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Flow chemistry has emerged as the enabling field of high-throughput, data-driven discovery, and process chemistry, yet
solids handling remains its key challenge. Insoluble salt by-products can stop flow, fluctuate reagent concentrations in
reactors, and cost unexpected time and materials consumptions. The clogging of perfluoroalkoxy (PFA) tubing, stainless
steel (SS) tubing, and a silicon microreactor by NaCl during a Pd-catalyzed amination using XPhos ligand was each studied.
Our goal of understanding the appropriate reactor design provides in-depth analyses of constriction and mechanical
entrapment. Calculations of Stokes number (St)>1 revealed that NaCl particle depositions were independent of the reactor
materials. Analyses of the clogging time's dependence on the residence time (τ) and particle volume fraction (ϕ) discovered
commercial tubing to be inadequate for the decoupling of the kinetics. The results prescribe why fabricated microreactors
with on-chip analytics, particle formations and dissolutions, and without fluidic connections are solutions to discover and
develop ubiquitous reactions that form inorganic salt by-products.
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1. Introduction

Flow chemistry has emerged as the enabling field of high-
throughput and sustainable data-driven discovery and process
chemistry [1], yet solids handling remains its key challenge [2].
Surface chemistry [3], roughness [4], geometric constriction/expan-
sion [5], temperature gradients, precipitation and growthmechanisms
[6], reaction kinetics [7], particle momentum [8], gravitational forces,
and fluid inertia [5b, 8] can each influence the clogging of micro-
reactors when insoluble materials form [2c]. Commercially available
tubing is no exception. Fluoropolymer (e.g., perfluoroalkoxy (PFA),
polytetrafluoroethylene (PTFE), fluorinated ethylene propylene
(FEP), and polyether ether ketone (PEEK™)) and stainless-steel
(SS) tubing are now commonly applied to perform flow chemistry
[9] without much consideration of why high surface-to-volume ratio
reactors designed from such materials can influence chemical reac-
tions in laminar flow. Metaphorically speaking, scientists or engi-
neers who apply software/models without understanding their
boundary conditions risk erroneous results. The same holds true
when synthetic chemistry is performed in commercial tubing.
It is not surprising to most flow chemists that reactions that form

insoluble materials can cause trouble in the laboratory. For
instance, inorganic salt by-products are particularly troublesome
yet widespread [2c, 7, 9d]. The Pd-catalyzed C–N bond formation
using dialkylbiaryl phosphane ligands broadly impacts both sci-
ence and society [10], which are why it continues to be studied in
flow [9d, 11]. As an example, the palladium-catalyzed amination
of aniline with 4-chloroanisole in 1,4-dioxane using XPhos preca-
talyst (chloro(2-dicyclohexylphosphino-2′,4′,6′-triisopropyl-1,1′-
biphenyl)[2-(2-aminoethyl)phenyl]palladium(II)) [12] generates
one molar equivalent of insoluble NaCl (see Scheme 1) [10a].
Screening its reaction conditions in flow for either discovery or

process design can be a frustrating endeavor, as clogging is com-
monplace. Its broad utility in fine chemicals, pharmaceuticals,
natural products, and materials synthesis [10] motivates the need
to understand reactive clogging mechanisms.
Any of two mechanisms are primarily responsible for the clog-

ging of micro-scale laminar flow reactors: constriction and/or
mechanical entrapment [5]. Heterogeneous nucleation and subse-
quent film growth on reactor surfaces reduce cross-sectional areas
[7], and hence, it geometrically constricts laminar flow paths.
Particle depositions on surfaces can also bring about constrictions
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[3–5, 8, 13]. Particle depositions can occur via inertial impaction or
by the interception of particles by reactor surfaces [3–5, 8, 13]. Layer-
by-layer depositions sometimes form particle dendrites on micro-
channel walls that emulate constrictions [3–5, 8, 13]. Particles that
form in the bulk flow along lamellae in laminar flow [3, 5b, 14], but
the interception of such particles by surfaces can occur while flowing
through constrictions [5b, c]. This mechanical entrapment sometimes
leads to the hydrodynamic bridging of several particles when they
arrive to a constriction simultaneously and geometrically span its
cross-sectional flow path [5b, c]. The outcome is severely constrained
fluid flow (i.e., clogging) [5b, c, 7]. Active particle handling techni-
ques [2a, 2c, 15], as an example ultrasonics [16], have been shown to
minimize cloggings [7, 9f, 17]. However, ultrasonic irradiation
requires input energy [18] that can influence fluid mechanics [19]
and heat transfer [18, 20], and hence, interpreting the intrinsic kinetics
becomes ambiguous [7, 18, 21]. Passive solids handling techniques
[2a, 2c, 9a, 9c, 15, 22] require deeper understanding of the particle
physics [3–5, 14a, 17b] and reactor limitations [7].
The flow chemist should be well-informed of the possible

limitations while choosing a laminar flow reactor and with his/
her ultimate goal in mind. Clogging can (1) stop flow, (2) introduce
artifical resistances that change the actual reagent concentrations in
downstream reactors, and (3) cost unexpected time and materials
consumptions while attempting to achieve steady-state operation.
The goal of reaction screening for discovery is most appropriately
orchestrated in short time intervals that span broad conditions (e.g.,
T, solvent, concentrations, ligand type, substrates, etc.) [23]. Clog-
ging is some indication that a reaction (e.g., the Pd-catalyzed
amination using XPhos ligand) [7] took place with the cost of
the time and the materials wasted during shut-downs and start-ups
of clogged reactors. On-chip screening of the reaction conditions
using small volumes (i.e., microliters) [23, 24] thus becomes
attractive when solids handling issues potentially exist. The goal
of studying a reaction's kinetics requires clog-free reactors, and
hence, the isolation of the clogging mechanism becomes impor-
tant. Transparent microreactors, fabricated from glass [25], silicon
[26], and fluoropolymers [9f, 27] capable of withstanding high
pressures (>100 bar) and temperatures (>300 °C) [28], offer the
flow chemist noninvasive inspections of microchannels. Time
should be invested up front to determine the geometric, materials,
and fluidic limitations before choosing a flow reactor.
The clogging of PFA tubing, SS tubing, and a microreactor

during a Pd-catalyzed amination were examined, and the results
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were reported in the present work. Our goal of understanding the
appropriate reactor design covers in-depth analyses of the possible
clogging mechanisms. The resultant general guidelines prescribe
why fabricated microreactors are needed to study ubiquitous reac-
tions that form inorganic salt by-products.

2. Results and Discussion

The amination of Scheme 1 was performed according to the
process flow diagram of Figure 1A, using separately PFA tubing
and a silicon microreactor (Figure 1B).

The by-product, in this case NaCl, clogged the silicon micro-
reactor (Figure 1C) and the PFA tubing (Figure 1D). In the interest
of time, a common first glance of the results of Figure 1C or 1D (or
similar) might motivate anyone to change their reactor materials or
conditions without understanding why the clogging occurred. The
answer “why?” in this example is independent of the chemistry.
The particle physics might answer why. Particle depositions on

surfaces can generate thin films, hence constrictions, when their
trajectories lead to inertial impaction or interception. Recall that
particle depositions are also known to induce dendrite formations
that can cause mechanical entrapments of bulk particle flows. In
solid–liquid low Reynolds number (Re) tubular flows, the potential
for particle deposition on surfaces exists when the time scale a
neutral particle spends near a surface is larger than the time scale
necessary for its transport to the surface, or Stokes number (St),
defined as [3–5, 8, 13]:

St ¼ 2

9

W

D

� �2 ρp
ρs

Re ð1Þ

where W is the tube diameter; D, the particle diameter; ρp, the
particle density (g/cm3); and ρs, the solvent density (g/cm3) [3–5,
8, 13]. Plotting St for different residence times (τ) reveals that the
conditions were favorable for the deposition of particles nucleated
in the bulk, as shown in Figure 2.

Thus, the possibility of particle depositions owing to inertia, in
the general case, cannot be ruled out as a primary cause of clog-
ging. Further evidence of depositions is shown in Figure 3.
Figure 3A shows the pressure drop (ΔP/ΔP0) across the PFA

tubing of Figures 1A and 1D while performing the amination of
Scheme 1 in 0.71, 1.41, and 2.82 min at 90.0 °C. Steady rises in
ΔP/ΔP0 values, as can be seen, occurred during 1.41 and
2.82 min injections. Oscillatory responses are consistent with

Scheme 1. The Pd-catalyzed amination of aniline with 4-chloroanisole in 1,4-dioxane using XPhos precatalyst [10a, 12]

Figure 1. A) Process flow diagram of the apparatus used to perform the
amination of Scheme 1 up to 90.0 °C. The dashed line highlights the
reactor portion. B) A silicon microreactor designed to form and dissolve
NaCl on-chip. Independent heating and cooling by the design of compres-
sion fittings are illustrated. Photographs of clogged C) silicon microreactor
(cross-section 500×500 μm) and D) PFA tubing (500 μm I.D.)
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particle adsorption onto and desorption from the PFA surface,
which evidently occurred prior to clogging when τ=0.71 min.
The trend, consistent with particle depositions, was also observed
during aminations in the microreactor (see Figure 3B). It is impor-
tant to note, however, that particle-to-particle and particle-to-sur-
face attraction and repulsion both additionally influence deposition
[4, 5, 13a, b, 29], while heterogeneous nucleation and growth on
surfaces can also bring about constrictions.
Another possible explanation is that heterogeneous nucleation

on surfaces resulted in wall growths that lead to constrictions.
Table 1 reports the permeability of commercially available fluo-
ropolymers manufactured into tubing, commonly used for flow
chemistry [30].
The porous nature of the materials raises speculation on whether

or not NaCl nuclei formed either on the tubing walls, within pore
throats themselves, or both. Seed crystals might not necessarily be
removed via solvent injections, which would render fluoropolymer
tubing inappropriate for subsequent experiments. Gaseous diffu-
sions through porous fluoropolymer tubing have motivated the
design of high-pressure devices when supercritical conditions exist
[31]. Fluoropolymers such as PFA, FEP, and PEEK™ are not
ultraviolet (UV) transparent, which potentially limits their use for
the study of intrinsic photocatalytic kinetics [17a]. Furthermore,
operations at, near, or above the glass transition temperatures (Tg)
shown in Table 1 are expected to deform tubing, which creates
artificial constrictions. Fresh tubing was used as a precautionary
measure in all experiments reported here.
Heating of the reaction mixtures did not control the clogging

induction times reported in Figures 3A and 3C. Although highly
exothermic or highly endothermic reactions are known to influence
microfluidic heating in reactors constructed of different materials
[32], the Pd-catalyzed C–N bond formation is neither highly
exothermic nor highly endothermic. That is to say, the Biot number
(Bi) and the β ratio [32] are not the appropriate quantities to
evaluate in this case. Instead, the solution of the Graetz–Nusselt
problem predicts the centerline fluid heating time (tmax) at axial
distance z in a capillary of length L where the heat flux at the wall
is constant, derived as [33]:

tmax ¼ z

2vavg
¼ ρsCPW2

4k
ð2Þ

The fluid at the center of the channel of velocity vavg (i.e., worst-
case scenario in the current study) requires the longest time to heat
to the wall temperature where the temperature gradient of the wall
of thickness ~0.5 mm is negligible and independent of the materi-
als. Here, a conservative estimate (i.e., the largest value of tmax) is
calculated when the solvent density and its constant-pressure heat
capacity (CP) are estimated at ambient temperature (20.0 °C), while
the solvent thermal conductivity (k) is estimated at the highest
reaction temperature (90.0 °C). The resultant tmax value=

0.01 min is<< τmin=0.71 min and (z/L)max<0.03, which
confirms that the pressure drop induction times of Figures 3A
and 3C are likely due to the extent of the reaction and not the
heating of reaction mixture.
Another clue as to why clogging occurred in PFA tubing was

revealed by performing the amination in SS tubing (500 μm I.D.)
at less aggressive conditions (i.e., 80.0 °C) where particle growth
rates were anticipated to be constrained. The pressure drop meas-
urements of Figure 3C undergird the possibility of hydrodynamic
bridging during amination in rigid SS tubing. Abrupt and irrepro-
ducible increases in the pressure drops for τ =0.71 min indicate
that stoichastic clogging occured. The mechanical entrapment of
particles via hydrodynamic bridging is inevitable when Re<2100,
the flow path constricts, and the constriction diameter (W) relative
to the largest particle size (D) is <10 [5b, c, 7]. Figure 4A
illustrates an example cross-section design of common compres-
sion fittings used to interconnect commercial tubing (e.g., flat-
bottom flanges).
Over tightening can pinch the tubing and thus reduce its diam-

eter (W1) in the region marked in between (a) and (b). What is
more, Table 1 reports I.D. resolutions of fluoropolymer tubing of
25 μm (or 5% of 500 μm I.D.) [30c], which are expected to
constrict fluid flow. Any fitting, union, or tee may also exhibit a
larger or smaller internal diameter (W2) than its interconnected
upstream tubing. As shown in Figure 4B, particles flowing along
lamellae potentially contact one another in geometric constrictions
[7] caused by a mismatch of the fittings and tubing. Previous work

Figure 2. Stokes (St) and Reynolds (Re) numbers calculated for different
reactor residence times (τ) while performing the amination of Scheme 1 in
500 μm I.D. tubing

Figure 3. Pressure drop (ΔP/ΔP0) as a function of the reactor volumes
injected (t/τ) into A) PFA tubing, B) the microreactor, and C) SS tubing.
Aminations were carried out in 0.71, 1.41, and 2.82 min in PFA tubing and
0.1, 0.2, and 0.4 min in the microreactor
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reports measuredW/D ratios in the range of 5 when performing the
reaction of Scheme 1 in PFA tubing without any acoustic forces
[7]. Any W2/W1>1, according to Figure 4, is expected to induce
particle captures via hydrodynamic bridging for W/D<10.
Although the PFA and SS tubing I.D. of 500 μm matched the
fitting I.D. of 500 μm used in the present study, the example is an
important consideration because misalignment and/or over tighten-
ing in general can cause particle bridging. The total number of
NaCl particles that pass through a geometric constriction (e.g.,
Figure 4B) before clogging (N*) ∝ W=Dð Þm where m=4±0.1 and
W/D values range from 2 to 10 [5c]. It is important to emphasize
that deposition results in constriction that leads to hydrodynamic
bridging. As a consequence, hydrodynamic bridging is expected to
occur in any microreactor, PFA tubing, or SS tubing where St>1.
The clogging time is therefore a useful quantity.
Relationship exists between the clogging time (t*), the volumet-

ric flow rate (Q), and the particle volume fraction (ϕ) in well-
defined microfluidic systems [5c]. In general, t�∝1= Qϕð Þ [5c], and
its coupling to the reaction kinetics makes the prediction of t* in
our amination example a challenge because Q (or τ) also influen-
ces the extent of the reaction (or ϕ). Worst case scenario calcu-
lations made prior to performing synthetic chemistry can avoid
hydrodynamic issues. For instance, Figure 5A reports the clogging
time (t*/τ(ΔP/ΔP0)) for different τ values when assuming com-
plete conversion of 4-chloroanisole (i.e., ϕ=0.013 for 0.5 M 4-
chloroanisole) by one reactor volume (t/τ) injected, which were
compared to t*/τ(ΔP/ΔP0) values calculated from Figure 3.

Obvious differences between predicted and measured t*/
τ(ΔP/ΔP0) values demonstrate the importance of decoupling
the reaction kinetics. Values of t*/τ(ΔP/ΔP0) ∝τn where n is −4/3
for synthesis in either the microreactor or PFA tubing (see
Figure 5A). Reaction progress thus influences clogging, which is
further revealed in Figure 5B by examination of ϕ. Figure 5
demonstrates overall that clogging was not limited to hydrody-
namic bridging in PFA tubing, which supports Figure 2. Albeit the

possible existence of the two mechanisms, deposition and hydro-
dynamic bridging, one could guide the design of their experiments
to avoid clogging using a similar approach.
Correlations of t*/τ(ΔP/ΔP0) with τϕ did not yield accurate

reaction kinetics in our example because hydrodynamic bridgings,
although predictable within statistical certainty in the absence of
any reaction and particle attraction, are stoichastic without accurate

Table 1. Specifications of commercially available fluoropolymers and tubing

Permeabilitye

Fluoropolymera Tg (°C)
b ±I.D. (μm)d H2O (g/[m2h])f CO2 N2 (cm

3cm/[m2h*atm])g O2

FEP 70–126 25 0.29 5.4 1.1 2.4
PEEK™ 144–152c 25 – – 0.003–0.01 0.02–0.08
PFA 90 25 0.08 2.9 0.4 1.4

a The crystallinity influences fluoropolymer properties [30b], and hence, care should be taken to determine the amorphous composition for specific
fluoropolymer products.

b Tg values reported for 100% alpha (I) phase unless otherwise specified [30b].
cRange reported for Victrex® PEEK™ Aptiv 1000, 2000, and 150G compression- and injection-molded [30a].
dReported by IDEX Health & Science for 1/16″ O.D. tubing [30c].
eValues reported for DuPont™ Teflon® FEP [30e]/PFA [30d] fluoroplastic films and Victrex® PEEK™ Aptiv 1000, 2000, and 150G compression- and

injection-molded [30a].
fASTM test method E96 [30d, e].
gASTM test method D1434 for FEP [30e] and PFA [30d]. Test method for PEEK™ reported by [30a].

Figure 4. Geometric constriction by design of fittings, unions, and tees. A) Over tightening of fittings creates geometric constrictions in between the region
marked (a) and (b). Mismatch of tubing inside diameters (W1) with fitting, union, or tee inside diameters (W2) creates expansions and B) constrictions.
Artificial constrictions (i.e., W2/W1>1) risk particle captures by hydrodynamic bridging when W/D<10 and Re<2100

Figure 5. Clogging time (t*/τ(ΔP/ΔP0)) measured for A) different resi-
dence times (τ) and B) values of τϕ . Measurements recorded during
synthesis in the microreactor (μR) and PFA tubing were each compared to
the theoretical limit of clogging in 1 reactor volume (t/τ) injected, assuming
100% conversion of 0.5 M 4-chloroanisole (i.e., ϕ=0.013)
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in-situ measurements of the evolving NaCl particle size distribu-
tions. It is important to note that a much broader range of tubing
and fitting designs and materials of construction are commercially
available than the examples reported here. However, routine dis-
connecting and reconnecting, over tightening where high pressures
are needed, tubing I.D. resolutions of 5%, and thermal cycling
while performing flow chemistry all together make it improbable
that reactive bridging events can be accurately predicted. The
reproducibility issues while using commercial tubing, highlighted
in Figure 3, motivate even more sensitive techniques to measure
the kinetics of reactions such as the Pd-catalyzed amination using
dialkylbiaryl phosphane ligands. On-chip techniques are the alter-
native. High-resolution fabricated microreactors with noninvasive,
on-chip analytics, with particle formations and dissolutions on-
chip, and without any fluidic connections on-chip are solutions
to high-throughput, data-driven reaction, and kinetics discovery.
On the other hand, multiphase gas–liquid, liquid–liquid, and gas–
liquid–liquid flows of reactions performed in commercial tubing
where Re<150 yield a wealth of knowledge when the compounds
remain soluble.

3. Conclusion

Conditions are favorable for particle depositions and hydrody-
namic bridgings to occur in microfluidic systems (where Re<150)
while performing Pd-catalyzed aminations using dialkylbiaryl
phosphane ligand (e.g., XPhos). Particle depositions are known
to lead to the constriction of flow paths. Commercial PFA and SS
tubing are no exceptions. Fitting design and over tightening are
also expected to contribute to the clogging of commercially avail-
able tubing via hydrodynamic bridging, with the influence of the
surface characteristics yet to be explored. Our results motivate the
need to form and dissolve solids on-chip in the absence of any
fluidic connections. Decoupling reaction kinetics from clogging
mechanisms also requires in-situ analyses. The design and fabri-
cation of transparent microreactors thus become useful to study
solids handling issues. Doing so creates the possiblity of online
analytical chemistry that avoids masking kinetics and overlooking
methodologies by off-chip analytics of reaction progress. Data-
driven, high-throughput flow chemistry where inorganic salt by-
products form (e.g., Pd-catalyzed aminations using dialkylbiaryl
phosphane ligands) seem more appropriate for integrated, auto-
mated microreactor systems that minimize the existence of expan-
sions and constrictions and porous reactor surfaces, especially
when St predicts surface depositions without considering attraction
or repulsion.

4. Experimental Section

4.1. Materials and Instruments. 4-Chloroanisole (99 mol%)
and aniline (>99 mol%) were acquired from Alfa Aesar (Ward Hill,
MA). Sodium tert-butoxide (>98 mol%) and biphenyl (internal
standard, 99.5 mol%) were obtained from TCI America (Portland,
OR). 1,4-Dioxane (99 mol%) and sulfuric acid (96 mol%,) were
obtained from Acros Organics (Waltham, MA). XPhos precatalyst
(chloro(2-dicyclohexylphosphino-2′,4′,6′-triisopropyl-1,1′-biphenyl)
[2-(2-aminoethyl)phenyl]palladium(II),>98 mol%) [12], and XPhos
(>98 mol%) [12] were obtained from Strem Chemical, Inc. (New-
buryport, MA). All chemicals were used without further purification.
PHD2000 syringe pumps were purchased from Harvard Appa-

ratus (Holliston, MA) to deliver the fluids to reactors. Glass
syringes of 25 mL were purchased from SGE Analytical Science
(Melbourne, Australia). The system pressure was monitored by a
pressure transducer fromOMEGAEngineering Inc. (Stamford, CT)
and was recorded by National Instrument's NI cDAQ-9171 meas-
urement system (Austin, TX). Both PFA tubing (0.5×700 mm) and

SS tubing (0.5×700 mm), purchased from IDEX Health and
Science, had reaction volumes of 141 μL. The mixing tees for
PFA or SS tubings were made of TEFZEL® (ETFE) (500 μm
I.D.) and also purchased from IDEX Health and Science. The
silicon microreactor, fabricated using traditional photolithog-
raphy and deep reactive ion etching by Little Things Factory,
had a volume of 20 μL for mixing and 20 μL for reaction, as
shown in Figure 1B. The reaction samples were analyzed by
Agilent 7890 Gas Chromatography (Santa Clara, CA).
4.2. Preparations of Reagents. The base solution (first stock

solution) contained 4.8050 g of NaOt-Bu (0.05 mol) dissolved in
1,4-dioxane (100 mL). The next reagent solution (second stock
solution) contained 5.5878 g of aniline (0.06 mol), 7.1290 g
4-chloroanisole (0.05 mol), 1.5421 g of biphenyl (0.01 mol),
0.3694 g of XPhos precatalyst (1 mol% of 4-chloroanisole), and
0.2384 g of XPhos (1 mol% of 4-chloroanisole) dissolved in 1,
4-dioxane (100 mL). Both the 0.5 M NaOt-Bu solution and the
0.5 M 4-chloroanisole solution were degassed by performing
several evacuation/argon refill cycles and stored under argon prior
to their use. The terminating solution (third stock solution) con-
tained 9.80 g of H2SO4 (0.1 mol) dissolved in deionized water
(500 mL). Each of the three stock solutions (25 mL) was loaded
into separate syringes and loaded onto the syringe pumps.
4.3. Pressure Measurement Setup. The equipment configu-

ration used for Pd-catalyzed amination of 4-chloroanisole with
aniline is described in Figure 1. Three Harvard Apparatus
PHD2000 syringe pumps were used to deliver reagents from
SGE glass syringes to each microreactor. Each 25 mL syringe of
base, reagents, and catalyst, and terminating fluid was mounted on
one of three syringe pumps. The silicon microreactor, PFA tubing,
and SS tubing were each interconnected separately as reactors. A
pressure transducer was installed in the base solution line prior to
mixing downstream with other fluids. The transducer output signal
was connected with the NI cDAQ-9171 data acquisition system
and recorded simultaneously by Labview software. All reactors
were heated by submersion in an oil bath. The bath temperature
was controlled by a J-KEM Scientific Gemini PID controller.
Upon exiting the reactor, the reaction stream was quenched by a
stream of terminating solution. The terminated reaction stream was
then collected with GC vials after flushing at least three reactor
volumes. Analyses of the reaction progress using biphenyl internal
standard enabled estimations of the particle volume fractions.
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