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Abstract 

Benzoylecgonine (BE) is the major metabolite of cocaine and a contaminant of emerging 

concern often detected in sewage treatment plant (STP) effluents and surface waters. In this 

study, an innovative microcapillary film (MCF) array photoreactor made of fluoropolymer 

material was used to determine the direct photolysis quantum yield at 254 nm of 

benzoylecgonine. The photolysis quantum yield of BE was found to be (6.22 ±±±± 0.19)����10-3 mol���� 

ein-1. The proposed methodology was validated by estimating the quantum yield of caffeine 

(7.48 ����10-4 ±±±± 0.64)����10-4 mol����ein-1, which was found in agreement with results published in 

literature. The MCF uses a very small sample volume (in the order of 330 µl per meter length 

of material) and allows extremely rapid photolysis with a short contact time ranging from a 

fraction of seconds to few minutes. The novel microfluidic-based approach presented in this 

study is particularly useful for determining the photochemical behavior of highly priced 

pharmaceuticals, illicit drugs, metabolites and uncommon or regulated substances.  
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1. Introduction 

Miniaturized reactors have attracted significant interest in the last decade due to fast 

development and application of microfluidics devices [1,2]. Microchannel reactors are very 

promising of producing niche or high-added-value fine organic chemicals [3] such as polymers 

[4], novel pharmaceuticals [5], peptides and biomolecules [6,7] or for carrying highly exothermic 

reactions [8]. The advantages associated with the use of microreactors in comparison to 

conventional scale reactor systems, are shorter reaction times, high yield and selectivity, reduced 

consumption of reagents and solvents, highly controlled process conditions, high surface-area-to-

volume ratios, extremely efficient heat transfer and mass transport, reduced material costs and 

increased safety [9–11]. In addition,  flow microreactors can be directly interfaced with several 

analytical methods such as UV/Vis spectroscopy [12], mass spectrometry [13] and chromatography 

[14]. Microreactors are also suitable for carrying out photochemical processes, as evidenced by 

some extended reviews, which collect recent advances in the homogeneous and heterogeneous 

photochemical transformations for synthetic purposes, thus highlighting the potential of 

miniaturized photoreactors as cleaner and efficient chemical production platforms [15–17]. In 

order to optimize the design and operation of miniaturized photoreactors for chemical process 

intensification, and to develop suitable kinetic models able to predict the performance of these 

systems, it is crucial to investigate the fluid-dynamics, the radiation field and other crucial 
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operational factors of continuous-flow photoreactors. Currently, only few papers have studied the 

effect of these parameters on the efficiency of micro-photoreactors [18-19]. 

In the present study, a novel fluoropolymer microcapillary film (MCF) photoreactor recently 

presented [20] was used to investigate the photolytic degradation of benzoylecgonine (BE), a 

major human metabolite of cocaine, whose presence has been often documented in Sewage 

Treatment Plant (STP) effluents and surface water at concentrations of 0.1 – 3275 ng⋅L-1 [21–22] 

and of 0.3 – 520 ng⋅L-1 [23–25] respectively. BE is so diffused in European surface and ground 

waters that its monitoring has been proposed as a statistical indicator for estimating the number of 

cocaine users in each region [26,27]. It is particularly relevant to study the photodegradation of 

this emerging environmental contaminant under UV254 irradiation as UV is rapidly being adopted 

for polishing STP effluents and for water reuse in irrigation or public works [28,29]. Although 

concentrations of BE in sewage and surface waters are normally low, a potential negative impact of 

the presence of BE and its parent compounds (i.e. ecgonine) towards living organisms cannot be 

ruled out [30–32], particularly for water reused in agriculture. 

MCF microreactor technology, in this study made of 10 multiple parallel microcapillaries 

with a small 200 µm internal diameter, is ideal for studying the photolysis at UV254 of BE and 

other contaminants in water due to several advantages including [20]: (i) very high UV optical 

transparency of the material of construction (>90% according to the 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 needed 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 construction of the MCF as a continuous plastic 

film containing a parallel array of microcapillaries with contr olled size and shape [33]. This 

study is one of the few examples in literature which uses a micro-photoreactor to investigate the 

photodegradation kinetics of a contaminant of emerging concern. 
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2. Materials and Methods 

2.1. Materials 

The MCF was produced by Lamina Dielectrics Ltd (Billingshurst, West Sussex, UK) from Teflon® 

FEP (Dupont, USA) using a novel melt-extrusion process [34]. Blue Dextran 70 (TdB Consultancy 

AB, Sweden) dissolved in water (1000 ppm) was used as a tracer for determining the residence 

time distribution (RTD) in the MCF . Hydrogen peroxide (30% v/v), benzoylecgonine (BE, ≥ 

99.0% w/w), caffeine (CAF, 99% w/w), methanol (≥99.9%  v/v), acetonitrile (≥99.9% v/v), and 

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

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

 

2.2. Experimental apparatus and procedures 

The MCF consisted of a 5 mm wide fluoropolymer film with flat surfaces containing an array of 

10 parallel capillaries embedded in the film with length (L) of 2.2 m and mean hydraulic diameter 

(d) of 195 µm (Fig. 1). The diameter of the microcapillaries was determined optically using an 

optical trinocular stereo zoom microscope equipped with a digital camera (Nikon SMZ 1500). 

Prior to analysis the MCF samples were immersed in liquid nitrogen to reduce the elastic 

behavior of the film and avoid deformation of the material during the slicing with a fresh razor 

blade. 

The liquid was pumped through the MCF using a M Series syringe-free liquid handling pump 

(Valco Instruments Co. Inc. VICI AG International) capable of operating in the flow range of 5 nL⋅ 

min-1 to 10 mL⋅min-1. The RTD experiments required two pumps to flow the water and the tracer 

aqueous solution. 

The array photoreactor consisted of the MCF coiled around a tubular germicidal lamp (Germicidal 

G8T5, GE Lighting, Northampton, UK) emitting radiation  at 254 nm with a nominal power of 8 

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

in place by two plastic pegs in the center section of the lamp in which light irradiance was found 
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uniform . The section of the MCF not coiled around the germicidal lamp was covered with 

aluminum foil to prevent light irradiation. The residence time in the reactor 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 the capillaries was varied by changing 

the nominal power supplied to the lamp from 4.5 W to 8.0 W using a variable power supply unit. 

The reactor was operated in continuous mode until steady state was reached (≅ 200 s, i.e. 3 to 5 

times the mean hydraulic time). Samples were then collected at both outlet and inlet of the 

MCF photoreactor and rapidly analyzed. To avoid operation at excessive pressure drops, the 

solution was recirculated to achieve reaction times higher than the mean residence time in the 

MCF.  

All the experimental runs were carried out at room temperature (20 °C), and the temperature of 

the fluids remained constant along the experiment (data not shown). The pH of the solutions 

was adjusted using diluted solutions of NaOH and H2SO4. At the end of each experimental run, 

the pH of the solutions was unchanged.   

For RTD determination two pumps connected to an automatic multi-inlet valve was used to 

switch the inlet of the MCF from clean water to the Blue Dextran solution. Each experiment 

started by following water through the microreactor until a baseline was established in the 

UV detector (see section 2.3). The valve was then switched to the tracer solution producing a 

step change in concentration, and monitored until the outlet reached a stationary 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-time in UV for measuring the RTD tracer 

using an ActiPix™ D100 UV Area Imaging System microfluidic monitor (Paraytec, York, UK) 

equipped with a 214 nm dichronic filter. The viscosity of the tracer solution was determined 

using a AR1000-N (TA Instruments) rotational  rheometer.  
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The concentrations of hydrogen peroxide, BE and caffeine in the samples were evaluated by 

HPLC (1100 Agilent) equipped with a Gemini C18 (Phenomenex) reverse phase column and a 

diode array UV/VIS detector (λ = 232 and 274 nm) and using a mobile phase flowing at 0.8 

mL⋅min−1. The mobile phase used for hydrogen peroxide and BE analyses consisted of a mixture 

of formic acid aqueous solution (25 mM) (A) and acetonitrile (B). The gradient used was as 

follows: 7% B to 28% B for 9 min, increased to 50% B in 5 min, constant for 2 min, and then 

decreased to 35.7% B in 3 min and, finally to 7% B in 5 min. The mobile phase for caffeine 

analysis consisted of formic acid 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 then decreased to the initial 

conditions after 5 min. The initial and final pH of the solutions was measured with an Accumet 

Basic AB10 pH-meter. The molar absorption coefficients of caffeine and benzoylecgonine were 

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

 

3. Results and discussion 

3.1.  RTD determination 

Rheological measurements were performed to determine the viscosity of the RTD tracer as a 

function of the shear rate. Figure 3 shows that the tracer solution viscosity remained very 

close to that of water and that was unaffected by shear rate. Varying the shear rate in the 

range 2-1000 s-1, the ratio between the tracer and water viscosities remained close to 1.0. 

The dynamic response of the normalized cumulative tracer concentration (empty circles) at the 

output of the MCF reactor for a step change at two different flow rates (0.6 mL⋅min-1 and 1.0 

mL⋅min-1) is shown in Figures 4a–b respectively. The theoretical curve for an ideal Plug Flow 

Reactor (PFR, continuous line) and pure convective or Laminar Flow Reactor (LFR, dashed lines) 

are also shown.  
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Although the Reynolds number was well within the laminar flow regime (6.5 and 10.9 for flow 

rates of 0.6 mL⋅min-1 and 1.0 mL⋅min-1 respectively) the hydrodynamic behavior in the reactor 

approached that of an axially dispersed PFR, rather than a LFR. Similar observations have been 

reported in other studies in microreactors [35-38] and it was in agreement with Taylor’s  theory 

on axial dispersion in reactors with a small d/L ratio [39]. 

The MCF experimental data fitted well a Gaussian cumulative distribution function (CDF). The 

mean value and variance of the CDF distribution fitted well both the mean residence time and the 

axial dispersion in the reactor. The mean hydraulic time (39.7 s for 1.0 mL⋅min-1 and 66.2 s for 

0.6 mL⋅min-1) matched closely the mean residence time determined from the experimental RTD 

data (40.5 s and 65.4 s, respectively), which also revealed the absence of dead volumes or 

sorption of the tracer on the microcapillaries walls [40].  

The extent of axial dispersion in the MCF was estimated by fitting RTD data to a PFR with axial 

dispersion model, by finding the dimensionless dispersion number (ND), which is given by the 

ratio of the axial dispersion (D) and the product of superficial velocity (u) and the reactor length 

(L):  

�� �  
�
�∙�                                                                          (1) 

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

dispersion models was used [40]: 

� � � �	

��� ∙ ��	 �� �������

���
�

�           (for ND < 0.01)                                                         (2) 

����
 �  !" �  !"  ∙ �# � $� #

!"�     (for ND > 0.01)                                              (3) 

where E and σ represent the residence time distribution and the standard deviation respectively. 

Equation 2 can be easily reported as a function of ND and the ideal residence time τ: 
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The ND values estimated from Equations 3 and 4 for the two flow rate conditions yielded very 

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

PFR when ND is lower than 0.01 [40], however, other studies have shown that even for ND < 0.05, 

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

photoreactor was considered an ideal PFR in the photolysis experiments. 

 

3.2. Optical path length 

Due to the absence of refractive phenomena [20], it can be assumed that the radiation emitted by the 

UV lamp is perpendicular to the surface of the bulb and crosses both the reactor and the reacting 

solution without any deviation of path length. Considering the circular section of the capillaries, 

the optical path length is determined by the intersection between the single UV ray and the 

capillary section. 

As shown in Figure 5, there is only one ray on each capillary that crosses the section along the 

diameter length (chord c-c’). On the other hand, most of the UV rays cross the capillaries along a 

path shorter than the diameter (e.g. chords a-a’ and b-b’). In consequence, the average diameter of 

the capillaries could not be taken as the average optical path length in the MCF. In contrast, the 

optical path length (l) of the capillaries was calculated as ratio between the mean hydraulic section 

(S) and the mean diameter of the capillaries (d) as follows: 

* � 
+
, = 

�∙,�

∙,  = 152 µm                                                                        (5) 

This operation corresponds to the mean integral value of the chords parallel to the incident 

radiation. Therefore, the cross section of a single capillary was considered to be equivalent to a 

rectangle (indicated in Figure 5 as equivalent section) oriented as shown in Figure 5 and with the 

same cross sectional area (S) as that of the circular capillary (indicated in Figure 5 as real 

section). 
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3.3. Estimation of lamp UV254 photon flux 

In order to better characterize the micro-photoreactor, the UV254 photon flux (-.,01
) [41] incident 

on the reactor was first estimated. For microchannel reactors, this parameter is difficult to be 

directly estimated through radiometric measurements because of errors originating from 

measuring the flux from very small reactor surfaces and possible reflection phenomena from 

the surrounds. Therefore, the photon flux was estimated from an indirect approach by 

determining the photolysis of an aqueous solution of hydrogen peroxide (reactions r1 - r3) at 

254 nm [42] which was flowed through MCF. 

 

H0O0 	 					45,	Φ�6�7�8� 			9::::::::; 2	HO° Φ01
>�?� 	= 0.55 mol⋅⋅⋅⋅ein-1       [43] (r1) 

HO° @	H0O0 						AB							9::::; HO0° @ H0O C4 = 2.7⋅107 L⋅mol-1⋅s-1  [44] (r2) 

HO0° @ HO0°	 AD→H0O0 @ O0 C� = 8.3⋅105 L⋅mol-1⋅s-1   [45] (r3) 

 

Considering the radical species (HO0° and HO°� at steady-state, the mass balance on hydrogen 

peroxide yielded: 

 

FGH0O0HFτ �	�2-.,01
I ⋅	Ф01
>�?� 	⋅	K1 � expK�2.3⋅	*⋅	R01
>�?�
⋅	GH0O0HSS    (6) 

 

where “l” is the optical pathlength of the micro-photoreactor, previously calculated (152 µm), 

"R01
>�?�" the molar absorption coefficient at 254 nm for hydrogen peroxide (18.6 L⋅mol-1⋅cm-1), V 

the volume of reacting system (0.45 mL),	"Φ01
>�?�" the primary quantum yield of the direct 

photolysis of hydrogen peroxide at 254 nm and τ the residence time. The photon flux "-.,01
" was 

estimated by an iterative method, which minimized the objective function 	
∑ �VW � XW�0YWZ( , i.e., the squares of the differences between the calculated “y” and experimental “c” 
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concentrations of hydrogen peroxide [46], where “n” is the number of experimental data collected 

during the photolysis of H2O2. 

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

is based on the Runge-Kutta method with adaptive step-size. The numerical values for the 

UV254 incident photon fluxes for two nominal lamp powers (PN) and their uncertainties and 

percentage standard deviations ([%) are reported in Table 2. 

The photolysis of hydrogen peroxide determined experimentally was compared to the values 

predicted by the kinetic model, and this showed a goof fit (Figure 6). 

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

in watts �]01
^ � using the following equation: 

 

]01
^ � -.,01
 ∙ _ ∙ �` ∙ Xa        (7) 

 
where “h” is Planck’s constant (6.63⋅10-34 J⋅s), “c” the speed of light in vacuum (3.0⋅108 m⋅s-1), 

“�b”   Avogadro’s constant (6.02⋅1023) and “λ” the wavelength of the radiation emitted by the UV 

lamp (254⋅10-9 m). 

 

3.3. Model validation 

The accuracy of the modeling methodology for the MCF was validated by estimating the 

quantum yield of direct photolysis of caffeine at 254 nm (Φ01
cde) in the MCF and determining its 

difference from the quantum yield values reported in literature . Caffeine is often used as 

reference compound since it is considered an anthropogenic marker of wastewater contamination in 

surface waters [47]. The quantum yield of caffeine, shown in Table 3, was calculated using the 

same optimization procedure previously reported for the estimation of "-.,01
": 
FGfghH
Fi � 	� -.,01
I ⋅	Φ01
cde	⋅	�1 � exp��2.3⋅	*⋅	R01
cde

⋅	GfghH��        (8) 
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where the term "R01
cde" is the molar absorption coefficient at 254 nm for caffeine (4175 L⋅mol-1⋅cm-

1). Literature data obtained using different photoreactor designs are also reported. Figure 7 

shows the UV254 photodegradation of caffeine in the MCF as a function of the irradiation time and 

the model prediction (equation 8) using the quantum yield values reported in Table 3. The model 

was able to predict the photodegradation of caffeine with a good degree of confidence. The 

experimental results (full circles) were within the results of determined from equation 8 using 

the quantum yields from other studies (dashed line). 

 

3.4. Direct photolysis of benzoylecgonine 

The direct photolysis of BE under UV254 irradiation was determined using the MCF 

photoreactor. Figure 8 shows that the rate of BE photolysis was not affected by pH in the range 

from pH 4.0 to 8.0. Additional control runs, carried out at pH 4.0, under dark conditions or with 

UV254 irradiation but under an inert atmosphere (nitrogen bubbling), showed no difference in the 

photolysis of BE with respect to the data reported in Figure 8 (data not shown). This rules out the 

occurrence of hydrolytic mechanisms or photooxidative processes due to the presence of oxidant 

species such hydroxyl radicals or singlet oxygen than may be eventually produced under aerated 

conditions [50].        

Following the same methodology reported for caffeine, the quantum yield of direct photolysis of 

BE (Φ01
kl ) was estimated using simultaneously the data collected from two photolytic runs carried 

at pH 4.0 and 8.0 under irradiation with the UV254 lamp with a nominal power of 8.0 W 

(optimization mode). Moreover, with the aim to validate the best estimate of Φ01
kl , the results of an 

additional photolytic run, carried out at pH 6.0 with the UV254 lamp with a nominal power of 4.5 W, 

were modeled without any further adjustment of the Φ01
kl parameter (fitting mode).  

Table 4 shows the quantum yield for direct photolysis of BE Φ01
kl , the uncertainty percentage and 

standard deviations calculated on each experimental run. 
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The graphical comparison of the predicted and measured BE concentrations during the photolytic 

process is reported in Figure 9 for the set used in optimization mode and in Figure 10 for the data 

used in fitting mode. The analysis of the figures suggest a high degree of confidence of the proposed 

model to predict the photolytic decomposition of BE under the adopted experimental conditions. 

 

4. Conclusions 

A MCF  array photoreactor made of fluoropolymer material was characterized by measuring the 

RTD. The flow regime was found to be approximately in the plug flow region at mean flow 

velocities below 1 mL⋅min-1. The data of a first set of experimental runs on the MCF was used to 

predict the quantum yield of direct photolysis at 254 nm of caffeine ((7.48±±±±0.64)����10-4 mol�ein-1) in 

unbuffered aqueous solutions.  

The estimated value was located within the variability range previously identified by others through 

the results of measurements carried out in different conventional reactors.  

Direct photolysis at 254 nm of benzoylecgonine was investigated in the pH range of 4.0 – 8.0. The 

consumption rates were not affected by the pH adopted. The photolysis quantum yield was 

(6.22±±±±0.19)����10-3 mol�ein-1.  

The results collected demonstrate that the MCF photoreactor, adopted in the present investigation, 

is particularly useful for investigating the photochemical behavior of highly priced pharmaceuticals 

and illicit drugs and their human metabolites.  
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Abstract 

Benzoylecgonine (BE) is the major metabolite of cocaine and a contaminant of emerging concern 

often detected in sewage treatment plant (STP) effluents and surface waters. In this study, an 

innovative microcapillary film (MCF) array photoreactor made of fluoropolymer material was used 

to determine the direct photolysis quantum yield at 254 nm of benzoylecgonine. The photolysis 

quantum yield of BE was found to be (6.22 ± 0.19)�10-3 mol� ein-1. The proposed methodology was 

validated by estimating the quantum yield of caffeine (7.48 �10-4 ± 0.64)�10-4 mol�ein-1, which was 

found in agreement with results published in literature. The MCF uses a very small sample volume 

(in the order of 330 µl per meter length of material) and allows extremely rapid photolysis with a 

short contact time ranging from a fraction of seconds to few minutes. The novel microfluidic-based 

approach presented in this study is particularly useful for determining the photochemical behavior 

of highly priced pharmaceuticals, illicit drugs, metabolites and uncommon or regulated substances.  
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1. Introduction 

Miniaturized reactors have attracted significant interest in the last decade due to fast development 

and application of microfluidics devices [1,2]. Microchannel reactors are very promising of 

producing niche or high-added-value fine organic chemicals [3] such as polymers [4], novel 

pharmaceuticals [5], peptides and biomolecules [6,7] or for carrying highly exothermic reactions 

[8]. The advantages associated with the use of microreactors in comparison to conventional scale 

reactor systems, are shorter reaction times, high yield and selectivity, reduced consumption of 

reagents and solvents, highly controlled process conditions, high surface-area-to-volume ratios, 

extremely efficient heat transfer and mass transport, reduced material costs and increased safety [9–

11]. In addition, flow microreactors can be directly interfaced with several analytical methods such 

as UV/Vis spectroscopy [12], mass spectrometry [13] and chromatography [14]. Microreactors are 

also suitable for carrying out photochemical processes, as evidenced by some extended reviews, 

which collect recent advances in the homogeneous and heterogeneous photochemical 

transformations for synthetic purposes, thus highlighting the potential of miniaturized photoreactors 

as cleaner and efficient chemical production platforms [15–17]. In order to optimize the design and 

operation of miniaturized photoreactors for chemical process intensification, and to develop suitable 

kinetic models able to predict the performance of these systems, it is crucial to investigate the fluid-

dynamics, the radiation field and other crucial operational factors of continuous-flow photoreactors. 
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Currently, only few papers have studied the effect of these parameters on the efficiency of micro-

photoreactors [18-19]. 

In the present study, a novel fluoropolymer microcapillary film (MCF) photoreactor recently 

presented [20] was used to investigate the photolytic degradation of benzoylecgonine (BE), a major 

human metabolite of cocaine, whose presence has been often documented in Sewage Treatment 

Plant (STP) effluents and surface water at concentrations of 0.1 – 3275 ng⋅L-1 [21–22] and of 0.3 – 

520 ng⋅L-1 [23–25] respectively. BE is so diffused in European surface and ground waters that its 

monitoring has been proposed as a statistical indicator for estimating the number of cocaine users in 

each region [26,27]. It is particularly relevant to study the photodegradation of this emerging 

environmental contaminant under UV254 irradiation as UV is rapidly being adopted for polishing 

STP effluents and for water reuse in irrigation or public works [28,29]. Although concentrations of 

BE in sewage and surface waters are normally low, a potential negative impact of the presence of 

BE and its parent compounds (i.e. ecgonine) towards living organisms cannot be ruled out [30–32], 

particularly for water reused in agriculture. 

MCF microreactor technology, in this study made of 10 multiple parallel microcapillaries with a 

small 200 µm internal diameter, is ideal for studying the photolysis at UV254 of BE and other 

contaminants in water due to several advantages including [20]: (i) very high UV optical 

transparency of the material of construction (>90% according to the 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 needed 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 construction of the MCF as a continuous plastic film containing a parallel array 

of microcapillaries with controlled size and shape [33]. This study is one of the few examples in 

literature which uses a micro-photoreactor to investigate the photodegradation kinetics of a 

contaminant of emerging concern. 
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2. Materials and Methods 

2.1. Materials 

The MCF was produced by Lamina Dielectrics Ltd (Billingshurst, West Sussex, UK) from Teflon® 

FEP (Dupont, USA) using a novel melt-extrusion process [34]. Blue Dextran 70 (TdB Consultancy 

AB, Sweden) dissolved in water (1000 ppm) was used as a tracer for determining the residence time 

distribution (RTD) in the MCF. Hydrogen peroxide (30% v/v), benzoylecgonine (BE, ≥ 99.0% 

w/w), caffeine (CAF, 99% w/w), methanol (≥99.9%  v/v), acetonitrile (≥99.9% v/v), and formic 

acid (≥95% v/v) were sourced from Sigma-Aldrich (UK). All reagents were used as received and 

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

 

2.2. Experimental apparatus and procedures 

The MCF consisted of a 5 mm wide fluoropolymer film with flat surfaces containing an array of 10 

parallel capillaries embedded in the film with length (L) of 2.2 m and mean hydraulic diameter (d) 

of 195 µm (Fig. 1). The diameter of the microcapillaries was determined optically using an optical 

trinocular stereo zoom microscope equipped with a digital camera (Nikon SMZ 1500). Prior to 

analysis the MCF samples were immersed in liquid nitrogen to reduce the elastic behavior of the 

film and avoid deformation of the material during the slicing with a fresh razor blade. 

The liquid was pumped through the MCF using a M Series syringe-free liquid handling pump 

(Valco Instruments Co. Inc. VICI AG International) capable of operating in the flow range of 5 nL⋅ 

min-1 to 10 mL⋅min-1. The RTD experiments required two pumps to flow the water and the tracer 

aqueous solution. 

The array photoreactor consisted of the MCF coiled around a tubular germicidal lamp (Germicidal 

G8T5, GE Lighting, Northampton, UK) emitting radiation at 254 nm with a nominal power of 8 W 

(Fig. 2). The lamp bulb was 302 mm long and with a diameter of 16 mm. The film was held in place 

by two plastic pegs in the center section of the lamp in which light irradiance was found uniform. 

The section of the MCF not coiled around the germicidal lamp was covered with aluminum foil to 
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prevent light irradiation. The residence time in the reactor 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 the capillaries was varied by changing the 

nominal power supplied to the lamp from 4.5 W to 8.0 W using a variable power supply unit. The 

reactor was operated in continuous mode until steady state was reached (≅ 200 s, i.e. 3 to 5 times 

the mean hydraulic time). Samples were then collected at both outlet and inlet of the MCF 

photoreactor and rapidly analyzed. To avoid operation at excessive pressure drops, the solution was 

recirculated to achieve reaction times higher than the mean residence time in the MCF.  

All the experimental runs were carried out at room temperature (20 °C), and the temperature of the 

fluids remained constant along the experiment (data not shown). The pH of the solutions was 

adjusted using diluted solutions of NaOH and H2SO4. At the end of each experimental run, the pH 

of the solutions was unchanged.   

For RTD determination two pumps connected to an automatic multi-inlet valve was used to switch 

the inlet of the MCF from clean water to the Blue Dextran solution. Each experiment started by 

following water through the microreactor until a baseline was established in the UV detector (see 

section 2.3). The valve was then switched to the tracer solution producing a step change in 

concentration, and monitored until the outlet reached a stationary 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-time in UV for measuring the RTD tracer 

using an ActiPix™ D100 UV Area Imaging System microfluidic monitor (Paraytec, York, UK) 

equipped with a 214 nm dichronic filter. The viscosity of the tracer solution was determined using a 

AR1000-N (TA Instruments) rotational rheometer.  

The concentrations of hydrogen peroxide, BE and caffeine in the samples were evaluated by HPLC 

(1100 Agilent) equipped with a Gemini C18 (Phenomenex) reverse phase column and a diode array 
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UV/VIS detector (λ = 232 and 274 nm) and using a mobile phase flowing at 0.8 mL⋅min−1. The 

mobile phase used for hydrogen peroxide and BE analyses consisted of a mixture of formic acid 

aqueous solution (25 mM) (A) and acetonitrile (B). The gradient used was as follows: 7% B to 28% 

B for 9 min, increased to 50% B in 5 min, constant for 2 min, and then decreased to 35.7% B in 3 

min and, finally to 7% B in 5 min. The mobile phase for caffeine analysis consisted of formic acid 

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 then decreased to the initial conditions after 5 min. The initial and final 

pH of the solutions was measured with an Accumet Basic AB10 pH-meter. The molar absorption 

coefficients of caffeine and benzoylecgonine were estimated using a Perkin Elmer UV/VIS 

spectrometer (mod. Lambda 35). 

 

3. Results and discussion 

3.1.  RTD determination 

Rheological measurements were performed to determine the viscosity of the RTD tracer as a 

function of the shear rate. Figure 3 shows that the tracer solution viscosity remained very close to 

that of water and that was unaffected by shear rate. Varying the shear rate in the range 2-1000 s-1, 

the ratio between the tracer and water viscosities remained close to 1.0. 

The dynamic response of the normalized cumulative tracer concentration (empty circles) at the 

output of the MCF reactor for a step change at two different flow rates (0.6 mL⋅min-1 and 1.0 

mL⋅min-1) is shown in Figures 4a–b respectively. The theoretical curve for an ideal Plug Flow 

Reactor (PFR, continuous line) and pure convective or Laminar Flow Reactor (LFR, dashed lines) 

are also shown.  

Although the Reynolds number was well within the laminar flow regime (6.5 and 10.9 for flow 

rates of 0.6 mL⋅min-1 and 1.0 mL⋅min-1 respectively) the hydrodynamic behavior in the reactor 

approached that of an axially dispersed PFR, rather than a LFR. Similar observations have been 
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reported in other studies in microreactors [35-38] and it was in agreement with Taylor’s theory on 

axial dispersion in reactors with a small d/L ratio [39]. 

The MCF experimental data fitted well a Gaussian cumulative distribution function (CDF). The 

mean value and variance of the CDF distribution fitted well both the mean residence time and the 

axial dispersion in the reactor. The mean hydraulic time (39.7 s for 1.0 mL⋅min-1 and 66.2 s for 0.6 

mL⋅min-1) matched closely the mean residence time determined from the experimental RTD data 

(40.5 s and 65.4 s, respectively), which also revealed the absence of dead volumes or sorption of the 

tracer on the microcapillaries walls [40].  

The extent of axial dispersion in the MCF was estimated by fitting RTD data to a PFR with axial 

dispersion model, by finding the dimensionless dispersion number (ND), which is given by the ratio 

of the axial dispersion (D) and the product of superficial velocity (u) and the reactor length (L):  

�� �  
�
�∙�                                                                          (1) 

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

dispersion models was used [40]: 

� � � �	

��� ∙ ��	 �� �������

���
�

�           (for ND < 0.01)                                                         (2) 

����
 � 2�� � 2��  ∙ �1 � �� #

$��     (for ND > 0.01)                                              (3) 

where E and σ represent the residence time distribution and the standard deviation respectively. 

Equation 2 can be easily reported as a function of ND and the ideal residence time τ: 

� � � ��

���%� ∙ �� &�

�������

��%� ' � (

�� (

�%� ∙ �� &�

������

��%�'                     (4) 

The ND values estimated from Equations 3 and 4 for the two flow rate conditions yielded very 

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

PFR when ND is lower than 0.01 [40], however, other studies have shown that even for ND < 0.05, 
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the PFR model yields very reliable results in term of conversion [38]. Therefore, the MCF 

photoreactor was considered an ideal PFR in the photolysis experiments. 

 

3.2. Optical path length 

Due to the absence of refractive phenomena [20], it can be assumed that the radiation emitted by the 

UV lamp is perpendicular to the surface of the bulb and crosses both the reactor and the reacting 

solution without any deviation of path length. Considering the circular section of the capillaries, the 

optical path length is determined by the intersection between the single UV ray and the capillary 

section. 

As shown in Figure 5, there is only one ray on each capillary that crosses the section along the 

diameter length (chord c-c’). On the other hand, most of the UV rays cross the capillaries along a 

path shorter than the diameter (e.g. chords a-a’ and b-b’). In consequence, the average diameter of 

the capillaries could not be taken as the average optical path length in the MCF. In contrast, the 

optical path length (l) of the capillaries was calculated as ratio between the mean hydraulic section 

(S) and the mean diameter of the capillaries (d) as follows: 

) � 
*
+ = 

,∙+-
.∙+  = 152 µm                                                                        (5) 

This operation corresponds to the mean integral value of the chords parallel to the incident 

radiation. Therefore, the cross section of a single capillary was considered to be equivalent to a 

rectangle (indicated in Figure 5 as equivalent section) oriented as shown in Figure 5 and with the 

same cross sectional area (S) as that of the circular capillary (indicated in Figure 5 as real section). 

3.3. Estimation of lamp UV254 photon flux 

In order to better characterize the micro-photoreactor, the UV254 photon flux (/0,-2.) [41] incident 

on the reactor was first estimated. For microchannel reactors, this parameter is difficult to be 

directly estimated through radiometric measurements because of errors originating from measuring 

the flux from very small reactor surfaces and possible reflection phenomena from the surrounds. 
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Therefore, the photon flux was estimated from an indirect approach by determining the photolysis 

of an aqueous solution of hydrogen peroxide (reactions r1 - r3) at 254 nm [42] which was flowed 

through MCF. 

 

3-4- 	 					56,	Φ-2.3-4-			7888888889 -	34° Φ-2.3-4-	= 0.55 mol⋅ein-1       [43] (r1) 

34° ;	3-4-
						<5							788889 34-° ; 3-4 <5 = 2.7⋅107 L⋅mol-1⋅s-1  [44] (r2) 

34-° ; 34-°	 <=→3-4- ; 4- <= = 8.3⋅105 L⋅mol-1⋅s-1   [45] (r3) 

 

Considering the radical species (34-° and 34°� at steady-state, the mass balance on hydrogen 

peroxide yielded: 

 

+?3-4 @Aτ �	�2 BC, D
E ⋅	Ф D
G�H� 	⋅	I1 � expI�2.3⋅	O⋅	P D
G�H�
⋅	?H O @SS    (6) 

 

where “l” is the optical pathlength of the micro-photoreactor, previously calculated (152 µm), 

"P D
G�H�" the molar absorption coefficient at 254 nm for hydrogen peroxide (18.6 L⋅mol-1⋅cm-1), V the 

volume of reacting system (0.45 mL),	"Φ D
G�H�" the primary quantum yield of the direct photolysis 

of hydrogen peroxide at 254 nm and τ the residence time. The photon flux "BC, D
" was estimated 

by an iterative method, which minimized the objective function 	
∑ �VW � XW� YWZ( , i.e., the squares of the differences between the calculated “y” and experimental “c” 

concentrations of hydrogen peroxide [46], where “n” is the number of experimental data collected 

during the photolysis of H2O2. 

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

based on the Runge-Kutta method with adaptive step-size. The numerical values for the UV254 
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incident photon fluxes for two nominal lamp powers (PN) and their uncertainties and percentage 

standard deviations ([%) are reported in Table 2. 

The photolysis of hydrogen peroxide determined experimentally was compared to the values 

predicted by the kinetic model, and this showed a goof fit (Figure 6). 

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

in watts �] D
^ � using the following equation: 

 

] D
^ � BC, D
 ∙ _ ∙ �` ∙ Xa        (7) 

 
where “h” is Planck’s constant (6.63⋅10-34 J⋅s), “c” the speed of light in vacuum (3.0⋅108 m⋅s-1), 

“�b”   Avogadro’s constant (6.02⋅1023) and “λ” the wavelength of the radiation emitted by the UV 

lamp (254⋅10-9 m). 

 

3.3. Model validation 

The accuracy of the modeling methodology for the MCF was validated by estimating the quantum 

yield of direct photolysis of caffeine at 254 nm (Φ D
cde) in the MCF and determining its difference 

from the quantum yield values reported in literature. Caffeine is often used as reference compound 

since it is considered an anthropogenic marker of wastewater contamination in surface waters [47]. 

The quantum yield of caffeine, shown in Table 3, was calculated using the same optimization 

procedure previously reported for the estimation of "BC, D
": 
A?fgh@
Ai � 	� BC, D


E ⋅	Φ D
cde	⋅	�1 � exp��2.3⋅	O⋅	P D
cde
⋅	?fgh@��        (8) 

 
where the term "P D
cde" is the molar absorption coefficient at 254 nm for caffeine (4175 L⋅mol-1⋅cm-

1). Literature data obtained using different photoreactor designs are also reported. Figure 7 shows 

the UV254 photodegradation of caffeine in the MCF as a function of the irradiation time and the 

model prediction (equation 8) using the quantum yield values reported in Table 3. The model was 
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able to predict the photodegradation of caffeine with a good degree of confidence. The experimental 

results (full circles) were within the results of determined from equation 8 using the quantum yields 

from other studies (dashed line). 

 

3.4. Direct photolysis of benzoylecgonine 

The direct photolysis of BE under UV254 irradiation was determined using the MCF photoreactor. 

Figure 8 shows that the rate of BE photolysis was not affected by pH in the range from pH 4.0 to 

8.0. Additional control runs, carried out at pH 4.0, under dark conditions or with UV254 irradiation 

but under an inert atmosphere (nitrogen bubbling), showed no difference in the photolysis of BE 

with respect to the data reported in Figure 8 (data not shown). This rules out the occurrence of 

hydrolytic mechanisms or photooxidative processes due to the presence of oxidant species such 

hydroxyl radicals or singlet oxygen than may be eventually produced under aerated conditions [50].        

Following the same methodology reported for caffeine, the quantum yield of direct photolysis of 

BE (Φ D
kl ) was estimated using simultaneously the data collected from two photolytic runs carried 

at pH 4.0 and 8.0 under irradiation with the UV254 lamp with a nominal power of 8.0 W 

(optimization mode). Moreover, with the aim to validate the best estimate of Φ D
kl , the results of an 

additional photolytic run, carried out at pH 6.0 with the UV254 lamp with a nominal power of 4.5 W, 

were modeled without any further adjustment of the Φ D
kl parameter (fitting mode).  

Table 4 shows the quantum yield for direct photolysis of BE Φ D
kl , the uncertainty percentage and 

standard deviations calculated on each experimental run. 

The graphical comparison of the predicted and measured BE concentrations during the photolytic 

process is reported in Figure 9 for the set used in optimization mode and in Figure 10 for the data 

used in fitting mode. The analysis of the figures suggest a high degree of confidence of the proposed 

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

A MCF array photoreactor made of fluoropolymer material was characterized by measuring the 

RTD. The flow regime was found to be approximately in the plug flow region at mean flow 

velocities below 1 mL⋅min-1. The data of a first set of experimental runs on the MCF was used to 

predict the quantum yield of direct photolysis at 254 nm of caffeine ((7.48±0.64)�10-4 mol�ein-1) in 

unbuffered aqueous solutions.  

The estimated value was located within the variability range previously identified by others through 

the results of measurements carried out in different conventional reactors.  

Direct photolysis at 254 nm of benzoylecgonine was investigated in the pH range of 4.0 – 8.0. The 

consumption rates were not affected by the pH adopted. The photolysis quantum yield was 

(6.22±0.19)�10-3 mol�ein-1.  

The results collected demonstrate that the MCF photoreactor, adopted in the present investigation, 

is particularly useful for investigating the photochemical behavior of highly priced pharmaceuticals 

and illicit drugs and their human metabolites.  
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Q (mL⋅⋅⋅⋅min-1) 0.6 1.0 

Reynolds dimensionless number 6.5 10.9 

Theoretical residence time,  τ (s) 39.7 66.2 

Experimental average residence time (s) 40.5 65.4 

ND (estimated by Eq.4) 0.0174 0.0223 

ND (estimated by Eq.3) 0.0181 0.0229 
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PN (W) ��,��� (ein�s-1) �%
(*) 	���


  (W) 

4.5 (5.71±±±±0.20)����10-6 0.68 2.69 

8.0 (8.66±±±±0.22)����10-6 0.20 4.08 
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Table  3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Φ���
��  

(mol�ein-1) 

 
Present work 

 
Shu et al., 2013a [48] 

 
Rivas et al., 2011b [49] 

 
Caffeine 

 

(7.48±±±±0.64)����10-4 

 

(3.0±±±±1.0)����10-4 

 

(1.8±±±±0.3)����10-3 



 

 

 

 

 

 

 

 

 

 

Table  4 

 

 

 

 

 

 

 

 Φ���
��  

(mol�ein -1) 
																						�% 

 

 

 

Benzoylecgonine 
 

	����
��  = 1684  L⋅mol-1⋅cm-1 

 

 

 

(6.22±±±±0.19)����10-3 

Optimization mode 

0.21     (pH 4.0,  	� 8 W) 

0.71     (pH 8.0,  	� 8 W) 

 

Simulation mode 

0.36     (pH 6.0,  	� 4.5 W) 
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Fig. 6 
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Fig. 7 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

Fig. 8 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

Fig. 9 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

Fig. 10 

 

 

 

 

 



Captions 

 

Fig. 1: Details of microcapillaries acquired through the optical microscope: (a) structured plate with 

microchannels, (b) 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 concentrations during two experimental runs 

carried out with a flow rate of 0.6 mL⋅min-1 (a) and 1.0 mL⋅min-1 (b). (○) Experimental 

concentrations. (▬) Plug Flow Reactor simulation. (- - -) Laminar Flow Reactor simulation. 

Fig. 5: Reference simplified scheme for the average optical path length calculation. 

Fig. 6: Predicted (solid lines) and experimental (symbols) concentration-time profiles for H2O2 

UV254–photolysis at different nominal lamp power. � PN = 8.0 W, [H2O2]o = 3.85 mM; � PN = 4.5 

W, [H2O2]o = 4.70 mM. pH = 5.5 – 6.0 and T = 25 °C. 

Fig. 7: Predicted concentration profiles for photolysis of caffeine: present work data (solid line), 

literature (dashed line). Experimental data: full circle. pH = 5.5 – 6.0 

Fig. 8: Direct photolysis of BE in bidistilled water at different pH using a UV254 lamp with a 

nominal power of 8 W.  �: pH 4.0, [BE]o 3.15�10-2 mM; �: pH 6.0, [BE]o 2.88�10-2 mM; �: pH 

8.0,  [BE]o 2.73�10-2 mM. 

Fig. 9: Calculated (solid line) and experimental (full circle) concentration profiles for UV254-

photolysis of BE at pH = 4.0 (left) and pH=8.0 (right) in optimization mode. Nominal lamp power: 

8 W. 

Fig. 10: Calculated (solid line) and experimental (full circle) concentration profiles for UV254-

photolysis of BE at pH = 6.0 in simulation mode. Nominal lamp power: 4.5 W. 
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Table 1: Calculated parameters for the continuous flow MCF photoreactor. 

Table 2:  Best estimated values for UV254 photon flux for different nominal powers of the UV lamp.  

(*) �%= 
�
�̅ ��

∑ �	
��
��
��
��� �100  where � ̅indicates the average experimental concentration of H2O2. 

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

including confidence intervals. a DI water, pH = 7.0; b Ultra Pure water, pH = 5.5 – 6.0.  

Table 4: Best estimated value for Φ����� , confidence intervals and standard deviations. 

 

 

 

 

 

 

 

 

 

 

 


