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Abstract

Liquid-phase adsorption has hardly been established in micro-flow, although this con-

stitutes an industrially vital method for product separation. A micro-flow UV-photo

isomerization process converts cis-cyclooctene partly into trans-cyclooctene, leaving

an isomeric mixture. Trans-cyclooctene adsorption and thus separation was achieved

in a fixed-bed micro-flow reactor, packed with AgNO3/SiO2 powder, while the

cis-isomer stays in the flow. The closed-loop recycling-flow has been presented as

systemic approach to enrich the trans-cyclooctene from its cis-isomer. In-flow

adsorption in recycling-mode has hardly been reported so that a full theoretical study

has been conducted. This insight is used to evaluate three process design options to

reach an optimum yield of trans-cyclooctene. These differ firstly in the variation of

the individual residence times in the reactor and separator, the additional process

option of refreshing the adsorption column under use, and the periodicity of the

recycle flow.
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1 | INTRODUCTION

In cancer discovery research, radiolabeled monoclonal antibodies

directed against tumor-associated antigens have been developed as

promising vectors to visualize or to treat tumors, mostly owing to

their high affinity and specificity.1,2 Since antibodies have a long bio-

logical half-life, it takes a long time (in the order of days) to clear the

antibodies from plasma. The half-life of radionuclides that are used to

radiolabel antibodies should be sufficiently long (>12 hr) to allow

clearance of the radiolabeled antibody from plasma prior to acquire

high signal-to-noise ratio tumor PET images. The use of long lived

radionuclides (e.g., 64Cu, 124I, 89Zr) will however result in prolonged

exposure to radiation and a high absorbed radiation dose. Fluorine-18

(F-18) is the most frequently used radionuclide for positron-emission

tomography (PET)3-5 radioisotopes due to its favorable physical prop-

erties (e.g., half-life of 109.8 min).6

Application of short-lived F-18 for in vivo visualization of anti-

bodies can be achieved by pretargeting approaches based on high

yield in vivo click reaction using for example, 18F-labeled trans-

cyclooctene (TCO) or tetrazine derivatives.7 This reaction strategy has

been used for both in vitro and in vivo applications,5.8,9

Trans-cyclooctene has a high reactivity due to the release of high

strain energy upon the click reaction providing a well-defined chiral

structure, which makes it interesting for stereocontrolled synthesis.
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Therefore, radiolabeled TCOs are good candidates for bio-orthogonal

chemistry.10

There are many routes to synthesize a trans-cyclooctene. A com-

mon and elegant way is the photoisomerization of cis to trans-

cyclooctene.11 Yet, the photoisomerization is not irreversible and thus

removal of the trans-isomer from the equilibrium cis and trans mixture

is required to shift the equilibrium. Fox et al. have proposed an ele-

gant procedure for the photochemical synthesis of TCO.12 In this

method, TCO was produced via photoisomerization of cis-cyclooctene

by exposure to UV light (254 nm) in a batch vessel. The reaction mix-

ture was continuously passed through a bed of silver nitrate impreg-

nated on silica gel. Subsequently, the TCO is selectively retained by

silver nitrate and the remaining cis-cyclooctene-containing solution is

recycled to the photochemistry batch vessel. This is a very unique

method yet the total yield was 66% and the total reaction time was

relatively long, that is, 12 hr.

Recently, the sustainable production of active pharmaceuticals

and excipients has received a lot of attention.13 Novel bioprocesses,

continuous-flow processing, process integration, and intensification

and green chemistry are the main assets of sustainable processes.

Flow chemistry, especially micro-flow technology, is a high potential

platform in terms of equipment size reduction, energy efficiency, and

reduced solvent usage to achieve process intensification and thereby

performing more sustainable processes in fine chemistry.14,15

More specifically, for photochemical reactions, microreactors

have several advantages compared to batch processes such as

improved photon transport, energy efficiency, and better mixing.16-18

The constricted diameter of the microreactors (shorter photon diffu-

sion pathway) allows better use of the irradiated light efficiently

reducing the total exposure time, which leads to shorter reaction time

and possibly reduced byproduct formation.19,20

Beyond microfabricated channels, and microcapillaries, mini-scale

packed-bed reactors allow to form micro-flow in their void spaces.

Indeed, enhanced reaction rates, higher conversions, and selectivities

were found as well and can be attributed to the reduced mass-

transfer limitations.21,22 This, in combination with the high surface-to-

volume ratio, makes the packed-bed reactor suited for performing

biphasic reactions in multiple-repeated reentrance-flow mode or for

heterogeneous catalytic reactions.23 Adsorption (and desorption) is an

essential step in heterogeneous catalysis. Hernández Carucci et al.

proposed a model based on the competitive adsorption of ethylene

and molecular oxygen over a silver surface of microchannels at 260�C

as part of a precise kinetic model for the ethylene oxide formation.24

Accordingly, it stands to reason that sole adsorption processes

(without catalysis) might be intensified in micro-flow. Microspheres

have been reported and termed as adsorption “microreactors” and

indeed use the same transfer intensification by size reduction.25 Rutin-

Cr(III) loaded alginate microspheres were designed to reduce Cr(VI) to

Cr(III) through adsorption and recover it. Also, there is an ongoing

efforts in the development of inflow separation by using solid adsor-

bent and scavengers in organic synthesis, especially for isolation of

drug substances.26-29 Yet, true micro(channel)reactors and micro-flow

packed bed reactors have been hardly applied for adsorption so far.

Recently, we reported on the combination of a nucleophilic sub-

stitution to the thermal-Claisen rearrangement and also to photo-

Claisen rearrangement in micro-flow.30,31 The motivation was to inte-

grate two processes and to address the resulted challenging issues

toward orthogonality. Also, here, we would like to design and inte-

grate two processes, photoreaction and adsorption, yet with more in

depth theoretical study for each process.

Therefore, the aim of this study is to develop a photo micro-flow

process for the photochemical isomerization of cis-cyclooctene to

TCO and its subsequent in-flow separation to isolate isomerically pure

TCO derivatives. Such a compact integration of small devices fed with

minute volumes provides opportunities for synergism between reac-

tion and separation, which is a means of process intensification and

was termed process-design intensification32 as one arms of novel pro-

cess windows.32-34

More specifically, we focus in this work on the experimental pro-

cedures (batch as well as flow) for the photoisomerization, and the

design and operation of the adsorption column. Furthermore, the the-

oretical concepts behind these operations are explained and relevant

models for both sections are developed. Finally, the results of the

experiments and theoretical modeling are presented and discussed.

2 | EXPERIMENTAL SECTION

2.1 | Chemicals

Cis-cyclooctene, methyl benzoate, n-dodecane, AgNO3/Silica (10%

loading, +230 mesh size), ammonium hydroxide (28% NH3 in H2O),

1,3,5 trimethoxy benzene, n-hexane, diethyl ether, and dic-

hloromethane were purchased from Sigma-Aldrich chemical company

and used as received. The solvent purity were all according to HPLC

grade (>95%). Ultrapure water (HPLC grade, 18.2 MΩ at 25�C)

was used.

2.2 | Trans-cyclooctene preparation

It is referred to Supporting Information.

2.3 | Batch operation for determination of the
adsorption isotherm

The batch adsorption experiment was performed in 25 ml glass Erlen-

meyer flask at a fixed temperature, 23�C. The first experiment was

done by concentrating the pure TCO in n-hexane to a volume of

approximately 5 ml. Then 0.192 mmol of 1,3,5 trimethoxybenzene

(internal standard for 1H-NMR) was added. Based on the 1H-NMR

result, the amount of TCO was calculated. Then, a fixed amount

(0.2 g) of AgNO3/silica was added to the solution. Subsequently, the

Erlenmeyer was shaken at 100 rpm in a temperature controlled

shaker, for a period of 4 hr. Next, the mixture was kept in stagnant
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mode to let the particles sediment. From the solution a sample

(0.2 ml) was taken for 1H-NMR analysis. The result is one point in the

TCO adsorption isotherm. Afterward, 3 ml of n-hexane was added to

the solution and was shaken again at the same condition as previous

for a period of 4 hr and consequently another sample was taken for
1H-NMR analysis. This procedure was repeated for several times and

every time a certain amount of solvent was added and after shaking a

sample was taken for 1H-NMR analysis.

The amount of solute (B) adsorbed per gram dry of adsorbent at

equilibrium, qB (gB/g), was calculated according to Equation (1).

qB =
V
W

CB0 −CBeð Þ ð1Þ

Where, CB0 (g/dm3) and CBe (g/dm3) are respectively the initial

and equilibrium concentrations of the solute (B) in the liquid phase, V

(dm3) is the solution volume, and W (g) is the weight of the dry

adsorbent.

2.4 | Continuous flow setup

The experimental setup used for micro-flow based photoisomerization

and in-flow separation process is presented in Section S1. The solu-

tion is pumped from the inlet solution vessel using an HPLC pump

(Knauer Azura P4.1S). The outlet stream from the pump is fed to FEP

(fluorinated ethylenepropylene copolymer, IDEX 1548L) capillary

tubular reactor (ID 0.0200, OD 1/1600, length 5 m) which is wound

around a cylindrical UV light source placed inside a closed oven. Irradi-

ation is carried out using a low-pressure amalgam lamp (TS23-212;

Dinies Technologies GmbH). The outlet then flows to the packed bed.

The packed bed (stainless steel, ID 4.5 mm, L 25 mm) is packed with

200–220 mg of AgNO3 impregnated silica gel (as packing or adsor-

bent) with a mesh size of 230+ (Sigma-Aldrich). The AgNO3/silica par-

ticles are mixed with 1 mm borosilicate glass beads in a mass ratio

1.66:1 and then introduced to the packed bed with a funnel. The inert

glass beads are applied to prevent particle agglomeration which

results in channeling of the flow inside the packed bed (for more infor-

mation on micropacked beds and the assembling process, we refer to

References 35-37). The inlet and outlet of the packed bed have

attached separately two frits with a pore size of 10 μm to keep the

packing material inside the reactor. The outlet of the packed bed is

recycled to the inlet solution vessel through a 0.2 m long FEP capillary

tube. Samples are collected exactly before the recycle stream enters

the inlet solution vessel. The inlet solution vessel is stirred with a mag-

netic stirrer bar to ensure a uniform concentration in the vessel. In a

general micro-flow based photoisomerization and an in-flow separa-

tion experiment, cis-cyclooctene (0.06 g, 0.55 mmol), methyl benzoate

as a singlet sensitizer (0.136 g, 1 mmol), and n-dodecane as the inter-

nal standard for GC analysis (0.017 g, 0.1 mmol) are dissolved in 25 ml

n-hexane (with 1% diethyl ether) as solvent and mixed in the same

vessel (volumetric flask of 50 ml) and from this vessel the solution is

pumped to the flow setup.

2.4.1 | Photo-microreactor kinetics study
experiment

In order to perform a kinetic study of the photoisomerization, cis-

cyclooctene (0.0234 g, 0.2 mmol), methyl benzoate (0.054 g,

0.4 mmol) and n-dodecane (0.014 g, 0.082 mmol) are dissolved in

10 ml n-hexane and mixed well. This solution is pumped in to the

photo-microreactor (FEP tubing, 2 m) without passing the packed bed.

The reaction mixture is not recycled. The flow rate is varied between

0.02 and 1.0 ml/min, corresponding to mean residence times of

10–0.20 min. The samples are collected for GC analyses at the outlet

of photo-microreactor for each flow rate.

2.4.2 | Breakthrough curve prediction experiment

The experiment was done by concentrating pure TCO in n-hexane

to a volume of 12.75 ml. Then 0.02141 g 1,3,5 trimethoxybenzene

(internal standard for 1H-NMR) was added. Based on the 1H-NMR

result, the amount of TCO was calculated which was equal to

0.04 g (0.028 mol/dm3). Then the solution was diluted to 20 ml

([TCO], 0.018 mol/dm3). The packed bed (stainless steel, ID

4.5 mm, L 25 mm) was packed with 0.2 g AgNO3/silica and 0.12 g

glass beads (1 mm), similarly to the previous section. The inlet solu-

tion is pumped through the packed bed at the flow rate of

1 ml/min. The outlet of the packed bed was connected to a FEP

tube, from which samples were collected for analyses. All packed

bed space times have been determined assuming a bed porosity

of 0.5.

2.5 | Characterization

It is referred to Supporting Information.

3 | THEORETICAL STUDY

3.1 | Photoreactor

It is known from the literature11,38,39 that the photoisomerization of

cis to trans-cyclooctene is an equilibrium reaction. However, we

could not find an in depth kinetic study about this pho-

toisomerization. To investigate the kinetics of the equilibrium reac-

tions, the conversion time histories have been monitored. The

results reveal the existence of equilibrium between the cis and

trans-isomers.

3.2 | Kinetics of the photoisomerization

When it is assumed that intrinsic kinetics is obeyed and

that the photoreaction follows the first order kinetics, the
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photoisomerization of cis-cyclooctene to trans-cyclooctene is repre-

sented in Scheme 1:

For a first order reversible reaction,40 in the ideally mixed batch

reactor, the concentration of the cis-cyclooctene Ccis as a function of

time obeys Equation (2):

Ccis, τð Þ
Ccis, 0ð Þ

=
1

k1 + k−1
k1e

−τ k1 + k−1ð Þ + k−1

� �� �
ð2Þ

Ccis,(0) represents the concentration of cis at the start of reaction.

See Supporting Information S2 for the derivation.

3.3 | Adsorption isotherm

An experimental adsorption isotherm correlates the adsorbed amount

of the adsorbate (trans-cyclooctene) onto the adsorbent (AgNO3) with

the concentration of the adsorbate in solution at equilibrium at a fixed

temperature.

3.4 | Langmuir isotherm

The Langmuir isotherm is one of the adsorption models that

describe physisorption of neutral molecules onto adsorption

sites.41,42 Based on the Langmuir model assumption, adsorption

takes place on homogeneously distributed adsorbent sites by mono-

layer adsorption.

The nonlinearized Langmuir equation is expressed as:

qBe
=
bqmaxCBe

1+ bCBe

ð3Þ

where qBe
(mg/g) is the amount of TCO adsorbed by AgNO3 at equi-

librium, qmax (mg/g) represents the maximum adsorption capacity, CBe

(g/dm3) is the equilibrium concentration of the adsorbate in solution,

and b (dm3/mg) is a constant that amongst others is related to the

heat of adsorption.

Moreover, Equation (3) can be expressed as Equation (4).

CBe

qBe
=

CBe

qmax
+

1
qmaxb

ð4Þ

Plotting CBe
qBe

against CBe , allows the calculation of the parameters, b

and qmax.

3.5 | Packed bed modeling

In order to predict the dynamic behavior of the adsorption column, a

mass balance over the liquid phase of an infinitesimal sized slice of

the packed bed leads with perfect radial mixing and negligible pres-

sure drop to Equation (5), see References 43-45.

Dax
∂2Ci

∂z2
−v

∂Ci

∂z
−
1−εb
εb

Ni =
∂Ci

∂t
ð5Þ

In Equation (5), Ci, Dax, v, εb, and Ni are the concentration of TCO

in the liquid phase, the axial dispersion coefficient, the interstitial liq-

uid velocity, the bed porosity, and the mass transfer rate into the par-

ticle per unit volume of the particle phase, respectively. The first and

second term in Equation (5) stand for the dispersive transport and the

convective transport in the column, respectively. The third term repre-

sents the mass transfer between liquid phase and adsorbent. The last

term is related to accumulation of the adsorbate. This model is based

on the following assumptions: isothermal adsorption and spherical

adsorbent particles packed uniformly in the bed.

As it was stated, Ni is the mass transfer rate between solid and

fluid phase and can be represented as43-45:

Ni = ρp
∂qi
∂t

ð6Þ

qi
mol
kgs

h i
is the concentration of TCO on the adsorbent surface and

ρp
kgs
dm3

s

h i
is the adsorbent particle density. In order to define ∂qi

∂t mathe-

matically, it is important to know whether the mass transfer resistance

or the intrinsic adsorption kinetics dominates the adsorption rate.

3.6 | Mass transfer resistance and intrinsic
adsorption rate

A useful approach to investigate and to compare the mass transfer resis-

tance with the kinetic resistance is by comparing 1
kc :a

with 1
kads

, i.e., the

time constant for mass transfer and adsorption, respectively. Since the

diameter of adsorbent particle is small, 60 μm, and the AgNO3 layer

thickness is much smaller than the silica particle diameter, the internal

mass transport through the pores of the adsorbent has been neglected

(for more information see Supporting Information S2). Therefore, the

mass transfer resistance calculation is only based on the external mass

transfer from the bulk fluid to the adsorbent surface.

Details for a “theoretical” estimation of the mass transfer coeffi-

cient from the bulk liquid to the outer surface of the particles in the

packed bed (kc) and the experimental determination of kads have been

given in Supporting Information.

3.7 | Breakthrough curve prediction

The common available models in reported literature for breakthrough

curve prediction are divided into two main categories based on the

 

k1 

k-1 

v=254 nm 

SCHEME 1 Photo isomerization of trans from cis-cyclooctene
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existence of a mass transfer resistance between the adsorbent parti-

cles and fluid phase or local adsorption assumption between adsor-

bent particle and bulk phase, that is, by using intrinsic adsorption

kinetics.46

3.8 | Local adsorption model-local equilibrium
theory

Local adsorption theory is divided into two sets of models depending

on the rate of adsorption- local equilibrium theory and local kinetic

theory.46,47

Local equilibrium theory is based on the existence of equilibrium

between adsorbate and fluid concentration, and how fast the equilib-

rium is reached in each stage in the packed bed column. Thus ∂qi
∂t is

defined by using the Langmuir isotherm as follows:

∂qi
∂t

=
∂qi
∂Ci

×
∂Ci

∂t
ð7Þ

and

∂qi
∂Ci

=
qmaxb

1+ bCið Þ2
ð8Þ

where qmax and b are from Langmuir isotherm model, see

Equation (3).

The local kinetic theory is based on a non-equilibrium adsorption

reaction. It is expressed based on the rate of adsorption and desorp-

tion of the adsorbate on the surface of adsorbent particles.

In this work an equilibrium surface reaction is governing, so the

only model that has been applied is the local equilibrium theory. For

the local kinetic theory, see the related literature.46,47

Therefore, Equation (5) becomes

Dax
∂2Ci

∂z2
−v

∂Ci

∂z
= 1+ ρp

1−εbð Þ
εb

×
qmaxb

1 + bCið Þ2
" #

∂Ci

∂t
ð9Þ

For the model calculations the partial differential Equation (9) has

to be solved. Equation (9) is discretized using finite differences and

solved using MATLAB® with implicit PDEPE solvers.

The initial condition is a packed bed filled with solvent. Then,

at the inlet of the column a step change is applied. The applied

boundary conditions are of Danckwert's type conditions48 and

used at the inlet (z = 0) and at the outlet (z = L) of the column

(Equation 10).

∂Ci

∂z

����
z=0

=
v
Dax

Ci−Ci,feedð Þ;∂Ci

∂z

����
z= l

= 0 ð10Þ

The initial conditions are given by Equation (11)

Ci z,t=0ð Þ=0 ð11Þ

3.9 | Modeling the combination of the photo-
microreactor and the adsorption column

In this section it is aimed to predict the cis-cyclooctene conversion

when there is a continuous closed system of the photo-microreactor

with an integrated adsorption column and recycling the unreacted

cis-isomer to the reactor feed solution (Figure 1). In order to mathe-

matically model the system, two control volumes are selected: the

photo-microreactor and the packed bed (1), and the stirred vessel with

solution to be fed to the photoreactor (2).

The rate of photoisomerization of the cis-isomer into the trans-

isomer has been given in the previous Section 3.1. It is assumed that

the amount of the cis-isomer adsorbed in the packed bed is negligible.

Therefore, for the first control volume and a single pass of the flow, if

Ct =
ncis
V , where ncis denotes the molar amount of the cis-isomer in the

inlet vessel and V the volume of the photo-microreactor, the rate

equation becomes (only if the outlet concentration of the trans-isomer

from the packed bed is zero):

−
dCcis

dt
= k1 + k−1ð Þ×Ccis−k−1 ×

ncis
V

ð12Þ

The second control volume has been modeled by a mass balance

of cis cyclooctene, see Equation (13). Note that the inlet vessel is ide-

ally mixed.

dncis
dt

+
Q
V
ncis =Q×Ccis,iv ð13Þ

where Q and Ccis,iv stand, respectively for the total volumetric flow

rate and the cis concentration at the inlet of the vessel. Equation (13)

expresses the change in the amount of cis-isomer with respect to

time. The concentration of cis-isomer at the outlet of the first control

volume, (i.e., the outlet of the packed bed for trans-isomer adsorption)

F IGURE 1 Schematic overview of the complete photo-
microreactor and the adsorption system control volumes; (1): photo-
microreactor and packed bed, (2): inlet vessel with reactor feed
solution [Color figure can be viewed at wileyonlinelibrary.com]
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is equal to the concentration of the cis-isomer at the inlet of control

volume 2, (i.e., the vessel with the reactor feed solution) Ccis,iv = Ccis.

Equations (12) and (13) are solved simultaneously by using

MATLAB® whereby the final concentration of cis-isomer or the final

conversion of the cis-isomer with respect to time is obtained. The ini-

tial values for numerically solving Equation (12) and (13) are Ccis = C0

and ncis =
C0
V , where C0 is the initial concentration of the cis-isomer in

the reactor feed vessel.

4 | RESULTS AND DISCUSSION

4.1 | Kinetic study of photoisomerization

The photoisomerization of cis-cyclooctene into trans-cyclooctene has

been investigated in detail in photo-microreactor. In order to deter-

mine the optimal reaction condition, the photoisomerization was per-

formed at various residence times (for more details see Section 2). The

results are presented in Figure 2. Figure 3 shows that conversion is

limited by equilibrium to approximately 28%.

4.2 | k1 and k−1 determination

The experimental data points in Figure 2 have been fitted to Equa-

tion 2. A regression analysis is carried out in MATLAB® (see

Figure 2). k1 and k−1 at 23�C are calculated to be 0.45 and 1.23

(1/min), respectively. For 23�C the equilibrium constant is

K = Ctrans
Ccis

� �
eq
= k1

k−1
= 0:36.

4.3 | Adsorption isotherm

As stated before, the experimental adsorption isotherms represent

the balance between adsorbent and adsorbate at equilibrium condi-

tions. Figure 3 shows the adsorption isotherm for trans-cyclooctene

on AgNO3/silica at 23�C. Figure 3b clearly demonstrates that the

linear form of the Langmuir isotherm (Equation 4) is obeyed. The

highest adsorption capacity was recorded at 43.089 mg/g at an initial

concentration of 5.85 g/dm3.

Accordingly, the Langmuir model parameters, b and qBmax
, have

been calculated 0.85 (dm3/gtrans) and 57.1 ×10−3 (gtrans/gAgNO3),

respectively.

4.4 | Adsorption kinetics

Adsorption kinetics of TCO on to AgNO3/silica was studied by per-

forming an experiment in batch, in which a known amount of

AgNO3/silica, (0.175 g) was suspended in the solution of TCO,

C0 = 8.06 g/dm3 in n-hexane. The time history of the liquid concen-

tration of TCO was recorded, see Figure 4. In order to prevent any

external mass transfer limitation, the suspension was stirred inten-

sively. The experimental data were analyzed using (pseudo-)first-

order and (pseudo-)second-order kinetics,49-53 see Equations (14)

and (16), respectively:

dqt
dt

= k qmax−qtð Þn ð14Þ

n = 1 for (pseudo-)first-order and n = 2 for (pseudo-)second-order

ln
qBe

−qBt

� �
qBe

= −k0t ð15Þ

1
qBt

=
1

k}q2Be
:t
+

1
qBe

ð16Þ

Where k0 (min−1) and k00 (g mg−1/min) are the rate constants

for the (pseudo-) first and second-order kinetic models, respec-

tively qBe
and qBt

are the amounts of the trans-isomer adsorbed per

gram AgNO3 at equilibrium and at time t, respectively. The con-

stants can be calculated from the intercepts and slopes of the linear

plots of ln qBe
−qBt

� �
versus t and t=qBt

versus t, respectively

(Figure 4).

Figure 4a shows that adsorption of trans-cyclooctene proceeds

rapidly during the first 30s and becomes almost constant after

1 min. The adsorption rate constants and linear regression values

are collected in Table 1. The results in Figure 4 and Table 1 reveal

that adsorption obeys a (pseudo-)second order rate law. Also the

experimentally observed value of qBe
is equal to 44.3 ×10−3 gtrans/

gAgNO3 and it can be easily observed that it is very close to qBe
calcu-

lated from pseudo-second order kinetic model This fact suggests that

the adsorption rate of trans-cyclooctene is dependent on the adsorp-

tion site availability on AgNO3 rather than the trans-cyclooctene con-

centration in solution.54,55 Initially, there are many adsorption sites

are available, however with the prolonging time the sites have been

occupied, hence, limited free sites for molecule to be adsorbed

on.54,56

F IGURE 2 Results of regression analysis for calculating k1 and
k−1. Xeq = 0.28 at 23�C, (•): experimental points; calculated line with
Equation (2) and k1 = 0.45 (1/min) and k−1 = 1.23 (1/min) [Color figure
can be viewed at wileyonlinelibrary.com]

6 of 13 SHAHBAZALI ET AL.

http://wileyonlinelibrary.com


4.5 | Packed bed

4.5.1 | Breakthrough model validation

In order to validate the model (see Equations 9–13), the obtained

results from the adsorption breakthrough curve model are compared

with the experimental results, see Figure 5. The calculated break-

through curve agrees reasonably well with the experimentally

observed curve. The proposed breakthrough curve model is able to

predict the saturation time, ts, of the adsorption column. ts is the time

at which Ctrans
Ctrans0

= 0:05.

4.5.2 | Process design for integration of a photo-
microreactor and adsorption for the isomerization of
cis-cyclooctene in to trans-cyclooctene

After optimizing each sub process, that is, photoisomerization and

adsorption, in this section, the process configuration for pho-

toisomerization of cis into trans-cyclooctene is presented for three

different cases. These three cases were experimentally tested. The

model for the adsorption column that was presented earlier in this

paper, can be used to estimate saturation time and the operational

parameters such as the temperature for the adsorption of trans-

cyclooctene. Later in the text the validity of the model as described in

Section 3.3 is confirmed with the experimental results.

4.5.3 | Solvent selection

The selection of a proper solvent is crucial in any (photo)chemical

reaction. Here, this is even more significant as the solvent should play

a role in different process steps. First, it should be able to solubilize

0

20

40

60

80

100

120

140

C
B
e
/q

B
e

CBe(g/dm3)

0
5

10
15
20
25
30
35
40
45
50(a) (b)

0 1 2 3 4 5 60 2 4 6

q
B
e
(m

g/
g)

CBe(g/dm3)

F IGURE 3 Adsorption isotherm of trans-cyclooctene on the AgNO3/SiO2 at 23�C, WAgNO3 = 0.175 g, CBe
qBe

=17:515CBe + 20:529,R
2 = 0:965;

(a) nonlinearized form and (b) linearized form (Equation 4) [Color figure can be viewed at wileyonlinelibrary.com]

0
1
2
3
4
5
6
7
8
9

C t
ra
n
s[
g
/d
m

3 L]

t (s) 

0

2

4

6

8

10

0 100 200 300 400 0 100 200 300 400

t/
q

B

t(s) 

(a) (b)

F IGURE 4 (a) Liquid phase concentration of trans-cyclooctene in a stirred vessel with a suspension of AgNO3/SiO2 in n-hexane (1% diethyl
ether) WAgNO3/SiO2 = 0.175 g, C0 = 8.06 g/dm3 at 23�C, (b) (pseudo-)second-order kinetics for adsorption of trans-cyclooctene onto AgNO3/SiO2

[Color figure can be viewed at wileyonlinelibrary.com]

TABLE 1 pseudo-second-order rate constant for adsorption of
TCO onto AgNO3 at 23�C

Models Model parameters R2

(pseudo-)first-order qBe
=15.87mg/g

k0 =8.8 × 10−3 min−1
.69

(pseudo-)second-order qBe
=44.25mg/g

k00 =0.51 × 10−3

gAgNO3 mg−1trans min−1

.9924
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the cyclooctene (both cis- and trans-) and the sensitizer. Also, the sol-

vent has to be transparent at the required wavelength, 245 nm. On

the other hand, it should not dissolve the packing powders (AgNO3/

silica). If AgNO3 dissolves, the trans-complex will not be collected in

packed bed and there is no separation of the trans-isomer from the

cis-isomer. This means that there is no equilibrium shift in the direc-

tion of the trans-isomer. Considering the features mentioned, n-

hexane or cyclohexane seems to be proper choices. Cyclohexane has

a higher boiling point than n-hexane. Since to desorb trans-

cyclooctene from AgNO3/SiO2 there is an elution step needed which

is not included in this process design. Therefore, as the solvent of this

process, n-hexane is preferred. Also, in order to increase the solubility

of cis and trans-cyclooctene 1% of diethyl ether is added. It is worth

mentioning that diethyl ether dissolves AgNO3, so it is recommended

not to increase the ratio of diethyl ether to n-hexane to more than

5:95 (volume ratio).

4.5.4 | Process configurations

Case (a). This case concerns the basic continuous flow setup in which

a photo-microreactor of 5 m length and an adsorption column of 5 cm

length packed with AgNO3/SiO2 powders are used (Figure 6a). The

flow rate is set to 0.2 ml/min. As reported earlier in Section 2.4, in all

cases the outlet flow from the packed bed is recycled to the vessel

with the reactor feed solution.

Case (b). Since, our system is a closed-loop recycle flow system, it

is important that as soon as photoreaction takes place the molecules

are transferred to the separation unit and from there quickly recycled

to the feed vessel. Therefore, the key in this design (Case b) is to

reduce the residence time of the flowing fluid in the connecting tubes

and parts between the feed vessel, the photo-microreactor(s), and the

packed bed.

In this case, we applied the concept of symmetrical flow splitting

by using a T-micromixer placed in reverse mode to act as flow splitter

in a bifurcate fashion the feed flow rate is directed toward two photo-

microreactors of 5 m length which are wound around one UV light

and placed in parallel (Figure 6b). With this design, it is possible to

double the main flowrate while keeping the residence time in the

photo-microreactor the same as in Case (a).

Therefore, the total flow rate is raised to 0.4 ml/min, which

speeds up the flow in connecting parts, and by symmetrical flow split-

ting, the flow rate is kept 0.2 ml/min in each photo-microreactor.

Case (c). This case is similar to the Case b. Again, two parallel

photo-microreactors are used. But, the main difference is that in this

configuration more than one packed bed, each with a length of 2.5 cm,

are installed in parallel, see Figure 6c. This adds the function of refresh-

ing the adsorption column under use, by switching between two col-

umns set in parallel—one for the closed-loop flow and the other in a

wait position, being re-activated. Such an integrated flow configuration

for purification following micro-flow reaction was already proposed by

us in a recent paper, using a fixed-bed column packed with Amberlyst

resin for an ion-exchange based purification of the product mixture.30

In the operational mode, the parallel packed beds are connected

to the photoreactor by a switching valve. While one packed bed is in

use to adsorb the trans-isomer, the other is in the waiting mode. As

soon as the first column reaches saturation, the flow is switched to

pass through a fresh packed bed. Based on the amount of the inlet

cis-cyclooctene, in this case, three parallel packed beds are used. Also,

the flow rate is increased to 0.66 ml/min.

F IGURE 5 Calculated and
experimental breakthrough curve at 23�C,
WAgNO3 = 0.2 g, volumetric flow
rate = 1 mL/min, Ctrans0 = 1.99 g/dm3

[Color figure can be viewed at
wileyonlinelibrary.com]
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4.5.5 | Validation of the model in the combination
of micro photoreactor and adsorption column

The results in Figure 7 demonstrate that the conversion of cis-

cyclooctene as a function of the process time obtained from solving

the model discussed in Section 3.3. This model has been solved and

sketched for different total flow rates and compared with each experi-

mental case. Here, time is the total operational time.

In Case (a) after 400 min almost 70% conversion is achieved. This

time is the total required time of operation since this is a closed-loop

system operating in a recycling mode. In the Case (b), as stated earlier

the total flow rate is doubled to 0.4 ml/min, while the residence time

in each photoreactor is the same as in Case (a). Figure 7b shows that

there is a small deviation between the results of the model calcula-

tions and the experimental results. Besides, upon increasing the total

operational time, the deviation increases and at some point the exper-

imental results tend to reach a plateau earlier than with the predicted

model. Since the total flow rate is doubled, the flow rate inside the

packed bed is also doubled. Therefore, the packed bed reaches satura-

tion earlier in Case (b) than in Case (a). With prolonging time, the

packed bed becomes saturated with TCO and TCO molecules are not

adsorbed anymore and recycled in the system which also affects the

photoreaction process to reach equilibrium faster. As a result, the

total conversion of cis-cyclooctene is not improved anymore and

therefore the experimental points tend to reach a plateau and deviate

from the model.

In Case (c), there is less deviation between the experimental

points and the results of the model calculations (Figure 7c). The first

switching toward a fresh packed bed was at 75 min operational time

and the second switch was at 180 min. As indicated in Figure 7c, after

50 min the packed bed tends to reach saturation. Therefore there is a

plateau before the fresh packed bed was in use (75 min) which

explains the small deviation between the experimental results and the

results of model calculations. Also, it is important to note that this is a

closed system and the concentration of the cis-isomer is getting less

with respect to the operational time. Therefore, the first packed bed

F IGURE 6 Three different process
configuration for photoisomerization of
cis to trans-cyclooctene. Case (a), Case (b),
Case (c) [Color figure can be viewed at
wileyonlinelibrary.com]
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is saturated in less time than the ones used later, so as time increases

the packed bed saturation time also increase due to the smaller con-

centration of cis-isomer in the flowing fluid. In Case (c) 90% conver-

sion is achieved after 250 min.

According to the results, Case (c) shows a massive improve-

ment compared to the first two cases. Primarily, using the packed

bed with smaller volume gives the chance to quicker recycle the

cis-isomer. This results in an improvement of the total conversion

at any certain time. Also, changing the packed bed as soon as it

reaches its saturation point, improves the process performance in

terms of an increasing rate of production of the trans-isomer.

Table 2 summarizes the performance of the different design cases.

To give better comparison, we calculate the total conversion

divided by the total time of operation for each case which can be

correlated to the overall reaction rate of the closed-loop system.

As it is expected this number is much higher in Case (c),

0.36 (min−1) compared to the Cases (a) and (b), which are 0.175

and 0.2 (min−1), respectively.

It is worth mentioning that the outcome of this process configura-

tion has been successfully applied for the photoisomerization of

functionalized TCO in our research.57

4.5.6 | Flow rate effect

As can be seen in Figure 7d and be expected for a closed-loop recycle

flow system, for a certain time of operation, larger flow rates result in

a higher conversion. For instance, if the total flow rate is equal to

0.66 ml/min, after almost 3 hr, more than 80% of cis-cyclooctene is

converted. While, if we double the total flow rate to 1.2 ml/min, a

conversion of more than 90% can be reached within 3 hr. On the

other hand, if the flow rate is kept lower, for instance 0.2 ml/min,

after 3 hr, only 50% of cis-cyclooctene is converted. By increasing the

total flow rate, although the stable equilibrium may not be reached in

photo-microreactor, we get benefit from recycling the feed faster and

the whole process speeds up. Therefore, comparing the higher flow

rate case with the lower flow rate cases, indicates that in less time of

operation, higher conversion is achieved.

5 | CONCLUSION

In this paper, an integrated photo micro-flow adsorption was devel-

oped for product separation, with the option to do that in recycle

F IGURE 7 Validation of the model of combination of the photoreactor and adsorption column and comparing the results with three process
configuration, (a) Case 1, (b) Case 2, (c) Case 3, (d) total flow rate (ml/min) effect on cis-cyclooctene conversion [Color figure can be viewed at
wileyonlinelibrary.com]
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mode. This was investigated to produce trans-cyclooctene from its

cis-isomer. Here, the thermodynamic equilibrium is shifted by

inserting an in-flow separation in a recycling flow mode, which makes

better use of the given photoenergy (transport intensification). Fur-

ther, a full theoretical study of in-flow separation in a recycling flow

mode has been conducted. Moreover, different process design

options to reach an optimum yield of trans-cyclooctene are proposed

and experimentally tested. Radiolabeled trans-cyclooctenes are valu-

able in vivo click synthons for PET imaging.

First, the kinetics of the photoisomerization of cis- to trans-

cyclooctene was investigated in a microreactor. Results confirm that

the conversion is limited by equilibrium to nearly 28%. The compari-

son of the reaction rate constants, k1 and k−1, shows that the reaction

rate from trans- to cis- is higher than cis- to trans-cyclooctene.

Moreover, an in-depth study of the TCO adsorption on AgNO3/

SiO2 was done. The results indicate that the adsorption of TCO on

AgNO3 follows the Langmuir isotherm model. The reaction rate is

governed by the equilibrium surface reaction. The analysis of the

adsorption kinetic data demonstrated that the kinetics can be approxi-

mated with a pseudo-second order rate equation. The maximum

adsorption capacity of the trans-isomer adsorbed per gram AgNO3 is

equal to 44.25 mgtrans/gsilvernitrate .

The dynamic behavior of the adsorption column was experimen-

tally studied and modeled according to the local equilibrium theory.

The results of the model calculations show good agreement with the

experimental data. Based on the model, it is possible to predict the

breakthrough curve and saturation time of the mentioned adsorption

column.

Finally, after optimization of each sub process, that is, pho-

toisomerization and adsorption, three different integrated process

designs for photoisomerization of the cis to trans-isomer was mathe-

matically modeled. According to the calculated model, it is important

to remark that by increasing the flow rate a higher conversion of cis-

isomer was achieved. By increasing the total flow rate, the time that

the flow is passing through connecting parts is reduced and also,

speeding up the feed recycling gives an advantage. Furthermore, the

three different process configurations were tested experimentally.

Comparing three cases, Case (c) (Figure 6), shows improvement of the

total conversion of the cis-isomer. Ninety percent conversion was

achieved after 250 min. In Case (c), two parallel photo-microreactors

and parallel packed beds in switching mode were applied. Switching

the packed bed as soon as it reaches saturation results in obtaining

higher conversion in less time. Numbering up the sub processes gives

a good promise for scaling up this integrated process.

It is worth mentioning that in this closed-loop system, solvent can

be added only once at the beginning. In this system solvent is only

carrier medium and is not consumed or converted, thus by recycling,

solvent is also recovered and transferred back to the system. As soon

as the amount of cis-isomer reaches to 0.05 of initial concentration,

fixed amount of cis-isomer can be added to the initial feed vessel

which already contains enough solvent. Therefore, with this closed-

loop design, it is possible to reduce the amount of solvent usage to

only once.
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