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Abstract

Benzoylecgonine (BE) is the major metabolite of cocaine and ardaminant of emerging
concern often detected in sewage treatment plant (STPiflaents and surface waters. In this
study, an innovative microcapillary film (MCF) array photoreactor made of fluoropolymer
material was used to determine the direct photolysis qudum vyield at 254 nm of
benzoylecgonine. The photolysis quantum yield of BE was fourtd be (6.22+ 0.19)10° mol-
ein’. The proposed methodology was validated by estimating the quamh yield of caffeine
(7.48 -10* + 0.64)10* mol-ein™, which was found in agreement with results publishedni
literature. The MCF uses a very small sample volume (in #horder of 330 pl per meter length
of material) and allows extremely rapid photolysis with a shoricontact time ranging from a
fraction of seconds to few minutes. The novel microfluidibased approach presented in this
study is particularly useful for determining the photochamical behavior of highly priced

pharmaceuticals, illicit drugs, metabolites and uncommon oregulated substances.
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1. Introduction

Miniaturized reactors have attractedignificant interest in the last decaddue to fast
development and application ofmicrofluidics devices [1,2]. Microchannel reactors are very
promising of producing niche or high-added-value fine organic chemicals [3] such as polym
[4], novel pharmaceuticals [5], peptides and biomolecules [@,Tdr carrying highly exothermic
reactions [8]. The advantages associated with the use of microreartsoin comparison to
conventional scale reactor systems shorter reaction times, high yield and selectivitgduced
consumption of reagents andolvents, highly controlled process conditions, high surfacetarea-
volume ratios, extremely efficient heat transfer and memssport, reduced material costs and
increased safety [9-11]n addition, flow microreactors can be directly interfaced with several
analyticalmethodssuch as UV/Vis spectroscopy [12], mass spectrometry [13] andelbography
[14]. Microreactors are also suitable for carrying out photochemical processesjdeneed by
some extended reviews, which collect recent advances in the Boemg and heterogeneous
photochemical transformations for syntheticirposes thus highlighting the potential of
miniaturized photoreactorss cleaner and efficient chemical production platformg15-17].In
order to optimize the design and operatiorof miniaturized photoreactors for chemical process
intensification, and todevelop suitable kinetic models able to predibe performance of these

systens, it is crucial to investigate thefluid-dynamics, the radiation field and other crucial
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operational factors of continuous-flowphotoreactors. Currently, only few papers hsivelied the
effectof these parameters on thefficiency of micro-photoreactors [18-19].

In the presenttudy, a novel fluoropolymer microcapillary film (MCF) photoreactor retent
presented [20jvas used to investigatedhe photolytic degradation of benzoylecgonine (BE), a
major human metabolite of cocaine, whose presence has been oftemedted in Sewage
Treatment Plant (STP) effluents and surface wateoncentrations of 0.1 — 3275hg [21-22]
and of 0.3 — 520 rifj* [23—25] respectivelyBE is so diffused in European surface and ground
waters that its monitoring hasbeen proposed as a statistical indicator for estimating the mwhbe
cocaine users in each region [26,27]. It is particuleglgvant to study the photodegradation of
this emerging environmentabntaminant under U\4s4 irradiation agJV is rapidly being adopted
for polishing STP effluents andor water reuse inirrigation or public works [28,29]Although
concentrationsf BE in sewage and surface watare normally low, a potential negative impact of
the presence of BE and its parent compounds (i.e. ecgdnimajds living organisms cannot be
ruled out [30-32]particularly for watereused in agriculture.

MCF microreactor technology, in this study made of 10 multipd parallel microcapillaries
with a small 200 um internal diameter, is ideal for studyinghe photolysis at U\ss,4 of BE and
other contaminants in water due to several advantages includij [20]: (i) very high UV optical
transparency of the material of construction (>90% according tdhe manufacturer of Teflon-
FEP resin, Dupont); (ii) the irradiation of the solution with straight rays and uniform photon
flux and (iii) small sample volumes which is particularly reeded with controlled substances
such as BE. The manufacturing of the MCF with Teflon-FEP(a material with a similar
refractive index as that of water) allowed the constructiorof the MCF as a continuous plastic
film containing a parallel array of microcapillaries with controlled size and shapg33]. This
study is one of the few examples in literature which uses eo+plwtoreactoto investigate the

photodegradation kineticsof a contaminant of emerging concern.



2. Materials and Methods

2.1. Materials

The MCF was produced by Lamina Dielectrics Ltd (BillingshuAgst Sussex, UK) from Teflon®
FEP (Dupont, USA) using a novel melt-extrusion process B4 Dextran 70 (TdB Consultancy
AB, Sweden) dissolved in water (1000 ppmgs used as a tracer for determining the residence
time distribution (RTD) in the MCF . Hydrogen peroxide (30% v/v), benzoylecgonine (BE,
99.0% wi/w), caffeine (CAF, 99% w/w), methanet90.9% v/v), acetonitrile>99.9% v/v), and

formic acid £95% v/v) were sourced from Sigma-Aldrich (UK). All reagents wereused as

receivedand milli-Q water wasused as solvent in analytical determinations and experiments.

2.2. Experimental apparatus and procedures

The MCF consisted of & mm wide fluoropolymer film with flatsurfaces containingan array of

10 parallel capillaries embedded in the film with length) ©f 2.2 m and mean hydraulic diameter
(d) of 195um (Fig. 1). The diameter of the microcapillaries wasaeined optically using an
optical trinocular stereo zoom microscopeguipped with a digital camera (Nikon SMZ 1500).
Prior to analysis the MCF samples wereimmersed in liquid nitrogen to reduce the elastic
behavior of the filmand avoid deformation of the material during the slicing with afresh razor
blade.

The liquid was pumpedthrough the MCF using a M Series syringe-free liquid handling pump
(Valco Instruments Co. Inc. VICI AG International) capatfi@perating in the flow range of 5 AL
min® to 10 mLin™®. TheRTD experiments required two pumps to flow the water and the tracer
aqueous solution.

The array photoreactaonsisted of theMCF coiled around a tubular germicidal lamp (Germicidal
G8T5, GE Lighting, Northampton, UK) emittingdiation at 254 nmwith a nominal power of 8

W (Fig. 2).The lamp bulb was 302 mm long and with a diameter of 16 mnThe film washeld

in place by two plastic pegsin the center section of the lamp in which light irradiance fwasd
4



uniform. The sectionof the MCF notcoiled around the germicidal lamp wascovered with
aluminum foilto prevent light irradiation. The residence time in the eactor and exposure to
UV was varied by varying the length of MCF coiled over the lamp.

The lamp irradiance and therefore the incident flux in tie capillaries was varied by changing
the nominal power supplied to the lamp from 4.5 W .t0\& using a variable power supply unit.
The reactor was operated ¢gontinuous modeuntil steady state was reached200 s,i.e. 3t0o 5
times the mean hydraulic timg. Samples weréhen collected at both outlet andinlet of the
MCF photoreactor and rapidly analyzed.To avoid operatiomat excessivepressure drap the
solution was recirculated to achieve reaction times higher thaméamresidence time in the
MCF.

All the experimental runs were carried out at room temperd2@réC),and the temperature of
the fluids remained constant along the experiment (data nathown). ThepH of the solutions
wasadjusted using diluted solutions of NaOH and 1$0,. At the end of each experimental run,
the pH of the solutions wasichanged

For RTD determination two pumps connected tan automatic multi-inlet valve was used to
switch the inlet of the MCF frontlean water to the Blue Dextrasolution. Each experiment
started by following water through the microreactor until a basline was established in the
UV detector (see section 2.3). The valve was then switchiedthe tracersolution producing a
step change in concentrationand monitored untilhe outlet reached s@ationary state (i.e., three

to five times the mean residence time).

2.3. Analytical methods

The entire section of the MCF material was imaged real-tmgV for measuring the RTD tracer
using an ActiPix™ D100 UV Area Imaging System microfluidic monit®afaytec, York, UK)

equipped with a 214 nm dichronic filtefhe viscosity of the tracer solution was determined

using aAR1000-N (TA Instrumentsitational rheomegr.



The concentrations of hydrogen peroxide, BE amadfeine in the sampleswere evaluated by
HPLC (1100 Agilent) equipped with a Gemini C18 (Phenomenex) reydrase column and a
diode array UV/VIS detectord(= 232 and 274 nm) and using a mobile phase flowing at 0.8
mLin™t. The mobile phasased for hydrogen peroxide and BE analysesisisted of amixture

of formic acid aqueous solution (25 mM) (A) and acetonitrile (B). ghedientused was as
follows: 7% B to 28% B for 9 min, increased to 50% B in 5 min, constan? fmin, and then
decreased to 35.7% B in 3 min and, finally to 7% B in 5 min. Théile phase for caffeine
analysisconsisted of formicacid aqueous solution (25 mM) (A) and methanol (C). In this case a
linear gradient progressed from 5% C to 80% C in 14 min and thenadedréo the initial
conditionsafter 5 min. The initial and final pH ofhe solutions wasmeasured with an Accumet
Basic AB10 pH-meter. The molabsorption coefficients of caffeine and benzoylecgonine were

estimated using a Perkin Elmer UV/VIS spectrometer (rhachbda 35).

3. Results and discussion

3.1. RTD determination

Rheological measurements were performed to determine thascosity of the RTD tracer as a
function of the shear rate. Figure 3 shows that the tracerodution viscosity remained very
close to that of water and that was unaffected by shear rate.awying the shear rate in the
range 2-1000 &, the ratio between the tracer and water viscosities neained close to 1.0.

The dynamic response of tlermalized cumulative tracer concentration (empty circles) at the
output of the MCF reactor for a step change at two different fmes (0.6 mihin™® and 1.0
mLin™) is shown in Figures 4a—b respectively. Theoretical curve for an ideal Plug Flow
Reactor (PFR, continuous line) apdre convective orLaminar Flow Reactor (LFR, dashed lines)

are also shown.



Although the Reynolds numberas well within the laminar flow regime (6.5 and 10.9 for flow
rates of 0.6 min™ and 1.0 mhin™ respectively)the hydrodynamic behaviorin the reactor
approached that of aaxially dispersed PFR rather than a LFR. Similarbservationshave been
reported inother studies in microreactors[35-38] and it was in agreementth Taylor’'s theory
on axial dispersion in reactors with a sndll ratio [39]

The MCF experimentadlata fitted well a Gaussian cumulative distribution function (CDFhe
mean valuexnd variance of the CDF distributionfitted well both the mean residence time and the
axial dispersion in thesactor. The mean hydraulic time(39.7 s for 1.0 min™ and 66.2 s for
0.6 mLmin™) matched closelythe mean residence time determirfienn the experimental RTD
data (40.5 s and 65.4 s, respectively), whidtp revealed the absence of dead volumes or
sorption of the tracer on the microcapillaries wallg40].

The extent of axial dispersion in the MCF was estimbtefitting RTD data to a PFR with axial
dispersion model, by finding the dimensionlesdispersion numbemp), which is given bythe
ratio of the axialdispersion ) and the product of superficial velocity) (and the reactor length
(L):

Np = = &)

Depending onthe magnitude of axial dispersion,one of the two following PFR with axial

dispersion models was usef0]:

: (L—ut)?
E = 4;‘DL rexp [— —é ] (forNp < 0.01) )
(G)Z 2Ny —2NE-(1—e¢ W
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where E and o represent the residence time distribution and the standardideviaspectively.

Equation 2 can be easily reported as a functiddsadnd the ideal residence time
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The Np values estimated from Equations 3 and 4 for the two flow rate tcmmgliyielded very
similar results (Table 1). Levenspiel reports that a tubelactor can be successfully modeled as a
PFR whenNp is lower than 0.0140], however, otherstudies have shown that even fgy< 0.05,

the PFR modelields very reliable results in term of conversig88]. Therefore, the MCF

photoreactor was considered an ideal PFR in the photolysixgeriments.

3.2. Optical path length

Due to the absence of refractive phenomena [20], it can be eddbat the radiation emitted by the
UV lamp is perpendicular to the surface of the bulb and crosses leotkattor and the reacting
solution without any deviationf path length. Consideringthe circular section of the capillaries,
the optical path lengtls determined by the irtersection between the single UV ray and the
capillary section.

As shown in Figurés, thereis only one rayon each capillarythat crosses the section alaihg
diameter length (chordc-c’). On the other hand, most of the UV rays cross the caedlalong a
path shorter than the diameter (e.g. che@s andb-b’). In consequencethe average diameter of
the capillaries could not be taken as the average optical gragthlin the MCF. In contrast, the
optical path lengthl) of the capillaries was calculated as ratio between the mmgdraulic section

(S and the mean diameter of the capillar@sasfollows:

1=2="% = 150um (5)
This operation corresponds to the mean integral value of the chorakelp&r the incident
radiation. Therefore, the cross section of a single capileay considered to be equivalent to a
rectangle(indicated in Figure 5 as equivalent sectiongriented as shown in Figure 5 and with the
same cross sectional are® @s that of the circular capillary(indicated in Figure 5 as real

section)



3.3. Estimation of lamp U\bs4 photon flux

In order to better characterize the micro-photoreactor, ¥gJubhoton flux g, 2s4) [41] incident
on the reactor was first estimated. For microchannel readtuss parameters difficult to be
directly estimated through radiometric measurements becaws of errors originating from
measuring the flux from very small reactor surfaces and podsle reflection phenomena from
the surrounds. Therefore, the photon flux was estimated &m an indirect approach by
determining the photolysis of an aqueous solution of hydrogenepoxide (reactions § - r3) at

254 nm [42] which was flowed through MCF-.

H202

H,0, WP Hoe k20 =0.55mol@in®  [43] (r)
k
HO° + H,0, —— HO,° + H,0 ky, = 2.710° Lihol*S* [44] (r2)
o o ke gl
HO,° + HO,° = H,0, + 0, k, = 8.310° LMol's* [45] (r3)

Considering the radical specie¢HO,° andHO®) at steady-state, the mass balance diydrogen

peroxideyielded.
d[H,0
| dzr 2 = -2 Qp‘,/254 ‘q)lz_lszz?z (1- eXp(_2'3'l'8?52402'[HZOZD) ©

where 17 is the optical pathlength of the micro-photoreactor, previousliculated (15234m),

"32}152402" the molarabsorption coefficient at 254 nm for hydrogen peroxide (18Bal*em™), V

the volume of reacting system (0.45 m'Lc)i,?szfz" the primary quantum yield of the direct

photolysis of hydrogen peroxide at 254 nm artberesidencetime. The photon fluXq,, ,s," was
estimated by an iterative method which minimized the objective function

(i — cp)?, i.e., the squares of the differences between the calduld and experimental¢”
9



concentrations of hydrogen peroxide [46], whaméis the number of experimental data collected
during the photolysis of $D..

The ordinary differential equation (Eq. 6) was solved using MALAB routine “ode45”, which

is based on the Runge-Kutta method with adaptive stegze. The numerical values for the
UV 254 incident photon fluxes for two nominal lamp powePRs)(and their uncertainties and
percentage standard deviationg ) are reported in Table 2.

The photolysis of hydrogen peroxide determined experimentally was cqrared to the values
predicted by the kineticmodel, and this showed a goof fit (Figure 6).

In order to compare the nominal UV powEx) and the effective one, the latter has been expressed

in watts(Pys,) using the followingequation:

h-N,-c
P2054 — Qp,254 /1 a (7)

where ‘h" is Planck’s constant (6.6B0%* Js), “c” the speed of light in vacuum (3107 mis?),
“N,” Avogadro’s constant(6.0210%%) and ‘" the wavelength of the radiation emitted by the UV

lamp (25410° m).

3.3. Model validation

The accuracy of the modeling methodology for the MClas validated by estimating the
quantum yield of direct photolysis of caffeine a254 nm @525) in the MCF andietermining its
difference from the quantum vyield values reported in liteature. Caffeine is often used as
reference compound since it is considered an anthropogenic markastewater contamination in
surface waters [47]The quantum vyield of caffeine, shown in Table 3, was calcukd using the

sameoptimization procedure previously reported for the estimatidi,, ;54"

d[CAF
CAT) - o2t goar (1 - exp(-23-1-c§45 - [CAFD) ©)
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where the ternis$4F " is the molambsorption coefficient at 254 nm for caffeine (417%hol™*Gm
1), Literature data obtained using different photoreactor designsare also reported.Figure 7
shows the U¥Ys, photodegradation of caffeine in the MCF as a function ofrthdiation time and
the model prediction (equation 8) using the quantum vyield values reporieable 3. The model
was able to predict the photodegradation of caffeine witho@d degree of confidence. The
experimental results (full circlesyere within the results of determined from equation 8 sing

the quantum yields from other studies (dashed line).

3.4. Direct photolysis of benzoylecgonine

The direct photolysis of BE under U\s, irradiation was determined using the MCF
photoreactor. Figure 8 shows that theite of BE photolysisvas not affectedoy pH in the range
from pH 4.0 to 8.0Additional control runs, carried out at pH 4.0, under dark conditions or with
UV 54 irradiation but under an inert atmosphemndrégen bubbling) showed nodifference in the
photolysis of BE with respect to the data reported in Figure & (uztshown). This rules out the
occurrence of hydrolytic mechanisms or photooxidative processe®dhe presence of oxidant
species such hydroxyl radicals or singlet oxygen than may be eMemraduced under aerated
conditions [50].

Following the same methodology reported for caffeine, the quantuoh gfidirect photolysis of
BE (&5%,) was estimated using simultaneously the data collectedl fivo photolytic runs carried
at pH 4.0 and 8.0 under irradiation with the 4dVlamp with a nominal power of @.W
(optimization mode Moreover, with the aim to validate the best estinoditésE,, the results of an
additional photolytic run, carried out at pH 6.0 with theklVamp with a nominal power of 4.5 W,
were modeled without any further adjustment of d@§€, parameterfitting mods.

Table 4 shows the quantum vyield for direct photolysis of&E,, the uncertainty percentage and

standard deviations calculated on each experimental run.
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The graphical comparison of the predicted and measured BE catimgrsrduring the photolytic
process is reported in Figure 9 for the set usamptimization modeand in Figure 10 for the data
used infitting mode The analysis of the figures suggest a high degree of confidétioe proposed

model to predict the photolytic decomposition of BE under the adexegelimental conditions.

4. Conclusions

A MCEF array photoreactor made of fluoropolymer material was charaeteby measuring the
RTD. The flow regime was found to be approximately in the plowg fregion at mean flow
velocities below 1 mihin™. The data of a first set of experimental ramsthe MCF was used to
predict the quantum yield of direct photolysis at 254 nm of caff¢inéd0.64)10* mol-ein™) in
unbuffered agueous solutions.

The estimated value was located within the variabitityge previously identified by others through
the results of measurements carried out in different convehteaetors.

Direct photolysis at 254 nm of benzoylecgonine was investigated pHhrange of 4.0 — 8.0. The
consumption rates were not affected by the pH adopted. photolysis quantum yieldwas
(6.22+0.19)10° mol-ein™.

The results collected demonstrate that the MCF photoreactor, ddoftee present investigation,
is particularly useful for investigating the photochemical bahraxf highly priced pharmaceuticals

and illicit drugs and their human metabolites.
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Abstract

Benzoylecgonine (BE) is the major metabolite of cocaine and aroamnt of emerging concern
often detected in sewage treatment plant (STP) effluents afaces waters. In this study, an
innovative microcapillary film (MCF) array photoreactor madéluoropolymer material was used
to determine the direct photolysis quantum yield at 254 nm of bengoyle®. The photolysis
quantum yield of BE was found to be (628.19)10° mol ein’. The proposed methodology was
validated by estimating the quantum yield of caffeine (7148 + 0.64)10* molein®, which was
found in agreement with results published in literature. The M@E asvery small sample volume
(in the order of 330 pl per meter length of material) and allextsemely rapid photolysis with a
short contact time ranging from a fraction of seconds to fews. The novel microfluidic-based
approach presented in this study is particularly useful for metarg the photochemical behavior

of highly priced pharmaceuticals, illicit drugs, metabolited ancommon or regulated substances.
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1. Introduction

Miniaturized reactors have attracted significant interesheénlast decade due to fast development
and application of microfluidics devices [1,2]. Microchannelators are very promising of
producing niche or high-added-value fine organic chemicals [3) ssc polymers [4], novel
pharmaceuticals [5], peptides and biomolecules [6,7] or for caryighly exothermic reactions
[8]. The advantages associated with the use of microreant@@mparison to conventional scale
reactor systems, are shorter reaction times, high yield dedtigiy, reduced consumption of
reagents and solvents, highly controlled process conditions, higlcesanf@a-to-volume ratios,
extremely efficient heat transfer and mass transport, egldunaterial costs and increased safety [9—
11]. In addition, flow microreactors can be directly interfacétth weveral analytical methods such
as UV/Vis spectroscopy [12], mass spectrometry [13] and chromptogfa4]. Microreactors are
also suitable for carrying out photochemical processes, as evilbgceome extended reviews,
which collect recent advances in the homogeneous and heterogeneous phictdche
transformations for synthetic purposes, thus highlighting the potefhtminiaturized photoreactors
as cleaner and efficient chemical production platforms [15-17].derdo optimize the design and
operation of miniaturized photoreactors for chemical processsifitztion, and to develop suitable
kinetic models able to predict the performance of thesemgstit is crucial to investigate the fluid-

dynamics, the radiation field and other crucial operatianabfs of continuous-flow photoreactors.
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Currently, only few papers have studied the effect of thasgnmeters on the efficiency of micro-
photoreactors [18-19].

In the present study, a novel fluoropolymer microcapillary filmCf photoreactor recently
presented [20] was used to investigate the photolytic degradatbenzoylecgonine (BE), a major
human metabolite of cocaine, whose presence has been oftenetdednn Sewage Treatment
Plant (STP) effluents and surface water at concentratiofslef 3275 nil ™! [21-22] and of 0.3 —
520 ngll™ [23-25] respectively. BE is so diffused in European surface anthd waters that its
monitoring has been proposed as a statistical indicator for esiintiaé number of cocaine users in
each region [26,27]. It is particularly relevant to study the phgtad&ation of this emerging
environmental contaminant under by irradiation as UV is rapidly being adopted for polishing
STP effluents and for water reuse in irrigation or public works2[8 Although concentrations of
BE in sewage and surface waters are normally low, a pateegative impact of the presence of
BE and its parent compounds (i.e. ecgonine) towards living aigantannot be ruled out [30-32],
particularly for water reused in agriculture.

MCF microreactor technology, in this study made of 10 multiplellphraicrocapillaries with a
small 200 um internal diameter, is ideal for studying the phasolgs UVos, of BE and other
contaminants in water due to several advantages including [90fefy high UV optical
transparency of the material of construction (>90% accordirtjetananufacturer of Teflon-FEP
resin, Dupont); (ii) the irradiation of the solution with strgigays and uniform photon flux and (iii)
small sample volumes which is particularly needed with contrdidibtances such as BE. The
manufacturing of the MCF with Teflon-FEP (a material witkimilar refractive index as that of
water) allowed the construction of the MCF as a continuousigfdm containing a parallel array
of microcapillaries with controlled size and shape [33]. Bugly is one of the few examples in
literature which uses a micro-photoreactor to investigate theogégtadation kinetics of a

contaminant of emerging concern.



2. Materials and Methods

2.1. Materials

The MCF was produced by Lamina Dielectrics Ltd (BillingshuAgst Sussex, UK) from Teflon®
FEP (Dupont, USA) using a novel melt-extrusion process [34]. Bexran 70 (TdB Consultancy
AB, Sweden) dissolved in water (1000 ppm) was used as a toaa@términing the residence time
distribution (RTD) in the MCF. Hydrogen peroxide (30% v/v), benzaggdeme (BE,> 99.0%
wiw), caffeine (CAF, 99% w/w), methanot99.9% v/v), acetonitrile>09.9% v/v), and formic
acid £95% v/v) were sourced from Sigma-Aldrich (UK). All reagewesre used as received and

milli-Q water was used as solvent in analytical deteations and experiments.

2.2. Experimental apparatus and procedures

The MCF consisted of a 5 mm wide fluoropolymer film with flafaces containing an array of 10
parallel capillaries embedded in the film with lendth ¢f 2.2 m and mean hydraulic diametdy (
of 195um (Fig. 1). The diameter of the microcapillaries wasieined optically using an optical
trinocular stereo zoom microscope equipped with a digital canNekan( SMZ 1500). Prior to
analysis the MCF samples were immersed in liquid nitrogeedace the elastic behavior of the
film and avoid deformation of the material during the slicinthwai fresh razor blade.

The liquid was pumped through the MCF using a M Series syringeliffaid handling pump
(Valco Instruments Co. Inc. VICI AG International) capati@perating in the flow range of 5 AL
min® to 10 mLin™. The RTD experiments required two pumps to flow the water anttaber
aqueous solution.

The array photoreactor consisted of the MCF coiled around a tudmriaicidal lamp (Germicidal
G8T5, GE Lighting, Northampton, UK) emitting radiation at 254 nitth\a@ nominal power of 8 W
(Fig. 2). The lamp bulb was 302 mm long and with a diameter of 16Tmenfilm was held in place
by two plastic pegs in the center section of the lamp in whattt lIirradiance was found uniform.

The section of the MCF not coiled around the germicidal langpasaered with aluminum foil to
4



prevent light irradiation. The residence time in the reaatat exposure to UV was varied by
varying the length of MCF coiled over the lamp.

The lamp irradiance and therefore the incident flux in the leaip$ was varied by changing the
nominal power supplied to the lamp from 4.5 W to 8.0 W using a varjaoler supply unit. The
reactor was operated in continuous mode until steady state vehgded 200 s, i.e. 3 to 5 times
the mean hydraulic time). Samples were then collected at dudtht and inlet of the MCF
photoreactor and rapidly analyzed. To avoid operation at excessssialrops, the solution was
recirculated to achieve reaction times higher than trenmesidence time in the MCF.

All the experimental runs were carried out at room tempexd®0 °C), and the temperature of the
fluids remained constant along the experiment (data not shown)pHhef the solutions was
adjusted using diluted solutions of NaOH arngE6,. At the end of each experimental run, the pH
of the solutions was unchanged.

For RTD determination two pumps connected to an automatic mtivialve was used to switch
the inlet of the MCF from clean water to the Blue Dextran goluttach experiment started by
following water through the microreactor until a baseline waabéished in the UV detector (see
section 2.3). The valve was then switched to the trackti@o producing a step change in
concentration, and monitored until the outlet reached a statiorzdey(se., three to five times the

mean residence time).

2.3. Analytical methods

The entire section of the MCF material was imaged tiead-in UV for measuring the RTD tracer
using an ActiPix™ D100 UV Area Imaging System microfluidic nieniParaytec, York, UK)
equipped with a 214 nm dichronic filter. The viscosity of the traokrtion was determined using a
AR1000-N (TA Instruments) rotational rheometer.

The concentrations of hydrogen peroxide, BE and caffeine irathples were evaluated by HPLC

(1100 Agilent) equipped with a Gemini C18 (Phenomenex) reverse phasencahd a diode array
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UV/VIS detector § = 232 and 274 nm) and using a mobile phase flowing at 0@imL’. The
mobile phase used for hydrogen peroxide and BE analyses consistedixdfige of formic acid
aqueous solution (25 mM) (A) and acetonitrile (B). The gradient ussdag/follows: 7% B to 28%
B for 9 min, increased to 50% B in 5 min, constant for 2 min, aed tecreased to 35.7% B in 3
min and, finally to 7% B in 5 min. The mobile phase for catednalysis consisted of formic acid
agueous solution (25 mM) (A) and methanol (C). In this case a lgnadient progressed from 5%
C to 80% C in 14 min and then decreased to the initial conditionsbaftén. The initial and final
pH of the solutions was measured with an Accumet Basic AB10 gErnihe molar absorption
coefficients of caffeine and benzoylecgonine were estimatéty us Perkin Elmer UV/VIS

spectrometer (mod. Lambda 35).

3. Results and discussion

3.1. RTD determination

Rheological measurements were performed to determine thesiysof the RTD tracer as a
function of the shear rate. Figure 3 shows that the tracer@ohigcosity remained very close to
that of water and that was unaffected by shear rate. Mptiie shear rate in the range 2-1000 s
the ratio between the tracer and water viscosities rexdailose to 1.0.

The dynamic response of the normalized cumulative tracer coatient{empty circles) at the
output of the MCF reactor for a step change at two different fes (0.6 mihin™® and 1.0
mLin™) is shown in Figures 4a—b respectively. The theoretical ciovean ideal Plug Flow
Reactor (PFR, continuous line) and pure convective or Laminar Reaetor (LFR, dashed lines)
are also shown.

Although the Reynolds number was well within the laminar flogime (6.5 and 10.9 for flow
rates of 0.6 mihin® and 1.0 miin® respectively) the hydrodynamic behavior in the reactor

approached that of an axially dispersed PFR, rather than a &iRlar observations have been



reported in other studies in microreactors [35-38] and it waglieement with Taylor's theory on
axial dispersion in reactors with a sn@l ratio [39].

The MCF experimental data fitted well a Gaussian cumulatistittiition function (CDF). The
mean value and variance of the CDF distribution fitted well de¢hntean residence time and the
axial dispersion in the reactor. The mean hydraulic time %7 1.0 mltin™ and 66.2 s for 0.6
mLin™) matched closely the mean residence time determined frerextperimental RTD data
(40.5 s and 65.4 s, respectively), which also revealedogenae of dead volumes or sorption of the
tracer on the microcapillaries walls [40].

The extent of axial dispersion in the MCF was estimatedtbggfiRTD data to a PFR with axial
dispersion model, by finding the dimensionless dispersion nuidbgrwhich is given by the ratio

of the axial dispersiorDY) and the product of superficial velocity) @nd the reactor length){
Np = — (1)

Depending on the magnitude of axial dispersion, one of the twowiolj PFR with axial

dispersion models was used [40]:

3 (L-ut)?
E = 4ZDL T exp [— ﬁ] (forNp < 0.01) )
2 _r
(%) =2Np —2Nj - (1—e Mp) (forNo>0.01) 3)

whereE ando represent the residence time distribution and the standardideviaspectively.

Equation 2 can be easily reported as a functiddpaind the ideal residence time

B= [ o[- = [ e[ 52 @

The Np values estimated from Equations 3 and 4 for the two flow rate tcmmgliyielded very

similar results (Table 1). Levenspiel reports that a tubelactor can be successfully modeled as a

PFR whenNp is lower than 0.01 [40], however, other studies have shownbatfer Np < 0.05,



the PFR model yields very reliable results in term of comnwer$38]. Therefore, the MCF

photoreactor was considered an ideal PFR in the photolysisrarns.

3.2. Optical path length

Due to the absence of refractive phenomena [20], it can be eddbat the radiation emitted by the
UV lamp is perpendicular to the surface of the bulb and crosses leothattor and the reacting
solution without any deviation of path length. Considering the circelzion of the capillaries, the
optical path length is determined by the intersection betwesingle UV ray and the capillary
section.

As shown in Figure 5, there is only one ray on each capillary thase&s the section along the
diameter length (chord-c’). On the other hand, most of the UV rays cross the caedlalong a
path shorter than the diameter (e.g. cherds andb-b’). In consequence, the average diameter of
the capillaries could not be taken as the average optical gragthlin the MCF. In contrast, the
optical path lengthl) of the capillaries was calculated as ratio between the imgdraulic section
(S and the mean diameter of the capillarsais follows:

1=3="% = 150um 5)
This operation corresponds to the mean integral value of the chordielpér the incident
radiation. Therefore, the cross section of a single capiay considered to be equivalent to a
rectangle (indicated in Figure 5 as equivalent section) oriexgexhown in Figure 5 and with the
same cross sectional aré&y ds that of the circular capillary (indicated in Figbras real section).
3.3. Estimation of lamp U, photon flux

In order to better characterize the micro-photoreactor, thedp¥oton flux @, 2s4) [41] incident

on the reactor was first estimated. For microchannel readtuss parameter is difficult to be

directly estimated through radiometric measurements becaesecs originating from measuring

the flux from very small reactor surfaces and possible tesle@henomena from the surrounds.



Therefore, the photon flux was estimated from an indirect approachtéynil@ng the photolysis
of an aqueous solution of hydrogen peroxide (reactipnrgs) at 254 nm [42] which was flowed

through MCF.

H707

H,0, — 25", 5 Hoe 24272 = 0.55 molein®  [43] (r1)
k
HO° + H,0, —— HO,° + H,0 ky, = 2.710" Lnol*5? [44] (r2)
° o ke 1l
HO,° + HO,° - H,0, + 0, k, = 8.310° Lithol*S* [45] (r3)

Considering the radical specied(,° and HO®) at steady-state, the mass balance on hydrogen

peroxide yielded:
d[H,0
Tl Bt 0 (1 - exp(-23-L el [1,0,1) ©

where 17 is the optical pathlength of the micro-photoreactor, previowsliculated (1523um),

"3?52402” the molar absorption coefficient at 254 nm for hydrogen peroxidé [8ol*@m™), V the

20211

volume of reacting system (0.45 mll)z?;'54 the primary quantum yield of the direct photolysis
of hydrogen peroxide at 254 nm andhe residence time. The photon fli, ,5," was estimated
by an iterative method, which minimized the objective function
> (yi — ¢)?, i.e., the squares of the differences between the ctddul@ and experimentalc”
concentrations of hydrogen peroxide [46], wham&i$ the number of experimental data collected
during the photolysis of #D..

The ordinary differential equation (Eq. 6) was solved using MATLrABtine “ode45”, which is

based on the Runge-Kutta method with adaptive step-size. The ocamexiues for the U,



incident photon fluxes for two nominal lamp poweRs)(and their uncertainties and percentage
standard deviationg{,) are reported in Table 2.

The photolysis of hydrogen peroxide determined experimentally waparenh to the values
predicted by the kinetic model, and this showed a goof fiu(Ei@).

In order to compare the nominal UV powEx) and the effective one, the latter has been expressed
in watts(Pys,) using the following equation:

‘h-N,'c
po., = p,254 -~ a 7)

where ‘h” is Planck’s constant (6.6B0>* Js), “c” the speed of light in vacuum (310° ms?),
“N,” Avogadro’s constant (6.0B0*%) and “4” the wavelength of the radiation emitted by the UV

lamp (25410° m).

3.3. Model validation

The accuracy of the modeling methodology for the MCF was vatiday estimating the quantum
yield of direct photolysis of caffeine at 254 na#€;) in the MCF and determining its difference
from the quantum yield values reported in literature. Caffedr@ften used as reference compound
since it is considered an anthropogenic marker of wastewatemcioation in surface waters [47].
The quantum yield of caffeine, shown in Table 3, was cakdlaising the same optimization

procedure previously reported for the estimatiotygf,s,":

d[CAF
CAT - oot goar . (1 - exp(-23-1-c§45 - [CAFD) ®

where the termieS4F " is the molar absorption coefficient at 254 nm for caffeine (41F®IMGM
Y. Literature data obtained using different photoreactor designalso reported. Figure 7 shows
the UVus, photodegradation of caffeine in the MCF as a function of tleliation time and the

model prediction (equation 8) using the quantum yield values reporfeable 3. The model was

10



able to predict the photodegradation of caffeine with a good defjoemfidence. The experimental
results (full circles) were within the results of detared from equation 8 using the quantum yields

from other studies (dashed line).

3.4. Direct photolysis of benzoylecgonine

The direct photolysis of BE under W irradiation was determined using the MCF photoreactor.
Figure 8 shows that the rate of BE photolysis was not affdéntgaH in the range from pH 4.0 to
8.0. Additional control runs, carried out at pH 4.0, under dark condiipmsth UVys, irradiation
but under an inert atmosphere (nitrogen bubbling), showed no difference photolysis of BE
with respect to the data reported in Figure 8 (data not shown).rdlbs out the occurrence of
hydrolytic mechanisms or photooxidative processes due to the presfeng@lant species such
hydroxyl radicals or singlet oxygen than may be eventually produteer aerated conditions [50].
Following the same methodology reported for caffeine, the quantuoh ¢fidirect photolysis of
BE (#5%,) was estimated using simultaneously the data collected fivo photolytic runs carried
at pH 4.0 and 8.0 under irradiation with the 4d¥lamp with a nominal power of 8.0 W
(optimization mode Moreover, with the aim to validate the best estinoditésE,, the results of an
additional photolytic run, carried out at pH 6.0 with theklVamp with a nominal power of 4.5 W,
were modeled without any further adjustment of d§€, parameterfitting modg.

Table 4 shows the quantum vyield for direct photolysis of@E,, the uncertainty percentage and
standard deviations calculated on each experimental run.

The graphical comparison of the predicted and measured BE catimgrsrduring the photolytic
process is reported in Figure 9 for the set usamptimization modeand in Figure 10 for the data
used infitting mode The analysis of the figures suggest a high degree of confidétioe proposed

model to predict the photolytic decomposition of BE under the adexegelimental conditions.
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4. Conclusions

A MCF array photoreactor made of fluoropolymer material was cteraed by measuring the
RTD. The flow regime was found to be approximately in the plow fregion at mean flow
velocities below 1 mhin™. The data of a first set of experimental runs on the MCFusad to
predict the quantum yield of direct photolysis at 254 nm of caffgihé8:0.64)10* mol-ein?) in
unbuffered aqueous solutions.

The estimated value was located within the variabiityge previously identified by others through
the results of measurements carried out in different convehteaetors.

Direct photolysis at 254 nm of benzoylecgonine was investigated pHhange of 4.0 — 8.0. The
consumption rates were not affected by the pH adopted. The photolysitumugield was
(6.22+0.19)10° mol-ein™.

The results collected demonstrate that the MCF photoreactor, ddoftee present investigation,
is particularly useful for investigating the photochemical beitasf highly priced pharmaceuticals

and illicit drugs and their human metabolites.
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Table

Q (mL Mhin™) 0.6 1.0
Reynolds dimensionless number 6.5 10.9
Theoretical residencetime, 7 (S) 39.7 66.2
Experimental average residence time (s) 40.5 65.4
Np (estimated by Eq.4) 0.0174 0.0223
Np (estimated by Eq.3) 0.0181 0.0229

Table 1




PuOW) | dpass (6ins?) | oy, | Posy (W)
45 | (5.71+0.20)-10°| 0.68 2.69
8.0 | (8.66+0.22)-10°| 0.20 4.08

Table 2




Present work

Shuet al., 2013 [48]

Rivaset al., 2011° [49]

(7.48+0.64)-10"

(3.0+1.0)-10"

(1.8+0.3)-10°

Table 3




O

Benzoylecgonine

ePE = 1684 Limol™om™

(6.2240.19)-10°

Optimization mode
021 (pH 4.0, Py 8W)
0.71 (pH 8.0, Py 8W)

Smulation mode
0.36 (pH 6.0, Py 45W)

Table 4
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Captions

Captions

Fig. 1: Details of microcapillaries acquired through the optidataacope: &) structured plate with
microchannels,k) cross sections of the microchannels.

Fig. 2: Assembled MCF photochemical reactor (Loughborough University).

Fig. 3: Tracer relative viscosity at different shear rates

Fig. 4: Experimental and theoretical normalized tracer condemseduring two experimental runs
carried out with a flow rate of 0.6 rmin’ (a) and 1.0 mImin® (b). (o) Experimental
concentrations=¢) Plug Flow Reactor simulation. (- - -) Laminar Flow Reasimulation.

Fig. 5: Reference simplified scheme for the average optitiali@agth calculation.

Fig. 6: Predicted (solid lines) and experimental (symbols) corat@mstime profiles for KO,
UV s.—photolysis at different nominal lamp powerPy = 8.0 W, [HO,], = 3.85 mM;l Py = 4.5
W, [H20,]o = 4.70 mM. pH =5.5 - 6.0 and T = 25 °C.

Fig. 7: Predicted concentration profiles for photolysis of caffgmesent work data (solid line),
literature (dashed line). Experimental data: full cirpld.= 5.5 — 6.0

Fig. 8: Direct photolysis of BE in bidistilled water at difet pH using a U4 lamp with a
nominal power of 8 W.<: pH 4.0, [BE} 3.1510° mM; [: pH 6.0, [BE}, 2.8810% mM; A: pH
8.0, [BE} 2.7310% mM.

Fig. 9: Calculated (solid line) and experimental (full circe®ncentration profiles for U,
photolysis of BE at pH = 4.0 (left) and pH=8.0 (right)optimization mode. Nominal lamp power:
8W.

Fig. 10: Calculated (solid line) and experimental (full cirabencentration profiles for U,

photolysis of BE at pH = 6.0 ismulation mode. Nominal lamp power: 4.5 W.



Table 1: Calculated parameters for the continuous flow MCF pdattor.

Table 2: Best estimated values for iddphoton flux for different nominal powers of the UV lamp.

* n —ci)? . . . .
¥ a%=% : /W 100 wherec indicates the average experimental concentration0$.H

Table 3: Quantum yields of caffeine in the present work afetemce values from literature

including confidence interval8 DI water, pH = 7.0° Ultra Pure water, pH=5.5-6.0.

Table 4: Best estimated value @<, confidence intervals and standard deviations.



