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Enhanced Wet Air Oxidation: Synergistic Rate Acceleration upon

Effluent Recirculation

Matthew J. Birchmeier and Charles G. Hill, Jr.

Department of Chemical Engineering, University of Wisconsin-Madison, Madison, Wisconsin 53706
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Wet air oxidation(WAOQO) reactions of cellobiose, phenol, and syringis acid were carried out under
mild conditions (155 °C;0.93MPa 02; soluble catalyst, NajPV,Mo,{O,]).  Initial oxidation rates
were rapid but decreased to small values as less reactive oxidation products accumulated.
Recalcitrant oxidation products were consumed more rapidly, however, if additional cellobiose
or phenol was added, a procedure equivalent to recirculation of WAO-reactor effluent. A half-
fraction, factorial investigation was used to correlate rate enhancement with individual
experimental variables: using a two-level design, effluents from the WAQO of cellobiose were
combinedwith unreacted cellobioseand WAQO resumed. The effluents were degraded more rapidly
than could be accounted for by residence time alone. Correlations identified by the factorial
investigation were consistent with oxidation of recalcitrant compounds by highly reactive
intermediates generated during the initially rapid radical-chain autoxidation of unreacted

cellobiose.

Introduction

Wet air oxidation (WAQ)-high-temperature reaction
with oxygen in water—is used to degrade organic
compounds present at low concentrations. To accomplish
this, aqueous organic-waste streams too dilute to be
incinerated economically, or too concentrated or toxic
to be treated biologically, are reacted with oxygen
(1-20 MPa O,) at temperatures from 100 to 350 °C1
Optimally, the dissolved organic compounds would be
oxidized to carbon dioxide and water. Usually, however,
the compounds initially present are partially oxidized
to less reactive derivatives, usually low-molecular-
weight organicacids.2 As the compoundsinitially present
are depleted and the recalcitrant products of their
partial oxidation accumulate, the rate of wet oxidation
decreases dramatically: the apparent rate constant
decreases by an order of magnitude or more. This
decrease in rate limits the usefulness and economic
viability of WAQ processes.

Numerous methods for increasing the rate and
effectiveness of WAO processes have been reported.
Homogeneous catalysts, most notably Cu(ll) salts,?3
increase the overall reaction rate and catalyze the
oxidation of low-molecular-weight organic acids. While
ranging in effectiveness and longevity, heterogeneous
catalysts'd suchas CuO and ZnO on alumina‘ or Ru,
Pd, or Pt on metal—oxide supportsi®> or on more acid-

resistant supports such as activated carbong or graphiteta
have the advantage of being more readily recovered

than homogeneous catalysts. Additional chemical and
physical—chemical modifications, such as the use of

ozone, %7 hydrogen peroxide® photocatalysis,® ultra-
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Figure 1. Proposed process schematic for synergistically en-
hanced wet air oxidation (WAO).

sound,”® and supercritical water,* have also been
reported.

These efforts aim to minimize the accumulation of
recalcitrant organic compounds by introducingreactive
oxidants (including catalytic intermediates) or by use
of more aggressive reaction conditions. However, an
obvious source of reactive oxidants remains underuti-
lized. Specifically, many intermediates of the radical-
chain autoxidationreactions that occur during the early
(rapid) phase of wet oxidation processes (e.g., hydroxyl,
HO" and alkoxyl,RO", radicals) are highly energetic and
highly reactive. Hence, i fa wet oxidation reactor system
is configured appropriately!2 (Figure 1), these reactive
intermediates might be used to degrade recalcitrant
products of partial oxidation. The criterion for syner-
gistic rate acceleration is that the recirculated WAO-
reaction products are consumed at a greater rate than
can be accounted for by residence time alone.

Experimental evidence in supportof this strategy was
provided by Harrison and co-workers,!3 who observed
that the rate of m-xylene degradationwas enhanced by
the simultaneous addition of phenol, a more readily
oxidized substrate. When phenol was present at ap-
preciable concentrations, a "'synergistic’rate enhance-
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ment was observed. Accordingly, once the phenol was
depleted, the rate of m-xylene oxidation returned to its
slow intrinsic value. Analogous "kinetic coupling" phe-
nomena were noted by Boock and Klein in the high-
temperature (300-380 °C) oxidation of mixtures of
aliphatic alcohols and acetic acid. They reported that
the rate of oxidation of acetic acid increased when
simple alcohols such as ethanol were added. Similarly,
Mahajani and co-workers® reported that the rate of
degradation of acetic acid present as one of several
compounds in an industrial waste stream was greater
than that of acetic acid alone. The obvious explanation
for these observations is that the recalcitrant com-
pounds were oxidized by reactive intermediates gener-
ated during radical-chain autoxidation of the more
readily oxidized substrates.

Moreover, the use of recirculation to enhance the
effectiveness of wet oxidation was demonstrated in the
context of an effluent-free (i.e., closed-mill) wood-pulp
delignification technology currently under development
in our laboratory.’> In the catalytic wet oxidation of
lignin and polysaccharide fragments dissolved during
wood-pulp processing, we observed a rapid decrease in
the chemical oxygen demand (COD; mg of O,/L) of the
solution to one-third of its initial value in 0.5 h (150
°C, 0.7 MPa O,, 0.5 M Nas[PV,M0,,0,)]).1>= After the
initial rapid-reaction phase, the rate of COD decrease
sloweddramatically. Asexpected, low-molecular-weight
organic compounds, including succinic and maleic acids
(four-carbon dicarboxylic acids), were identified in the
reaction mixture.:s However, upon further addition of
untreated lignin and polysaccharide fragments, the
recalcitrant products of partial oxidation were readily
oxidized. The rate enhancement was tentatively at-
tributed to oxidation of the recalcitrant compounds by
reactive intermediates of Nas[PV,Mo0,,0.]-mediated
radical-chain autoxidation reactions.1se1712

We herein demonstrate that synergistic acceleration
of the rate of COD decrease can be achieved by recir-
culation of WAO-reactor effluent. The observed oxida-
tion greatly exceeds that expected on the basis of
residence-time considerations alone. Moreover, correla-
tions identified by use of a two-level, half-fraction
factorial investigation are consistent with oxidation of
recalcitrant WAO-reaction products by highly reactive
intermediates generated during rapid radical-chain
autoxidation of unreacted parent compounds. Finally,
the experiments and data analysis described provide a
convenientprotocol forassessingspecificsynergisticrate
enhancements that might be achieved by recirculation
of particular WAO-reactor effluents.

The rate enhancement was quantified by extension
of the lumped-parameter kinetic model applied to wet
oxidation reactions by Li and Gloyna.> Individual
organic compounds were oxidized by O, in the presence
of Nas[PV,Mo0,,0,], a soluble polyoxometalate (POM)
catalyst, and rates of wet oxidation were determined by
measuring the COD of the solutions as a function of
time. To demonstrate synergistic rate enhancement, the
data were first analyzed using the general (lumped-
parameter) kinetic model. In each case, a good fit
between experimental and predicted COD values was
obtained. After the initial rapid-reaction phase of each
wet-oxidation reaction, additional unoxidized substrate
was then added. In the absence of synergistic rate
enhancement, subsequent changes in COD values with
time continued to match those predicted by extension

ofthe lumped-parameter kinetic model. However, when
synergistic rate enhancement occurred, experimentally
determined CODvalueswere substantially smallerthan
those predicted by the model. Design of the two-level,
half-fraction factorial investigation is described in the
Results and Discussion section.

Experimental Section

Materials and Apparatus. Equilibrium mixtures of
sodium salts (pH values of 3.0-3.5) of the a-Keggin
polyoxometalate anions a-Nas. [PV, M0, , O], where
X = 1, 2, 3, Wlth a-Nas[PV2M01004g] (X = 2, POM) the
major species present, were prepared as previously
reported. 52t p-Cellobiose, obtained from Aldrich, sy-
ringic acid, obtained from Alfa Aesar, potassium hydro-
gen phthalate (KHP; KC;HsO,, 99.95%), obtained from
Fisher Scientific, and phenol (99%), obtained from
Mallinckrodt, were used without further purification.
High-pressure gas cylinders containing oxygen (99+%)
and nitrogen (99+%) were obtained from Badger Weld-
ing Supplies, Madison, WI. All experiments were per-
formed in a 1-L pressure vessel (Parr Instrument Co.,
Moline, IL, model 4541) equipped with a gas-entrain-
mentimpeller. The gas-entrainment impeller was oper-
ated at 1200 rpm, at which no mass-transfer limitations
were encountered.s For temperature control, a PID
controller (model CN2010, Omega Engineering, Stam-
ford, CT) was used. Unless otherwise stated, 0.93 MPa
(135 psia) partial pressures of oxygen (at room temper-
ature) were used.

Experimental Methods. In each experiment the
reactor, containingwater, POM, and oxygen, was heated
to 155 °C and maintained at 155 * 2 °C. At the desired
temperature, concentrated 10 mL samples of organic
compounds were injected under nitrogen pressure to
provide specific COD values. Sampling was performed
via a block-and-bleed system, with the sampling line
purged at least twice before each sample was collected.
For acquisition of kinetic data, samples were taken at
regular intervals over several hours. Under the reaction
conditions used, 1 h was sufficient for the rate of COD
decrease to fall to a low value. To simulate the effect of
recirculation of WAO-reactor effluent, “repeated-addi-
tion” experiments were performed: concentrated ali-
quots ofthe unoxidized organic compound were injected
into the Parr reactor at 1-h increments (5-8additions
in total). Samples were removed for COD determination
at the end of each 1-h reaction period, just prior to
injection of the next aliquot. COD values were deter-
mined using Twist-Tube Accu-test vials obtained from
Bioscience, Bethlehem, PA. Corrections for the total
concentration of POM and for the concentration of
reduced POM were made as previously described.z To
avoid the addition of exogenous salts, natural ionic
strengths and pH values were left unadjusted. Initial
pH values of POM-containing solutions ranged from 3.0
to 4.5, with final pH values ranging from 2.7 to 4.4
(small decreases in pH were generally observed). For
uncatalyzed reactions of cellobiose or phenol, initial pH
values ranged from 5 to 7. In the absence of catalyst,
little reaction, and hence little change in the pH values
of the solutions, was observed. However, in the uncata-
lyzed reaction of syringic acid (4.2 mM), some reaction
occurred and the pH of the solution decreased to 2.5
from an initial value of 3.2.

Mathematical Treatment of Reaction-Rate Data.
The lumped-parameter model includes three catego-
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Figure2. Reactionnetworkforthelumped-parametermodel of
Liand Gloyna.»a

ries: unreacted substrate (A), refractory products of
partial oxidation (B), and the final products of complete
oxidation, i.e., carbon dioxide and water (C) (Figure 2).

Along the upper pathway (Figure 2), the organic
substrate is rapidly converted directly to carbon dioxide
and water at a rate characterized by the rate constant
k.. Alternatively, A is partially oxidized to refractory
compounds, collectively labeled B (Figure 2). These
compounds are slowly converted to carbon dioxide and
water. Expressions describing the rates of decrease of
A and B are given in egs 1 and 2, where ki, k,, and ks

—dC,/dt = (k, + ky)C,"{O,)" (1)
—dCp/dt = —ek,C,\"[O,]" + E,CPI0,)7  (2)

are rate constants, C, is the concentration of A, Cs is
the aggregate concentration of B, e is the number of
moles of B derived from 1 mol of A, and m, n, p, and q
areorders ofreaction. Lumped COD values are obtained,
from C, and C; by introduction ofthe conversion factors
a and 3. These conversion factors are defined such that
the products aC, and BC; are the COD values associ-
ated with 1.0 M solutions of A and B, respectively.
Conversion ofegs 1 and 2 to COD units and summation
give the change in COD as a function of time (eq 3),
where it is assumed that the orders of reaction with
respect to both O, and species A are identical for
reactions 1 and 2 in Figure 2.

~dCOD/dt = ok, + kp)C, 0T — efk,Cy™IO,T" +
BksCyIO,1 (3)

In application of their general model, Li and Gloyna»
treated the concentration of oxygen as a constant, and
the orders of reaction with respect to A and B were both
assigned a value of 1. With these assumptions and the
use of an integrating factor, integration of eqs 1 and 2
(in units of COD) gives

COD = COD, e **9 4 CODge ™ ¥ +

é___ff’__z___ =k Rt kst

CODAa kl3 — kll — k’2{e e } (4)
where COD, and COD; are the initial COD values
attributed to A and B, respectively.z

Data Analysis. For each model compound studied,
orders of the reaction were determined by the method
of initial rates. Initial rates were calculated as the
difference between the initial COD of the solution and
the first COD value measured, divided by the time
elapsed between initiation of the reaction and removal
of the first aliquot for analysis (typically 4-5 min).
Orders ofthe reaction with respect to the concentrations
(in COD values) oforganic compounds were determined
using a POM concentration of 0.05 M and an oxygen
pressure of 0.93 MPa. The standard error (calculated
by the LINEST function of Microsoft Excel) of the slope
of the log-logplot of rate versus concentration was
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taken as the uncertainty in the reaction order. Because
it could not be explicitly measured, the order of the
reaction with respect to the COD associated with the
refractory compounds, B, was assigned a value ofunity.
This assumption is consistent with application of the
general model by Li and Gloyna.> Orders ofthe reaction
with respect to the POM concentration and oxygen
partial pressure were determined using concentrations
of organic compounds associated with COD values of
1200 mg of O,/L. POM concentrations were then varied
at constant initial O, pressures of 0.93 MPa, and Po,
values were varied at constant POM concentrations of
0.05 M. The experimentally determined reaction orders
were then employed in the calculation of the kinetic
parameters in egs 3 and 4. Two mathematical methods
were used. In reactions of organic compounds for which
the assumptions required to derive eq 4 were not
applicable (i.e., m 1 1), experimental COD values were
fitto eq 3 using Microsoft Excel to perform the necessary
numerical integrations. A simple Euler method (Dtime
£ 1 min) was employed, and the results were indepen-
dent of the magnitude of the time interval (for Dtime £
1 min). The three parameters in eq 3 (a{k,+k.), eBk;,
and Rks) were then determined by use of the Solver
function in Microsoft Excel. In cases where eq 4 was
applicable (i.e., m = 1, p is assigned a value of unity
and Po, is constant), the kinetic parameters in eq 4 (k'
+k',, k's, and ,BekK’,/a) were obtained by using the Solver
function in Microsoft Excel to fit eq 4 to experimental
COD values. For the model compounds studied, ap-
plicable equations (and mathematical methods) were
used to analyze respective repeated-addition experi-
ments. Details of the half-fraction, factorial study are
provided in the Results and Discussion section.

Results and Discussion

Wet-oxidation experiments were carried out using
three model compounds:22 cellobiose, phenol, and syrin-
gic acid (Figure 3). Interest in these model compounds
arose from our earlier studies: involving catalytic
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Figure 4. WAO ofcellobiose. (O) COD, = 1200 mg of O,/L (3.1
mMincellobiose), 155°C,0.05MPOM, initial oxygenpressure=
0.93 MPa. (x) COD, = 2000 mgofO,/L, 155 °C, no POM, initial
oxygenpressure =0.93MPa.

oxidation of waste streams generated in the processing
of wood pulp. In addition to serving as surrogates for
the lignin and cellulose fragments present in those
waste streams, these model compounds represent com-
pounds present in many industrial waste streams.2

The results are divided into three sections: (1) base-
line kinetic analysis of POM-catalyzed wet-oxidation
reactions of model compounds by fitting COD versus
time data to Li and Gloyna's lumped-parameter model,
(2) use of the kinetic parameters obtained in the
baseline kinetic studies to quantify the rate enhance-
ments obtained upon addition of parent (unreacted)
model compounds to effluents obtained by WAO of the
same parent compounds, and (3) a two-level, half-
fraction factorial investigation of the experimental
parameters responsible for the rate enhancement ob-
served for cellobiose.

Wet Oxidation of Model Compounds. The WAO
of cellobiose (155 °C and 0.93 MPa O,) was carried out
in the absence of catalyst and in the presence of POM
(0.05M). Decreases in COD values of the cellobiose
solutions over 1 h are shown in Figure 4. While little
reaction was observed in the absence of the catalyst,
cellobiose reacted rapidly in the presence of POM. Even
with POM present, however, the rate of reaction de-
creased significantly after the first hour (see Figure 6).

Orders of the reaction with respect to the concentra-
tions of POM and cellobiose (in units of mg of O,/L), and
with respect to the partial pressure of O, were deter-
mined by the method of initial rates (see Data Analysis
in the Experimental Section). For cellobiose concentra-
tions from 400 to 4000 mg of O.,/L (1.0-10 mM), the
order of the reaction with respect to [cellobiose] was 1.4
+ 0.2 (Figure 5). POM concentrations and oxygen
pressures were varied while keeping the initial concen-
tration of cellobiose constant at 1200 mg of O,/L (3.1
mM).

Fg)r POM concentrations from 0.0005 to 0.5 M and
oxygen pressures from 0.38 to 2.85 MPa, orders of the
reaction with respect to oxygen pressure and POM
concentration were both near zero: 0.03 + 0.11 for Po,
and 0.01 £ 0.05 for [POM]. In all cases, the order of the
reaction with respect to the decrease in COD associated
with B (p in eq 3) was assigned a value of 1 (see the
Experimental Section). The indicated values of the
reaction orders were employed in a nonlinear least-
squares regression analysis of the data to determine the
kinetic parameters in eq 3. The resulting mathematical
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Figure5. Apparent initial rate of WAO of cellobiose in the
presence of 0.05 M POM, 155 °C, initial oxygen pressure = 0.93
MPa. Order ofreaction: slope oflog—loglot = 1.4 + 0.2; intercept
= In(k) = -7.7+ 0.7 for k in units of mg of O,°4 L°4 min-.
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Figure 6. WAO of cellobiose. 0.05 M POM, COD, = 1200 mg of
O,/L (3.1 mM in cellobiose), 155 °C, initial pressure of oxygen =
0.93 MPa. The solid line depicts the best-fit curve from eq 3, with
k; = 0.001 26 (mg of O./L)%.4 min?, k, = 0.000 71 (mg of O,/L)°+
min<, and k; = 0.001 29 mint, m = 1.4 (from Figure 5), n =q =
0 (determined experimentally), and p assumed to be unity.
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Figure 7. (O) WAO of phenol in the presence of 0.05 M POM.
COD, = 1200 mg of O,/L (5.4 mM in phenol), 155 °C, initial oxygen
pressure = 0.93 MPa. (x) WAO of phenol in the absence of a
catalyst at the same temperature, initial oxygen pressure, and
phenol concentration. The solid line depicts the best-fit curve for
thePOM-catalyzedreactionk, = 0.002 84 (mg of O,/L)°*s min-?,
k, = 0.000 88 (mg of O,/L)°s min%, and k; = 0; m = 1.5, and n
=0 (determined experimentally).

model (solid line in Figure 6) provides an excellent fit
of the experimental data (open circles) for 3.1 mM
cellobiose(seethefigurecaptionforadditional details).

Experimental CODvaluesfortheWAOofphenol (155
°C and 0.93 MPa O,) are shown in Figure 7. In the
absence of POM, no reaction was observed. The low
reactivity of phenol under the conditions used is con-
sistentwith previous observations.:32:  In the presence
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Figure 8. (O) WAO of syringic acid in the presence of 0.05 M
POM. COD, = 1200 mg of O,/L (4.2 mM in syringic acid), 155 °C,
initial oxygen pressure = 0.93 MPa. (x) WAO of syringic acid in
the absence of a catalyst at the same temperature, initial oxygen
pressure, and syringic acid concentration. The solid line depicts
the best-fit curve for the POM-catalyzed reaction; k; = 0.217 min-,
k, = 0.238 mint, and k; = 0; m = 1, and n = 0 (determined
experimentally).

of POM, however, the COD values decreased rapidly
during the first half hour of the reaction period. At
longer reaction times, however, the reaction rate de-
creased to a low value as the phenol was progressively
converted to less reactive products of partial oxidation.
The initial rate measurements indicated that the order
of the reaction with respect to [phenol] was 1.5 + 0.3
(400-4000 mg of O,L; 1.8-17.9 mM phenol).

POM concentrations and oxygen pressures were
varied while keeping the initial concentration of phenol
constant at 1200 mg of OJ/L (54 mM). For POM
concentrations from 0.05 to 0.5 M and oxygen pressures
from 0.38 to 0.93 MPa, the orders of the reaction with
respect to Po, and [POM] were both near zero. The best-
fit curve for the POM-catalyzed wet oxidation of phenol
was calculated using the mathematical form of eq 3.
Good agreement was obtained between calculated val-
ues (Figure 7, solid line) and experimental values (open
circles; 1200 mg of O,/L of phenol).

Even in the absence of POM, syringic acid initially
reacted at a significant rate with oxygen (Figure 8). In
the presence of POM, there was a very rapid initial
decrease in COD values, followed by early onset of a
slow-reaction phase. After the onset of the slow phase,
the rate of decrease in COD values was notably small.
Unlike the case for cellobiose or phenol, the POM-
catalyzed wet-oxidation reaction was first order (1.1 +
0.2) in [syringic acid] (400-4000 mg of O,/L; 1.4-14
mM). For POM concentrations from 0.05 to 0.5 M and
oxygen pressures from 0.38 to 0.93 MPa, the orders of
the reaction with respect to Po, and [POMI were both
near zero (1200 mg of O,/L; 4.2 mM syringic acid). These
reaction orders were used to determine the Kkinetic
parameters in eq 4. For the POM-catalyzed wet oxida-
tion of syringic acid (1200 mg of O./L), good agreement
was obtained between the COD values calculated using
eq 4 (Figure 8, solid line) and the experimental values
(open circles).

Repeated Addition of Model Compounds. To
model the effects of effluent recirculation, repeated-
addition WAO experiments were performed. In the
repeated-addition experiments, 10-mL aliquots of a
concentrated aqueous solution or slurry of the model
compound were injected (using nitrogen-gas pressure)
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Figure 9. Comparison of COD values predicted using eq 3 (no
synergistic rate enhancement) (x) and actual COD values (O) for
the repeated-addition WAO of cellobiose. 155 °C, initial oxygen
pressure = 0.93 MPa, 1200 mg of O,/L (3.1 mM cellobiose) added
at the start of each cycle, [POMI = 0.05 M. Because of the

synergistic rate enhancement, the actual COD values(O) lie below
those accounted for by residence time alone (x).

into the wet-oxidation reactor at 1-h intervals. At a
reaction temperature of 155 °C, all three model com-
pounds used—cellobiose,phenol, and syringic acid—were
fully dissolved. After injection of the first aliquot of
organic compound, the volume of liquid inside the
reactor was 0.5 L. Upon addition of each aliquot, the
COD of the solution inside the reactor increased in a
stepwise fashion and then decreased over the subse-
quent 1-h interval. The time interval of 1 h was chosen
to provide sufficient time for completion of the early
rapid-reaction phase and for refractory products of
partial wet oxidation to accumulate. Samples were
removed for analysis (COD) at the end of each 1-h time
period prior to injection of the next aliquot. Relative to
total volumes and concentrations, the cumulative ex-
perimental error associated with sampling, injection of
aliquots, and incidental evaporation was negligible (less
than 2.5% per aliquot).

In the first repeated-addition experiment, 10-mL
aliquots of 0.156 M cellobiose (which provided 1200 mg
of O,/L increases in total COD values) were injected into
the reactor at 1-h intervals. The experimental conditions
(155 °C, 0.93 MPa O,, and 0.05 M POM) were the same
as those used in the Kkinetic experiments described
above. The total COD values of the solution measured
after each 1-h reaction period are plotted in Figure 9
(open circles).

Predicted COD values were calculated using the
reaction orders and kinetic parameters obtained from
study of the WAO of cellobiose (i.e., Figures 4-6).
Equation 3 was then used to calculate the total COD
expected at the end of each 1-h interval after addition
of substrate. Each individually calculated COD value
is indicated by an x in Figure 9. Notably, actual COD
values were significantly smaller than those predicted
using eq 3. After each 1-h reaction period, only recal-
citrant WAO products remain. Had no synergistic
enhancement occurred upon subsequent addition of
cellobiose, COD values would have simply decreased
with residence time as predicted using eq 3 (cf. Figure
11). Thus, the smaller than predicted COD values
shown in Figure 9 demonstrate enhanced reaction of the
recalcitrant WAO products.

Similar results were obtained using phenol (1200 mg
of O,/L, 5.4 mM, per aliquot added; Figure 10). As with
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Figure 10. Comparison of COD values predicted using eq 3 (no
synergistic rate enhancement) (x) and actual COD values (O) for
the repeated-addition WAO of phenol. 155 °C, initial oxygen
pressure = 0.93 MPa, 1200 mg of O,/L (5.4 mM of phenol) added
in each cycle, [POM] = 0.05 M.
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Figure 11. Comparison of COD values predicted using eq 4 (no
synergistic rate enhancement) (x) and actual COD values (O) for
the repeated-addition WAO ofsyringic acid. 165 °C, initial oxygen
pressure = 0.93 MPa, 1200 mg of O,/L (4.2 mM) added in each
cycle, [POMI = 0.05 M. In the absence of synergistic rate
acceleration, experimental COD values (O) match those predicted
on the basis of additional residence time alone (x).

cellobiose (Figure 9), actual COD values (open circles
in Figure 10) were significantly smaller than those
predicted using eq 3. This negative deviation again
indicates that, in the presence of added phenol, the
recalcitrant WAO products were consumed at an en-
hanced rate.

A very different result was obtained using syringic
acid (4.2 mM, 1200 mg of O,/L per aliquot; Figure 11).
In contrast to the results observed using cellobiose or
phenol, COD values measured at the end of each 1-h
interval increased in a linear fashion. Moreover, actual
COD values (open circles) agreed closely with those
predicted using eq 4. (Equation 3, which is more general
than eq 4, gives an analogous result.) The close agree-
ment shows that no enhanced consumption of recalci-
trant WAO products occurred. When these results are
compared with those obtained usingcellobiose or phenol,
it is noteworthy that the order of the reaction with
respect to [syringicacid] was close to unity. By contrast,
higher order noninteger values near 1.5 were found for
the reaction order with respect to [cellobiose] and
[phenol]. Although the paucity of the data does not
permit one to draw firm conclusions, the difference in
reaction orders might reflect a fundamental difference
between the mechanism for POM-catalyzed oxidation

of syringic acid and those for cellobiose and phenol. The
observed reaction orders with respect to cellobiose and
phenol may indicate a reaction mechanism involving
initiation and propagation of free-radical species. (Half-
integer orders are frequently observed for reactions
which proceed by free-radical mechanisms.) The reac-
tions of the free-radical species with refractory com-
pounds are a likely mechanism for the enhanced oxi-
dation observed here (see Figures 9 and 10). Conversely,
the order of the reaction with respect to syringic acid
was near unity. In this case no enhancement of the rate
of oxidation was observed (Figure 11). One explanation
for the documented difference between cellobiose and
phenol versus syringic acid and consistent with these
reaction orders is that, under the experimental condi-
tions chosen, oxidation of cellobiose and phenol occurs
via radical-chain autoxidation reactions that involve a
relatively high number of chain-propagation steps before
termination, while syringic acid is oxidized via a less
extensive sequence of elementary reaction steps to give
intermediates that are relatively stable. Apparently,
repeated addition of syringic acid under these mild
conditions results in oxidation of the newly added
material to relatively stable intermediates without
providing a concentration of reactive chain-propagation
intermediates sufficiently high for observation of en-
hanced oxidation of the intermediates already present
in solution. It is also possible that rate enhancement
might be observed for syringic acid under a different
set of reaction conditions. Nonetheless, the close agree-
ment between the observed COD values and those
predicted by eq 4 (see Figure 11) confirms the validity
of the kinetic model. Moreover, comparison of Figures
9-11 demonstrates the usefulness of the expenmental
protocol for rapid evaluation of the rate enhancements
that might result from the recirculation of specific WAO-
reactor effluents.

Half-Fraction Factorial Investigation of the Syn-
ergistic Rate Enhancement of Cellobiose Oxida-
tion. Experimental Design. In the repeated addition
of cellobiose (Figure 9), actual COD values were sub-
stantially smaller than those predicted by eq 3. A two-
level, half-fraction experimental design (2+) was used=
to identify the experimental parameters that correlated
most strongly with the observed rate enhancement. For
this experimental design, only two sequential additions
of cellobiose—rather than multiple additions—were re-
quired. First, an aliquot of cellobiose (which provided a
COD value designated COD) was injected at t = 0 min
and reacted at 155 °C for 89 min (reaction period 1).
The first reaction period was of sufficient duration for
refractory species to form and for the rate of wet
oxidation to decrease to a low value. The COD at the
end of reaction period 1 was designated CODs. The
second reaction period was used to assess the extent to
which the refractory compounds (CODg,) reacted after
an additional aliquot of cellobiose (COD") was intro-
duced. The second aliquot of cellobiose was introduced
at t = 90 min (1 min after the end of reaction period 1).
The COD of the solution 90 min after the start of the
second reaction period was designated COD,,. A typical
reaction profile is shown in Figure 12.

The roles of four experimental parameters, referred
to as the “main effects”, were investigated (Table 1): the
COD associated with cellobiose introduced at the start
of reaction period 1 (COD’), the COD associated with
cellobiose added at the beginning of reaction period 2
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Table 1. Experimental Conditions and Extent of Enhanced Oxidation (d, from Eq 5) for a Two-Level, Half-Fraction
Fractorial Study of Recirculated Effluent from the WAO of Cellobiose at 155°

concn of cellobiose

concn of cellobiose

in reaction period 1 in reaction period 2 concn of pressure of

run no. (mg of O,/L) (mg of O,/L) POM (M) oxygen (MPa) d
1 -~ - ' - - 0.46
2 - - + 0.79
3 - + - + 0.08
4 + -+ - - 0.60
5 - - + + 0.18
6 T+ - + - 1.08
7 - + + - 0.00
8 +’ + + ‘ + 0.31
upper level (+) 5000 , 5000 0.05 2.85 .
lower level (—) © 1000 . © 1000 0.0005 . 0.38

Table 2. Effects of Four Experimental Parameters (Main Effects) on Stynergistic Rate Enhancement (d, from Eq 5)
during the Recirculation of Effluent from the WAO of Cellobiose

parameter estimate of effect significant?
mean value 0.438
concn of cellobiose in reaction period 1 0.511 yes
concn of cellobiose in reaction period 2 —0.381 yes
concentration of POM -0.089 no
0Xygen pressure -0.197 no
95% ClI for the four main effects (3 degrees of freedom) 0.229

6000

&
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Figure 12. Reaction profile for WAO of cellobiose in two reaction
periods, representing recirculation of WAO effluent. COD at the
start of the first reaction period was 5000 mg of O,/L (13 mM
cellobiose); additional cellobiose (1000 mg of O./L, 2.6 mM) was

added at the start ofthe second reaction period; [POM] = 0.0005
M; oxygen pressure = 2.85 MPa.

(COD), the concentration of POM ([POMI), and the
partial pressure of oxygen (Po,).

An assumption implicit in this use and analysis of the
2+ half-fraction design is that three-factor interactions
are negligible.»= In addition, with this half-fraction
design, two-factor interactions are confounded with one
another. Consequently, individual two-factor interac-
tions such as AB or CD, where A, B, C, and D are the
four parameters (main effects) investigated, cannot be
estimated. However, the sums of confounded two-factor
interactions (e.g., the sum AB + CD) can be calculated.
The threshold value for the statistical significance of
each main effect, at a 95% confidence level, was calcu-
lated from the sums of confounded two-factor interac-
tions. To minimize time-dependent biases, the eight
experiments required by this design were performed in
random order. During each of the eight experiments,
four samples were removed for COD analysis during
reaction period 1, and at least 10 samples were removed
during reaction period 2.

To draw quantitative conclusions from the half-
fraction study, it was necessary to define an additional

parameter, 6, which was used to indicate the extent to
which enhanced oxidation occurred during the second
reaction period. This parameter was defined using a
ratio: the actual COD increase during reaction period
2 (CODy, - CODyg) divided by the amount the COD
would have increased had no enhanced oxidation oc-
curred (eq 5). An analogous approach was used by
Harrison and co-workers®= to define the synergistic rate
enhancement observed in the WAO of mixtures of
phenol and m-xylene.

(90 min)(k,,,(CODg) + ycOD” O

=1

The difference in the numerator of eq 5 is the
experimentally observed change in COD during reaction
period 2. The two terms in the denominator sum to the
amount the COD would have changed during reaction
period 2 had no enhanced oxidation occurred. At the end
of reaction period 1, the solution contained refractory
species (CODg). At the beginning of reaction period 2
(t = 90 min), cellobiose (COD"") was added. Hence, the
total COD at the start of reaction period 2 was CODyg,
+ COD". Had no enhanced oxidation occurred, the net
change in COD during the second reaction period would
have equaled the sum of the changes in COD values
associated with two independent (i.e., nonkinetically
coupled) reactions. These changes in COD values are
each represented by a term in the denominator of eq 5:
(1) a decrease in COD associated with the continued wet
oxidation, from t = 90 to 180 min, of COD' (i.e., an
additional 90 min of wet oxidation of CODs, alone at a
rate dictated by k,.) and (2) an increase in COD
associated with the introduction and 90 min wet oxida-
tion (the duration of reaction period 2) of COD alone.

The rate constant k.. was calculated by dividing the
COD decreases observed from t = 180 to 330 min (under
the reaction conditions corresponding to each of the
eight runs; Table 1) by the elapsed time (150 min). In
all cases, changes in COD values during this time
period, and hence k., values, were small (cf. the change
in COD from t = 180 to 330 min in Figure 12). As a
result, uncertainties in d (eq 5) attributable to use of a
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first-order approximation for kslow were negligible. Val-
ues used for the second term in the denominator of eq
5 were determined directly by wet oxidation of cellobiose
at concentrations equal to the upper and lower COD"
values for 90 min under the reaction conditions used in
the eight runs. The experimentally determined scaling
factor, g, was defined so that gCOD "correspondedto
the fraction of COD" left after each 90-min control
reaction. Finally, eq 5 is written in a form that assigns
a value of zero to d when no rate enhancement is
observed. Values of d greater than 0 indicate rate
enhancement; negative values would indicate inhibition.

Impacts of Experimental Variables. A value for
d was calculated for each of the eight runs described in
Table 1. The mean value of 6 and the impacts (positive
and negative) of the four experimental variables on 6
were calculated using the Yates algorithm* (Table 2).
Comparison of the magnitudes of the calculated impacts
with that of the 95% confidence interval (Cl) was used
to determine if the experimental variables were signifi-
cant. A five-fold increase in the concentration of cello-
biose introduced at the beginning of the first reaction
period (COD') resulted in a statistically significant
increase in 6 (a positive impact of 0.510 compared to
the CI of 0.229; Table 2). A five-fold increase in the
concentration of cellobiose injected at the beginning of
the second reaction period (COD") had a negative
impact (-0.380)on 6. Within the range of POM con-
centrations used (0.0005-0.05 M), no correlation be-
tween POM concentration and 6 was found. This lack
of correlation between POM concentration and 6 is
consistent with the zero-order dependence of the initial
reaction rate on catalyst concentration (see Figures 4-6
and eq 3). The effect of O2 partial pressure on d was
less clear. The negative impact of —0.197was somewhat
smaller than the CI (0.229).

The increase in 6 (large positive impact of 0.510)
associated with the five-fold increase in COD is con-
sistent with the rate enhancements observed in the
uncatalyzed oxidations of model-compoundmixtures by
Harrison and co-workers: and Klein. Klein reported
that the initial rate of oxidation of acetic acid was
enhanced by the addition of ethanol, while acetic acid
suppressed the rate of oxidation of ethanol. These
results suggest that acetic acid was able to compete
effectively for the highly reactive intermediates gener-
ated during the wet oxidation of ethanol. Similarly, in
the present investigation the positive impact of COD
values on 6 suggests that the recalcitrant species formed
during reaction period 1 compete for the highly reactive
intermediates generated following subsequent addition
of cellobiose (COD) at the beginning of reaction period
2.

An increase in COD was associated with a negative
impact on 6. In studies of multicomponent mixtures,
Klein® also noted that rates of wet oxidation failed to
follow simple monotonic dependencies on total concen-
trations of organic compounds. (In particular, at certain
concentrations, suppression rather than enhancement
was observed.) Given the complexity of wet-oxidation
reactions, any hypothesis regarding the basis for the
negative impact of the five-fold increase in COD (from
1000 to 5000 mg of O,/L), observed in the present study,
must be regarded as tentative. Nonetheless, the nega-
tive impact is consistent with competition between
refractory species (CODg) and unreacted cellobiose
(COD") for reaction with highly reactive intermediates.

At the lower level of added cellobiose (COD" = 1000 mg
of O,/L), the recalcitrant species that constitute the
CODg, value can compete effectively for highly reactive
intermediates. At the upper COD level (5000 mg of O,/
L), however, the ratio of CODg to COD" is sufficiently
small that the recalcitrant species present compete less
effectively with cellobiose.

Conclusions

Under moderate conditions (155 °C, Po, less than 1.0
MPa, and POM-catalyst concentrations as small as
0.0005 M), additions of cellobiose or phenol to solutions
containing recalcitrant products of incomplete WAO
resulted in enhanced oxidation of the recalcitrant
compounds (low-molecular-weight acids). The results of
a half-fraction factorial investigation were consistent
with oxidation of the recalcitrant compounds by highly
reactive intermediates generated during radical-chain
autoxidation of the added compounds. Together, these
results show that enhanced oxidation of recalcitrant
WAQO-reaction products might be achieved by partial
recirculation of industrial wet-oxidation reactor ef-
fluents. This approach might also be used to advantage
in the reclamation of process water in closed operations
wherein full recirculation of WAO-reactor effluents is
required.
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Nomenclature

A = organic species which are readily oxidized in wet air
oxidation

B = organic species which are difficult to oxidize in wet
air oxidation

Ci = concentration of species i

CI = confidence interval

COD:. = chemical oxygen demand (mg O,/L) at time t

COD = COD added in the first reaction period for two-
stage experiments

COD = COD added in the second reaction period for two-
stage experiments

k: = reaction rate constant (i = 1, 2, or 3) in the model of
Li and Gloynaz=

k'; = pseudo-first-order reaction rate constant which in-
corporates the dependence of the reaction rate on: the
concentration of the oxidant, e.g., k', = k;[O,I"

kqow = reactivity of recalcitrant species from partial oxida-
tion of cellobiose

m, n, p, q = reaction orders with respect to concentrations
of organic species and O,

POM = soluble polyoxometalate catalyst

Po, = oxygen pressure

t = time, min

WAO = wet air oxidation

a = chemical oxygen demand of 1 mol of species A

3 = chemical oxygen demand of 1 mol of species B

g = fraction of chemical oxygen demand remaining after
90 min of reaction

d = extent ofenhancement of mineralization of recalcitrant
species



e = number of moles of B derived from the wet oxidation
of 1 mol of A
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