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This paper describes the next stage in our development of self-optimising reactors. We demonstrate that the same reac-
tion can be optimised for a series of different criteria including yield, space–time yield, E factor and a weighted yield 
function (the product of space–time yield and yield). In different experiments, we achieved 97.6% yield, space–time 
yield of 42.9 kg/L/h and E factors of 1.4 and 3.3 (including CO2) and the weighted yield, which gave a promising 
balance between yield, E factor and space–time yield.
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1. Introduction

Confusingly, there are several different metrics for judg-
ing the success of continuous reactors. These metrics include 
yield, selectivity, E factor [1] as well as atom economy [2] and 
space–time yield. Recently, we have developed the prototype 
self-optimising reactor [3, 4], which assessed the success of 
a reactor in terms of maximum yield. In this paper, we inves-
tigate the possibility of optimising instead for the conditions 
that maximise the sustainability or productivity of the process. 
In particular, we describe and compare optimisations of yield, 
E factor, space–time yield and a weighted yield function for the 
same reaction.

There is a growing interest in the use of flow reactors for 
the manufacture of fine chemicals and pharmaceuticals [5–7]. 
Flow reactors offer a series of advantages including more facile 
integration of physical sensors and good heat-transfer charac-
teristics and, owing to the low volumes, they enable reactions 
to be performed more safely at elevated temperatures and pres-
sures. Such reactors also offer the potential to perform sequen-
tial reactions and, combined with online analysis, enable the 
effect of different reaction conditions to be tested rapidly. Such 
automation removes much of the tedium of optimising chemical 
systems. Significantly, this automation has led to the develop-
ment of self-optimising reactors that use a feedback algorithm 
coupled with automated process control and integrated online 
analysis. The system then uses an evolutionary strategy to vary 
the reactor conditions (e.g. flow rates, pressure and tempera-
ture) to optimise the process rapidly and automatically.

A number of recent publications have demonstrated 
 embodiments of such self-optimisating reactors. For example, 
Krishna dasan et al. [8] produced nanoparticles with a microre-
actor system. The flow rates and temperature were controlled 
by an automated computer system using the Stable Noisy 
Optimization by Branch and Fit (SNOBFIT) algorithm with 
an online fluorimeter to determine the optimal performance 
of nanoparticles produced [9]. Similarly, McMullen et al. per-
formed the optimisation of a Heck coupling, a Knoevenagel con-
densation reaction and the oxidation of benzyl alcohol [10, 11] 
using microreactors coupled to online high-performance liquid 
chromatography (HPLC) analysis, and the Nelder and Mead 
Simplex (NMSIM) algorithm to direct the optimisation [12].

In our recent work [3, 4], we demonstrated a self- optimising 
system for the automated optimisation of the yield of pentyl 
methyl ether (PME) from the reaction of 1-pentanol and  dimethyl 
carbonate (DMC) in supercritical CO2 (scCO2), see Scheme 1. 
Optimisation of such reactions still presents a challenge, espe-
cially for supercritical fluids, because their tunable solvent 
properties add extra parameters to be adjusted during the opti-
misation [13]. These extra dimensions often result in impracti-
cally long experimental times to explore the whole parameter 
space fully. In our prototype, all of the steps involved in the 
optimisation were conducted by custom feedback software [4], 
which searches automatically for the optimum reaction condi-
tions defined in terms of yield without any intervention from the 
user. Here, we extend the concept to other optimisation criteria, 
more appropriate to green and sustainable chemistry.

2. Experimental

CAUTION! The experiments described in this paper involve 
the use of high pressures and require equipment with the appro-
priate pressure rating.

Our equipment has been described in some detail before 
[3, 4]. Briefly, it consists of a sand-packed pre-heater column 
followed by a fixed catalyst bed reactor column, through which 
the reactants and solvent are pumped by HPLC pumps. The out-
put of the reactor passes through a high-pressure sample loop, 
for online sampling, into a gas-liquid chromatograph (GLC) and 
then to a back pressure regulator (BPR) to control the system 
pressure, as shown in Figure 1. The results from the GLC analy-
sis are then used by the optimisation software, which calculates 
the response at the current conditions for the appropriate optimi-
sation criterion. We use the Super Modified Simplex algorithm 
(SMSIM), first introduced by Routh et al. [14], an adaptive algo-
rithm that uses the responses from previous conditions to pre-
dict a new set of conditions that should give a greater response 
[14, 15]. This iterative process continues until the covariance of 
the responses in the newly generated simplex is less than 0.5% 
or until 72 h has elapsed (see Ref. [15] for details).

* Authors for correspondence: Richard.Bourne@Nottingham.ac.uk, 
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Scheme 1. Methylation of 1-pentanol by dimethyl carbonate to 
produce pentyl methyl ether
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3. Results and Discussion

Our strategy was to optimise the reaction in terms of five 
different criteria (a) yield (the amount of product obtained as 
a percentage with respect to 1-pentanol consumed), Eq. (1), 
(b) space–time yield (mass of product formed per volume of the 
reactor per unit time), Eq. (2), (c) E factor (mass of all waste 
from the reaction over the mass of the desired product and ignor-
ing the CO2), Eq. (3), (d) E+ (the E factor including all wastes), 
Eq. (4), (e) STY × Y (the weighted space–time yield (calculated 
by multiplying the space–time yield by the yield), which bal-
ances the optimisation between higher yields and productivity.

Mass of PMEY =
 Theoretical max mass of PME 

× 100 (1)

E = Mass of 1-pentanol + mass of DMC - mass of PME (2)Mass of PME

E+ =

 [Mass of 1-pentanol + mass of DMC + mass of CO2
- mass of PME] (3)Mass of PME

Moles of PME ´ MW (4)STY =
 Time ´ reactor volume

STY ´ Y = STY (Eq. (4)) ´ Y (Eq. (1)) (5)

The initial experiment was a repeat of our original yield optimi-
sation (see Figure 2, column Y), to provide a comparison with 
the previous publication [4], because the scale of the reactor was 
reduced in volume by ca. fivefold from 156 mm × 8.95 mm ID 
(10 mL) to 156 mm × 3.86 mm ID (1.8 mL), thereby reducing 
the time required to reach equilibrium and to reduce the volume 
of materials required. Following this optimisation, the space 
time yield (STY), E factor (E), E factor including solvent (E+)
and a weighted yield function (STY × Y) were each optimised 
using the same procedure. In these optimisations, the flow 
rate of CO2, 1-pentanol, DMC, the reactor temperature and the 
pres sure were varied by the feedback software. This five-factor
optimisation required six initial sets of conditions to construct 
the first simplex (see Refs [3] and [4] for details). Table 1 lists 
the same initial conditions used for the first simplex for all five 
optimisation experiments, together with the maximum and mini-
mum boundaries allowed for each parameter during optimisa-
tion. GLC analysis was used to determine the composition of 
the product stream flowing out of the reactor, which is needed 
to calculate all of our optimisation criteria.

Table 2 shows the optimised values of the different crite-
ria together with the corresponding final values of the various 
parameters (temperature, pressure and flow rates). Figure 2 
shows the progress of each of the five optimisations. Readily, 
it is clear that

(a)  the equipment was able to reach a steady value (maximum 
or minimum) of the target criterion;

(b) the reaction could reach a very high yield, 97.6%;
(c)  the optimisation of yield did not require very high tempera-

tures or pressures but did use a significantly higher molar 
ratio of DMC:1-pentanol;

(d)  high values of STY and STY × Y are, in effect, an indica-
tion of process intensification. They are achieved with high 
pressure (to increase density and hence reactor capacity) 
and high temperatures to increase rates of heating;

(e)  minimum values of E and E+ are achieved at high tempera-
tures but relatively low pressures and low DMC equivalents. 
The E factor optimisation used <1 eq. of methylating agent, 
implying reaction of both methyl groups in the DMC. In 
addition, given good heat exchange in a scaled up reactor, 
this combination of parameters might lead to more favour-
able energy utilisation.

Figure 1. A schematic diagram of our automated optimisation 
equipment. CO2 (BOC gases, food fresh grade) is pumped by a pro-
grammable HPLC CO2 pump (Jasco PU-1580-CO2). All organic 
solutions were pumped by HPLC pumps (Jasco PU-980). The pre-
mixer (M) and reactor (R) were both heated using cartridge heat-
ers within aluminium heating blocks controlled by programmable 
heating controllers (Eurotherm 2216 L). The pre-mixer and reactor 
were 1.8-mL 316 stainless steel tubes (156 mm × 3.9 mm ID) filled 
with sand in the pre-mixer, and the catalyst was Puralox NWA-155 
g-alumina. The system pressure was maintained by a Jasco back 
 pressure regulator (BPR) (Jasco BP-1580–81) and monitored by pres-
sure  transducers in both HPLC pumps and the BPR. The reactor output 
was measured by an online Shimadzu GC-2014 (GLC) with a high-
pressure sample loop (SL), using an SE-30 column (30 m, 0.32 mm ID, 
1.0 mm Film Thickness (FT), held at 40 °C for 2 min, ramp to 100 °C at 
20 °C/min, ramp to 200 °C at 40 °C/min, hold for 30 s, pressure 125.8 
kpa, purge 3.0 mL/min, split ratio 40). All conditions were monitored 
using a PicoLog® TC-08 connected to k-type thermocouples in the reac-
tor and heating blocks, and to the pressure transducers in the system. 
This information is fed back to the adaptive algorithm in a feedback 
loop, which then changes the conditions. Commercially available DMC 
(Alfa Aesar, 99%) and 1-pentanol (Sigma-Aldrich, 99%) were used 
without further purification in all experiments

Condition CO2
(mL/min)

1-Pentanol
(mL/min)

DMC
(mL/min)

Temperature 
(°C)

Pressure
(bar)

Max 4.00 2.00 2.00 350 270
Min 0.50 0.02 0.02 75 70
1 1.00 0.1 0.1 225 100
2 1.90 0.1 0.1 225 100
3 1.45 0.59 0.1 225 100
4 1.45 0.25 0.57 225 100
5 1.45 0.25 0.22 255 100
6 1.45 0.25 0.22 231 140

Table 1. The initial conditions used to construct the first simplex, and 
the boundaries for each parameter that newly calculated conditions were 
restricted to be set within
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Table 3 summarises the values of the optimised criteria, and for 
each criterion, it shows the corresponding values of the other 
criteria. Several conclusions can be drawn:

(a)  Optimising for different criteria does give significantly dif-
ferent values of performance.

(b)  Maximising the yield gives poor STY and high values of 
E and E+. In effect, the productivity is poor and the amount 
of waste is high.

(c)  It is harder to decide as to which of the remaining four cri-
teria gives the most sustainable process.

(d)  Surprisingly, minimising E gives a high value of E+. Given 
the energy cost of compressing CO2, this might render the 
process unnecessarily expensive.

(e)  The yield weighted function has reasonable yield, space–
time yield, and E factor values. It may provide a compromise 
that is actually more sustainable as a process, both environ-
mentally and economically, than any of the other functions.

4. Conclusion

In this paper, we have expanded the choice of different criteria 
that can be optimised for our self-optimising equipment. These 
criteria have been tested on the same model reaction, and then 
compared against each other in an attempt to highlight the chal-
lenge presented when trying to develop a more sustainable flow 
process. From this comparison, it becomes clearer that devis-
ing a chemical process that needs to be both sustainable and 
economically viable is not straightforward, as the conditions 
obtained as optimal for each specific function may be far from 
optimal for the others. Therefore, deciding on how a “greener” 
process should be defined becomes increasingly important, as 
this can greatly affect the outcome. For the moment, we believe 

Figure 2. Summary of the progress of the five optimisation experiments. The letters at the head of each column shows the optimisation criterion for 
that experiment. The four graphs in each column show (in descending order from the top) the values for the optimisation criterion, the temperature (T), 
pressure (P), the flow rates of 1-pentanol (O), carbon dioxide (C) and dimethyl carbonate (D). Each “retained vertex” (the best new value measured 
in that simplex) represents a measurement at one set of conditions

Function Optimised value CO2
(mL/min)

1-Pentanol
(mL/min)

DMC
(mL/min)

Molar ratio of DMC:
1-pentanol

Temperature (°C) Pressure (bar)

Yield 97.7% 1.39 0.07 0.29 5.5:1 222 103
STY 42.9 kg/L/h 1.80 2.06 1.65 1.0:1 305 183
E factor 1.4 1.60 0.38 0.19 0.6:1 294 76
E+ factor 3.3 0.50 0.92 1.11 1.6:1 326 111
STY × Y 80% and 37.2 kg/L/h 2.69 1.50 1.96 1.8:1 325 150

Table 2. The conditions at which the maximum response for each function was located during the optimisations of each function in the PME synthesis

Function Yield (%) STY (kg/L/h) E factor E factor (CO2)
Yield 97.6 2.0 4.9 27.5
STY 67.4 42.9 1.6 3.0
E factor 68.0 8.0 1.4 9.0
E+ factor 75.8 21.5 3.3 2.4
STY × Y 80.5 37.5 1.9 4.3

Table 3. Comparison of the five different optimised functions (row 
headings) and the yield, space–time yield and E factors at these optimised 
conditions (column headings). Figures in italics are the values for the 
function that have been optimised
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that we have added an important new tool in the decision making 
process, taking us a significant step closer towards more sus-
tainable chemistry.
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