL/min of phenol solution, respectively. The initghenol concentration was 1g/L.
After 3h of reaction, phenol conversions were highan 90% in most of cases, and
total organic carbon (TOC) conversions ranged f&fhno 93%. A high stability of
the catalyst was also demonstrated. A Langmuirdhgood kinetic model was used
to fit experimental data, obtaining satisfactorgulés.

It was demonstrated that Pt/CNF is an efficienalyat for the CWAO of phenol.
High phenol conversion and TOC removal can be m@&dver this catalyst at mild
reaction temperature (433 K) and moderate preg2WeMPa).

Keywords: carbon nanofibers, catalytic wet oxidatikinetic.

1. Introduction

Nowadays, many industries generate large quantfiesjueous wastes containing
organic substances that can not be efficientlytécbdy the conventional methods
(physical, physico-chemical, biological and cherhitaatments), due basically to
their refractoriness and biotoxicity. In fact, treant of these waters has become a
major social, technological, economical and pditjgroblem.
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To overcome the inconveniencies of conventionahtinents methods various
chemical oxidation techniques have emerged in #w tHecades, and they are
increasingly gaining popularity since they havevemadhe potential of converting
harmful organic pollutants into innocuous compousdsh as carbon dioxide and
water. Among them, the processes industrially usesel the non-catalytic wet
oxidation and the supercritical oxidation, whichque&e high pressures and
temperatures, and consequently high cost. Furthermander such extreme
conditions, most materials of construction are sp8ble to stress corrosion cracking
when chloride ions are present in the waste str¢bevec and Pintar, 2007).
Moreover, although both procedures have shown [&ffactiveness, operational
conditions cause high operative and installatiorst.cd&o that, an interesting
alternative is the catalytic wet air oxidation (CWA because the catalyst permits a
significant reduction of the temperature (<473K)dathe pressure (<3 MPa),
increasing the oxidation rate of refractory comptsiand improving the economy of
the process.

Concerning to the type of CWAO catalyst, it is daisle to use a heterogeneous
catalyst since a homogeneous one requires an @ualieparation step. In this sense,
various heterogeneous catalysts have been syrtdesi tested in the last decades,
based mainly on metal oxides of Cu, Zn, Co, Mmmmnoble metals as Ru, Pt, Rh, Ir
or Pd. An intensive research effort is thereforedael to develop a more active
heterogeneous stable catalyst to enable the CWAMetoused for wastewater
treatment. The supports more commonly used innbastry are diverse refractory
oxides such as alumina, silica, zeolite, etc. Tes to that they present a series of
advantages as the fact of being relatively homogesneroducts with stable physico —
chemicals features.

During the past two decades, carbon nanofibers &LNRcluding multiwalled
carbon nanotubes (MWNTS), have attracted extensteeest and attention from both
academia and industry. Due to their novel physitertical and mechanical
properties, CNFs exhibit growing perspectives muanber of potential applications,
especially in heterogeneous catalysis (G. Ovej2d06). One of the advantages of
CNFs used as catalysts and catalyst supports igaksibility of tailoring their
microstructures by proper selection of preparatinathod and controlling their
surface chemistry via surface modification (P. $eP03). The mesoporous
macrostructure with relatively high specific sudaarea and almost completely
exposed external surface of these materials caxpected to reduce the inner pore
diffusion resistance dramatically during the react{J. Garcia, 2006).

In the present work, attention is focused on CWAOpbenol solutions in a
trickled bed reactor, using Pt supported on CNFaslyst. The effect of process
parameters like temperature, pressure, catalydt kaflow and liquid flow, has been
studied. The experimental data were satisfactdtgdfito a Langmuir-Hinshelwood
kinetic model.
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2. Experimental

The catalytic oxidation of aqueous phenol solutiwas carried out in a high
pressure stainless steel continuous fixed bed aedlgngth=300mm, ID 9.2mm),
placed in a controlled temperature oven, with alependent inlet system for gas and
liquid feed with pressure and temperature contopliggment, and separation and
sampling system for the outlet products (ICP Mictoaty Pro).

The synthesis of catalysts was performed in thieygss
1. - Commercial carbon nanofibers (supplied by @rdpgenieria Antolin) were
treated with aqueous solution of HBI&M and were held at reflux for 6h in order to
modify the surface chemistry with carboxylic groupdter that, they were washed
until neutral pH, and dried overnight at 383K.
2. — The active phase was incorporated by wetnegsegnation method using
PtCL(NH,). (Aldrich) as precursor and with a final loading2oivt.% as Pt.
3. — The activation of the catalyst was carried loytreduction under MH, (2:1)
atmosphere at 623K.

Once the catalyst (1 g) has been loaded in theareacd temperature and pressure
have reached their set point values, the liquig(ohaqueous solution, 1g/L) and gas
streams (air as oxidation agent) are mixed and #mter the reactor, flowing along
the catalyst bed. The exited solution goes to aidiggas separation. Samples for
analysis were withdrawn after a period of 6 h openaunder fixed conditions.

The feed and the reaction products were analyzddtermine the phenol and total
organic carbon (TOC) conversion. The phenol comaéinoh in liquid samples was
determined by HPLC (VARIAN ProStar 220/230/240)ngsian UV detector at a
wavelength of 254nm. A C18 reverse phase columrkndlkoma) was used as
stationary phase to separate the phenol from tmeap@axidation products. The
mobile phase was a mixture of 35 % acetonitrile bathnce distilled water with a
flow rate of ImL/min. TOC content of the solutiobhsefore and after reaction was
analyzed using a combustion/non dispersive infrgasl analyzer model Rosemount
Dohrmann DC-190.

The conversion of phenol and TOC were calculatefdlbsvs:

xphe — [Phe], -[Phe], %x100

Phely

X _ [roc]yToc], %100

Toc T [roc}

in which X is percentage conversion, d if the measured concentration value at
initial time, and [ ]is the measured amount at any other time.

The catalyst was characterised by X-ray diffracti@emens D-501), X-ray
fluorescence (PHILIPS PW-1480), transmission etectrmicroscopy (JEOL
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JEL2010), and M adsorption/desorption isotherms at 77K (MicromesitASAP
2010).

3. Reaults and discussion

o Catalyst characterization

Carbon nanofibers used as support had diametenee®et10 and 30 nm and a
length of 1 to 10um. Two TEM micrographs of CNF and Pt/CNF are shawn
Figure 1. The surface groups on the CNF such asGH{OOH, -C=0, which are
incorporated by oxidation, are important to obtidi@ interactions required for a good
distribution of the metal precursor on the CNF scef Oxidation of carbon
nanofibers in nitric acid gave a larger amountlafipum deposited.

From N, physisorption assays, it could be observed thask@pe of adsorption/
desorption isotherm was type Il (IUPAC), and leB4d nf/g BET surface for CNF,
while the metal loading on the support caused aedse in the surface to 188/m
The high external surface area leads to a significacrease in the surface contact
between the liquid reactants (phenol solutions)thedactive phase supported on this
nanostructured host, which is a prerequisite fougte as catalyst support.

The XRD spectra of Pt/CNT catalysts showed in afles, two peaks atb2= 25
and 45° corresponding to (002) and (100) linescifgrom carbon nanofibers, and a
peak at @ = 39.4 that belongs to metallic Pt. From this peiakwas possible
determine the particle size, resulting in an aversige of 10.5 nm, that is in good
agreement with the results from the TEM image.

b
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Fig. 1 TEM micrographs of CNF, a) without metal paes and b) with platinum particles supported on.

* (Oxidation reactions

The oxidation of phenol was first tested in theeslc® of any metal and/or carbon
support. The reaction was run for 5 h under cooniitiof 433K, 2 MPa of total
pressure and flow rates of 300 mL/min of air anf ®iL/min of liquid phase. A
phenol conversion of 1.3% was obtained withoutlgatand 10 % when the run was
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carried out only with the carbon support. Thoseilltesare given in Figure 2 where it
is represented phenol concentration versus timgtream, in steady-state conditions,
and are compared with a run in the same conditatalyzed by Pt/CNF. As it can be
observed, the oxidation reaction mostly occurs wihenmetal catalyst is present and
less than 10 % of phenol conversion is due to ratalgtic wet air oxidation or
adsorption phenomena over CNFs.
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Fig. 2. Phenol oxidation reaction at 433 K with avithout Pt/CNF catalyst.

Next, the effect of different operating variableastbe CWAO was experimentally
tested (Figs. 3-7). Beginning with temperature urég3 shows the low effect of this
parameter on the oxidation of phenol when a salutias treated at three different
temperatures: 413, 433 and 453 K, while the respmdrational variables were
maintained constant. It seems not to improve theusanof removed phenol when the
temperature is raised from 413 to 453 K. Neverggléhe higher the temperature, the
higher the amount of phenol molecules that oxideatton dioxide as it is shown by
the TOC conversion values, specially when the teaipee is increased from 413 to
433 K.
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Fig. 3. Effect of temperature on TOC conversion jpihenol concentration as a function of the readiioe.
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Based on HPLC analysis, it is noted that air catddhpletely oxidized phenol
within 100 min at 433 K, while carboxylic acids wéed from CWAOQO of phenol, are
stable and refractory to mineralization into £&0d BO (Guo and Al-Dahhan, 2006).
Those results are due to the fact that an incremsemperature would favour mass
transfer of the reactants as well as the oxidat@ation rate, giving a higher phenol
conversion (Shing et al., 2004). Experiments wesedoacted to investigate the
formation of CQ and it was confirmed that GQonstitutes the major part of the
carbon balance for these oxidation reactions.

Air pressure was varied from 1.0 to 3.0 MPa. Figdrehows that at a phenol
concentration of 1 g/L, the air pressure had amexgpgble effect in phenol conversion
from 1.0 to 1.5MPa, as well as in TOC conversiosvéitheless, pressures higher
than 2.0 MPa do not seem to improve significartty &amount of oxidized phenol.
Thus, the maximum TOC conversion occurred at 3.@ &% after 300 min). Since
the catalyst removes from the wastewater most®fTtOC, the remaining pollutants
can be further treated using biological processo(&u Al-Dahhan, 2006).
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Fig. 4 Effect of pressure on TOC conversion and pheoncentration as a function of reaction time.

The increase of the air pressure applied seemsavouf the solubility of the
oxygen in the liquid phase until the equilibriunrésched, nearly at 3.0MPa. So that,
pressure values higher than 3.0 MPa will not imprpkienol oxidation.

The influence of liquid flow rate was also testédaious values: 0.5, 1.0 and 2.0
mL/min of phenol solution (1g/L), and the resultstaned are reported in Fig.5. As
can be seen, about 75% of organic compounds weareeded to CQ during the
reaction when the phenol flow rate was fixed at @l5min, but only about a 50%
when the liquid flow rate was increased to 2.0 mhb/nThis reduction is attributed to
the lower space time; therefore the contact timeramthe three phases (phenal,
catalyst and air) is lower too.
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Fig. 5. Effect of liquid flow rate on TOC and phégonversions as a function of the reaction time.

The effect of catalyst load was investigated inrdmgge of 0.5-2.0 g at 433 K and
2.0 MPa, as shown Figure 6. It can be seen thatrl@@C conversion results from
lower catalyst load. It is possible to reach theptete phenol oxidation using 2 g of
Pt/CNF, and the almost complete mineralization leérmol in the same conditions
(93.2%). If it is assumed that wet air oxidation afyanic compounds occurs by
means of free-radicals chain reaction (Lin et2003), the catalyst will induce free-
radicals formation, so the higher the catalyst Jod@ higher the rate of phenol
conversion.
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Fig. 6. Effect of catalyst load on TOC conversiod @henol concentration as a function of the readiime.

Figure 7 reproduce the results of TOC conversiah @menol oxidation obtained
when the air flow rates were varied from 150 to 482l0min, using 1 g of catalyst, at
2.0 MPa of pressure and a temperature of 433 K.

Apart from this, the best result in TOC convers®obtained when a flow rate of
300 mL/min is employed, and strangely the worst when the air flow is increase
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until 400 mL/min. Further studies must be doneriheo to give an explanation to this
behaviour.

It is important to notice that an increase of &wf from 150 to 300 mL/min
produces a significant effect on the activity oé ttatalyst for phenol oxidation, but
the improvement is negligible when the air flovhigher than 300mL/min. This trend
is similar to pressure effect observed in Fig 4tlsat both parameters are closely

related.
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Fig. 7. Effect of air flow rate on TOC conversiordgshenol concentration as a function of the readiioe.

The stability of the catalysts is one of the maspartant aspects in the global
evaluation of the performance of a catalyst. Treeefthe platinum catalyst has been
used twice in order to evaluate this topic. Beftsaise, the catalyst was washed with
water and dried at 383K overnight. After this treant, the catalyst was employed in
two more phenol oxidation reactions at the samelitions in both of cases. The
results can be seen in Fig 8.
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Fig. 8. Phenol oxidation reaction at 433 K, 2.0 MB@OmL/min of air, 0.5 mL/min of phenol, with 1d foesh,
used once and twice Pt/CNF catalyst.

In the oxidation runs presented in Fig. 8, a sldgtrease with time in the activity
of the reused Pt/CNF catalyst for phenol oxidai®mbserved. From FRX analysis
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carried out over fresh and used catalysts, theriffce in platinum weight is less than
0.05%. So, the leaching of active metal was ndgkgiAccording to Pintar et al.
(2001), heterogeneous catalysts based on preciatalan such as Pt, Ru, Pd,
deposited on stable supports are less prone teeactgredient leaching. Phenol is
known to form condensation products (dimmers) m liquid phase during CWAO.
The irreversible adsorption of these condensatimalycts additionally causes coke
catalyst deactivation as observed by Stuber ¢2@05).

+ Kinetic model

In a trickled bed reactor, it is assumed that #mction is only occurring on the
solid phase surface. It is necessary for the ragta transfer into the solid catalytic
phase for the reaction to take place (Maugans agkrnan, 2003). The observed
conversion can be interpreted in terms of a firdeokinetic scheme, where the rate
is directly proportional to the catalyst coveragetbhe organic substrate. The initial
step corresponds to adsorption of phenol, follovssd oxidation of the organic
molecule, desorption of the oxidized radical angyg@n mediated degradation in
solution. Under these conditions, Langmuir-Hinsled type kinetics can be
assumed:

(L/w) kK[ PH
1+K[Ph]

wherew is the active phase concentratiopd(9, k the kinetic rate constark the
phenol adsorption equilibrium constant arRhg the phenol concentration. It is
possible to determine the reaction rates as aimof the catalyst weight, depending
on phenol concentration variation with time:

whereW is the catalyst weight (g) arkdis the molar flow of phenol (mol/h). This
model was solved with the computational program NMAB, function ODE23,
based on a fourth order Runga — Kutta algorithsultang the next expression:

W _ Xppe _ LN A= Xppe)
F K, K, X,[JPhd

where:

Kll.gPhe Dh_l Dg_l J = kapp |:IKgf m:gzs

cat

Ko |L [5k] = Koo
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In Fig. 9 experimental data are compared with thzeeulated from the kinetic
model. As expected, experimental and model datanackose agreement, but do not
exactly overlap. In both cases, when space timeeases the conversion of phenol
also increases.

B Experimental
—— Calculated

WIFphe(dcat™ 9phe)
Fig. 9. Phenol conversions as a function of space (W/F) with Pt/CNF catalyst.

The value of the constants obtained from the mo@eevd.098 g,ch'-g.a* (K1) and
0.057 L-@ne® (K2).

4. Conclusions

It is demonstrated that an effective oxidation gbrenol solution by means of
CWAO process in a trickle-bed reactor, using 2 we#NFC as catalyst is possible.
The maximum rate of phenol conversion and TOC caweris observed at high
catalyst load.

High phenol conversion and TOC removal can be rahoker this catalyst at mild
reaction temperature (433 K) and moderate preg2u@eMPa), with 1 g of catalyst,
and flow rates of 300 mL/min of air and 0.5 mL/mirpbenol solution.

In absence of metallic catalyst, phenol oxidatierfgrmed was less than 10%.

The same Pt/CNF catalyst can be used several times the loss of activity is
negligible.

The experimental data were satisfactory fitted t@aagmuir-Hinshelwood kinetic
model, leading as constants values 0.098h" g.i* (K1) and 0.057 L-ghe" (Ko).
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