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Abstract 10 

A series of small-scale/micro-scale experiments used for the education of undergraduate students in 11 

chemical engineering courses have been developed. Based on the “small-scale/micro-scale” concept, 12 

the experiments were developed to provide an intuitive understanding of chemical processes, both by 13 

increasing the visibility of these chemical processes and by making the apparatus compact (desktop 14 

size). Nine experiments were developed that are relevant to the fields of thermal engineering, fluid 15 

engineering, unit operations, and reaction engineering. These experiments were introduced during the 16 

educational experiment course for undergraduates in the chemical engineering program. 17 
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Introduction 22 

    Small-scale/micro-scale experiments represent a concept for “green” education that utilizes a small 23 

device and a small amount of chemicals. Small-scale experiments are not only small and good for the 24 

environment, but they are also effective in terms of education. This is because they create an intuitive 25 

understanding of chemical processes due to the visibility and compactness of small-scale experiments, 26 

enabling individual experiments and representing a promising concept for the education of chemistry 27 

students at any level. 28 

    The concept of “small-scale/micro-scale” experiments was proposed since the 1940s,(Wright and 29 

Eastcott, 1949; Stock, 1953; Horak and Crist, 1975) However, in the 1990s this concept rapidly 30 

expanded, and various reactions and chemistry equipment for small-scale/micro-scale experiments 31 

were developed (Kelkar and Dhavale, 2000) Additionally, various techniques were collected in the 32 

microscale laboratory in the Journal of Chemical Education (Zipp, 1989) and a book was published 33 

by the Royal Society of Chemistry (Skinner, 1997). At an early stage, the experiments were intended 34 

for middle/high school students (Grønneberg et al., 2006; Supasorn, 2015) A variety of experiments 35 

and demonstrations has been developed to promote science awareness (Néel et al., 2015; Chien et al., 36 

2018) and demonstration (Lee and Wiener, 2011). After a while, the experiments were extended to 37 

higher levels of education (Flash, 1990) and various chemical processes were changed into small-scale 38 

procedures such as distillation (Schwartz, 1992) and the extraction of products (McKenzie et al., 2004). 39 

In particular, this concept aligns with the field of organic chemistry (Wright and Eastcott, 1949; Stock, 40 

1990; Gilow, 1991; Sobral, 2005) and several books summarizing the methods have been published 41 

(Pavia et al., 2007). A series of experiments was summarized in books about general chemistry 42 

(Szafran et al., 1993; Skinner, 1997) and inorganic chemistry (Szafran et al., 1991), as well. Some of 43 

the analytical equipment was prepared with small-scale devices such as gas chromatography (Vrtacnik 44 

and Gros, 2005) and electrophoreses.(Brooks and Brooks, 1995) Various small-scale experiments for 45 

thermodynamics have also been developed (Brouwer, 1991), and now several companies have 46 

commercialized the small experimental devices combined with sensor equipment. Some unique 47 

experiments have also been developed; for example, the color change study involving 48 

solvatochromism in biofuels has recently been introduced for undergraduate study (El Seoud et al., 49 

2011). The interaction between proteins is studied by enzyme-linked immunosorbent assay 50 

(ELISA)(Johnson et al., 2017). In recent years, the Lab-on-a-Chip type of fluidic device has been 51 

introduced for chemical education (Tabassum et al., 2018; Wietsma et al., 2018) and used for organic 52 

and inorganic syntheses (Feng et al., 2015). 53 

    The study of chemical engineering, which is requisite for working in the chemical industry, is one 54 

of the key subjects in the engineering components of chemistry departments in universities, as it 55 



supports companies by educating chemical engineers. In the course of their study of chemical 56 

engineering, students learn “mass transfer,” “heat transfer,” “unit operations,” “reaction engineering,” 57 

etc., which constitute the knowledge necessary to design and manufacture the infrastructure of 58 

chemical plants. 59 

    In terms of education in chemical engineering, learners face two main difficulties. One is that many 60 

empirical equations are given without sound reasoning for using them, which includes various non-61 

dimensional numbers utilized for the common understanding of thermal, fluidic, and mass transport 62 

phenomena without performing all the experiments or calculations when the experimental scale 63 

changes. The other is that each chemical process is frequently invisible because the equipment is a 64 

black box or tends to be large like actual applications in the chemical industry. In student lab courses 65 

for chemical engineering, large equipment with complicated functions have frequently been utilized, 66 

which has made it difficult for learners to understand the actual processes. One of the solutions is to 67 

utilize computer-based learning to facilitate an understanding of the processes by assuming various 68 

chemical engineering models (Squires et al., 1992; Selmer et al., 2007). 69 

     We have developed small-scale/micro-scale experiments for undergraduates in the field of general 70 

chemistry and physical chemistry. In addition, we have come up with an idea: that the concept of 71 

small-scale/micro-scale experiments will help create an understanding of chemical engineering among 72 

undergraduates. By utilizing small devices instead of large black-box devices, learners can understand 73 

each chemical process intuitively. The simpler processes foster a better understanding of theoretical 74 

equations, which could lead to more complicated theories for further study.  75 

      In the last five years, we have developed ~10 small-scale/micro-scale experiments that provide 76 

education in chemical engineering in a chemistry department in Japan. They have been put into 77 

practice as a course for education in the chemical engineering field. This paper introduces the 78 

developed experiments and also describes their merits. 79 

 80 

Concept 81 

      In each experiment, we aimed to achieve an intuitive understanding among learners by improving 82 

the visibility of experiments and making a compact desktop device. To help learners understand more 83 

clearly, we prepared simplified chemical processes for experiments, which can be further extended 84 

into complicated issues. A small amount of chemicals was used to reduce the cost of the experiments, 85 

as well as to make the learners aware of the environmental issues related to chemical experiments, 86 

similar to those of other small-scale concepts. In general, the cost of each experiment was less than 87 

$1,000 for each experiment per group (2-4 members expected), designed as they have been adopted 88 

by other universities. 89 

     We designed the series of experiments along with a curriculum for chemical engineering education, 90 



which is categorized into thermal engineering, fluid engineering, unit operations, reaction engineering 91 

and other subjects such as particle engineering, process design, etc. Following are the titles of the 92 

experiments in each category. 93 

Thermal engineering: 94 

 Thermal conduction in metals 95 

 Thermal convection for double pipe thermal exchanger 96 

Fluid engineering 97 

 Pressure loss in tubes and velocity measurements of fluids 98 

Unit operations 99 

 Distillation 100 

 Gas adsorption on solid medium 101 

 Gas absorption by liquid 102 

Reaction engineering 103 

 Reaction rate difference for various reactors 104 

 High-pressure gas 105 

Others 106 

 Particle size measurement 107 

 108 

Series of experiments 109 

1. Thermal engineering 110 

1.1 Thermal conduction in metals 111 

Thermal management is one of the most important issues for controlling and optimizing the 112 

production efficiency of chemicals. In the thermal management of chemical processes, we must 113 

understand three types of heat transfer processes; thermal conduction, thermal convection, and 114 

radiative heat transfer. The first one represents the thermal conduction in a stationary material 115 

(Hatzikraniotis et al., 2010). The second one represents the heat transfer in a fluidic material. The third 116 

one corresponds to electromagnetic energy transfer. In the study on heat transfer, it is difficult to 117 

understand the processes because of the invisibility of heat. To overcome this problem, we utilized 118 

thermography to understand thermal processes by visualizing them. In recent years, thermography has 119 

been utilized for education in various fields due to a reduction in its price (Möllmann and Vollmer, 120 

2007; Haglund et al., 2015). 121 

In thermal conduction, the thermal energy transfer is expressed by Fourier’s law: 122 

𝑄 = −𝑘𝐴 𝑑𝑇/𝑑𝑥 ,        (1.1) 123 

where Q is the input of the thermal energy, k is the thermal conductivity, A is the cross sectional area, 124 

and dT/dx is the temperature gradient. Under the steady state, integrating from x = 0 to L, and T = T1 125 



to T2,  126 

𝑄 =
𝑘𝐴

𝐿
(𝑇1 − 𝑇2) ,         (1.2) 127 

The linear temperature profile is obtained when Q remains constant. On the other hand, under the 128 

unsteady state, the temperature profile in the one-dimensional case is given by the thermal diffusion 129 

equation as: 130 

   
𝜕𝑇

𝜕𝑡
= 𝐷 (

𝜕2𝑇

𝜕𝑥2
), 𝐷 =

𝑘

𝜌𝐶𝑃
 ,       (1.3) 131 

where D is the thermal diffusion coefficient, 𝜌 is the density, and 𝐶𝑃 is the heat capacity.  132 

In this experiment, the heat transfer of metal rods is measured using a thermography device. An 133 

end of the metal rod is heated with a temperature-controlled heater, and the temperature profile in the 134 

rod is visualized. A thermography device can observe not only the static condition of temperature but 135 

also the unsteady state thermal conduction. The experimental apparatus is shown in Figure.1. Another 136 

metal rod surrounded by a temperature-controlled rubber heater was used as a heater, which had 137 

silicone paste on the edge to maintain good thermal contact. The temperature profile was measured 138 

after the heater metal had been put in contact with a sample metal rod by a hand-held thermography 139 

device (FLIR E5) attached to a stage. We prepared rods made of copper, iron, brass, aluminum, and 140 

stainless steel with the same size of 10x1x0.5 cm.  141 



 142 

 The temperature profiles for copper and steel under the steady state are shown in Figure 2 (left). 143 

The profiles were measured for over 300 seconds after the heater metal came into contact with a 144 

sample metal rod. It is obvious that the heat reached a more distant position for copper than it did for 145 

steel, which can be studied using Fourier’s law under the steady state; thus, learners can understand 146 

the difference between the thermal conductivities of different materials. Furthermore, a thermography 147 

measurement provides a real-time temperature profile of an object, while the thermal conduction under 148 

the unsteady state can also be studied. Figure 2 (right) shows the time evolution of the temperature 149 

profile for a rod of steel. It is recognized that the heat was transferred from the heater side to the other 150 

end. Because it is designed in one-dimensional thermal conduction by using a rod structure, the result 151 

can be compared with a simple calculation obtained from the one-dimensional thermal conduction. 152 

The unsteady state thermal conduction was calculated by an Excel chart via numerical calculation, and 153 

the result was compared to create an understanding of how the theory could explain the heat transfer. 154 

 The visualization of the temperature profile in real-time for a variety of materials helps create an 155 

intuitive understanding of the thermal conduction processes under steady and unsteady states. 156 

Fig. 1 The apparatus of thermal conduction experiment. A rubber heater was put into 

contact with a metal rod from the side, and the temperature of the heater was controlled. The 

temperature profile was measured using a hand-held thermography device. 
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 158 

1.2 Thermal convection for a double pipe-type heat exchanger 159 

 The other type of thermal management, thermal convection, is studied in this experiment. 160 

Thermal convection is the heat transfer process for a fluidic medium and frequently utilized for 161 

efficient heat removal or heating of fluidic reactants in chemical plants. Different from the thermal 162 

conduction, which is usually studied in the general physics, thermal convection is often not well 163 

understood by undergraduates because rigorous calculations are needed for fluids based on the 164 

complicated partial differential equations based on the Naviers-Stokes equation under the requirement 165 

of the heat balance equation, and more profound knowledge is necessary to understand the whole 166 

theory. However, in chemical engineering, the thermal transport by fluids is treated by heat transfer 167 

coefficients, and the overall heat transfer coefficients are utilized as average heat transport. Different 168 

from the physical property values, the heat transfer coefficients are device-dependent, meaning the 169 

values depend on the device size, fluidic conditions, etc, and leaners understand that the values must 170 

be analyzed based on the non-dimensional numbers for different apparatus. 171 

      In thermal convection, a thermal boundary layer is assumed when the fluid is in contact with a 172 

solid surface. The heat transfer at the boundary is given by: 173 

 Q =
𝑘𝐴

𝛿
(𝑇1 − 𝑇2),         (1.4) 174 

where 𝛿 is the width of the boundary layer, k is the thermal conductivity, A is the area of thermal 175 

transport, and 𝑇1 and 𝑇2 are the high and low temperatures. 𝛿 cannot usually be calculated and is 176 

Fig. 2 (a) The temperature profiles after thermal equilibrium was reached for different metal 

rods; copper and steel. (b) The time sequence of the temperature change for a steel rod with an 

interval of 30 seconds. The images were obtained by a thermography device. 
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dependent on fluidic conditions. The heat transfer coefficient is defined as follows: 177 

 h =
𝑘

𝛿
            (1.5) 178 

In the case in which the two fluids are in contact with a thermally conductive layer, the overall heat 179 

transfer coefficient (U) is given as, 180 

 
1

𝑼𝐴
=

1

ℎℎ𝐴ℎ
+

𝑏

𝜆𝐴𝑎𝑣𝑒
+

1

ℎ𝑐𝐴𝑐
,         (1.6) 181 

where b is the thickness of the thermally conductive layer and where 𝐴𝑐 and 𝐴ℎ are the contact areas 182 

for the cold and hot fluids. By using U, the overall heat transfer coefficient can be expressed as: 183 

 Q = 𝑈𝐴∆𝑇;          (1.7) 184 

        The thermal convection is understood based on the Nusselt number, one of the non-dimensional 185 

numbers, indicating the ratio of the contribution between the convective and conductive heat transports, 186 

and is given as, 187 

 Nu =
ℎ𝐿

𝜆
,           (1.8) 188 

where L is the characteristic length of the thermal transport device. There are several empirical 189 

equations for the Nusselt number, depending on the device. For example, the Nusselt number is 190 

categorized separately for laminar and turbulent flows. 191 

 In this experiment, a double-pipe thermal exchanger was prepared, as shown in Figure 3. It is 192 

Fig. 3 (a) The apparatus of the double-pipe heat exchanger. A steel pipe was inserted inside 

a plastic tube. The heated air flew inside the steel pipe, while cold air flew inside the plastic pipe 

in the opposite direction. (b) The thermography images of the tubes connected to each end. Th1, 

Th2, Tc1, and Tc2 correspond to the temperatures of the high-temperature fluids and the low-

temperature fluids at the inlets and outlets, respectively. 
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frequently utilized for cooling fluidic reactants and products. The heat exchanger was built with a 193 

metal tube inside a plastic tube, and the heated air flew inside the metal tube while the cooled air was 194 

introduced into the plastic tube. By using a transparent plastic tube, the heat exchanging part was 195 

visible to learners. The temperatures at the entrances and exits for the low- and high-temperature fluids 196 

were directly monitored by thermography. 197 

 198 

 The overall equipment is shown in Figure 4. On one side, the air was heated by heating the tube 199 

inside a hot water bath. On the other side, it was cooled by cooling the tube inside a cooling bag. The 200 

fluid volume for each fluid was monitored by a flowmeter (Azbil, Fs). A hand-held thermography 201 

device (FLIR C2) was used to monitor the temperature for each tube. For different flow rates of the 202 

heated air, the net heat transfer coefficients were obtained. They were compared with the theoretical 203 

estimation using the Nusselt number (Figure 5). The agreement between the theory and the experiment 204 

was typically less than 10%.  205 

 The visibility of the thermal exchanger provides a good understanding of the mechanism. 206 

Additionally, the experiments using simple air help simplify the process. Soon after the fluids leave 207 

the exchanger, the learners can know the temperature, which fosters an intuitive understanding of the 208 

heat exchanger. 209 

Fig. 4 The whole picture of the heat exchanger apparatus. The cool air was prepared by going  

through an iced water, and heated air was prepared by going through a heated water, and the air 

was pumped by two air pumps, and the flow rates was controlled by flow meters. 
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 211 

2. Fluid engineering 212 

2.1 Pressure drop in tubes and velocity measurements of fluids 213 

 Fluid control is necessary for the stable operation of chemical plants. Due to the friction between 214 

a tube wall and a fluid, additional pressure is needed to enable the flow of fluids, which is known as 215 

pressure drop. An educational experiment using microdevices was previously proposed (Groß et al., 216 

2010). To transport fluids, the dependence of the pressure drop on the size and structure of tubes, flow 217 

rate, and fluid viscosity must be understood. Furthermore, the fluidic profile is different from the 218 

laminar to turbulent type depending on the Reynolds number, which is defined by the force ratio 219 

between inertia and viscous force. This fluid-type transition is critically important for fluidic control. 220 

The pressure drop is described by the Fanning equation as:  221 

  ∆𝑃 = 4𝑓 (
𝐿

𝐷
) (

𝜌𝑈2

2
),       (2.1) 222 

where 𝑓 is the frictional coefficient, 𝐿 is the length, D is the diameter, 𝜌 is the density, and 𝑈 is the 223 

velocity. The dependence of pressure drop on the flow type – laminar or turbulent – is included in 224 

the friction coefficients, f, as: 225 

  𝑓 =
16

𝑅𝑒
,   𝑓 = 0.079𝑅𝑒−

1

4    (2.2) 226 

for the laminar and turbulent flows, respectively, where Re is the Reynolds number, which defines 227 

Fig. 5 The comparison between the overall thermal coefficients obtained from the experiment 

and theory. The flow rates of the heated air were varied, while that of the cool air was constant at 8 

L/min.   

※ Cool flow is constant at 8 L/min.

Flow volume / 

L・min-1

Uexperiment

/ W・(m·K)-1

Ucalculation

/ W・(m·K)-1

14 31.8 29.4

12 30.8 28.0

10 29.5 26.3

8 23.4 24.2

6 15.4 16.3

4 14.1 14.9

2 10.3 12.6



the transition from the laminar to the turbulent flow. Typically, the transition of the flow-type 228 

happens around 2300.   229 

 In this experiment, the pressure drop was measured by a silicone tube connected by plastic 230 

connectors to a digital manometer. The experimental setup is shown in Figure 6. After an adjustment 231 

of the pressure, air was pumped and sent into a silicone tube. The flow rate was measured by a flow 232 

meter (Azvil, Fs). When two T-type connectors are connected at the input and output of the tube, a 233 

pressure drop can be measured using a manometer (As One, DM-280) for a designated tube. Because 234 

various types of tubes and connectors can be inserted between the inlet and outlet of the air stream, 235 

learners can measure a pressure drop for the tubes and connectors. As an extended education, a 236 

pressure drop using a reducing connector, which is designed to connect tubes with different diameters, 237 

can be used for the calculation of the flow rate of the fluid. This is a simplified orifice meter for the 238 

flow rate measurements, which is a frequently used apparatus for fluid control. 239 

 An example of the dependence of pressure drop on the flow rate in a tube with an inner diameter 240 

of 3 mm is shown in Figure 7. The data clearly showed two regions of pressure drop, corresponding 241 

to the laminar and turbulent flows. Even for this simple device, learners can intuitively understand 242 

how the pressure drop is induced in a tube or a connecting part directly by replacing the parts, and also 243 

how the flow-type affects the pressure drop. 244 

 245 

Fig. 6 The experimental apparatus of the pressure drop experiment. The air pump was used to 

flow air, while the flow rate was controlled by the flow controller and the air was sent into a tube. 

The pressure drop was measured between the measurement tubes, which had two outlet connectors.  

One of them was connected to a manometer. When a connector with a reducing diameter is utilized, 

it can be employed as a simplified orifice meter. 
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 247 

3. Unit operations 248 

3.1 Distillation 249 

 There are many unit operations in the chemical processes such as separation, extraction, mixing, 250 

etc. The learners need to study the role and objective of each operation. Distillation is one of the most 251 

familiar unit operations, which is for the condensation of chemicals from a mixture solution. In the 252 

distillation, the learners need to understand the phase diagram for the gas/liquid equilibrium, and the 253 

phase diagram is utilized to obtain the concentration of the condensed chemicals. Small-scale 254 

gas/liquid equilibrium and distillation experiments were proposed previously in the 1990s (Flash, 255 

1990; Schwartz, 1992). 256 

 In the distillation of a mixture solution of two components, and assuming that x1, x2, y1, y2 are 257 

the molar fraction in the gas and liquid phases, the molar fraction of component 1 in the gas phase is 258 

given by: 259 

 𝑦1 =
𝑃1

𝑃
=
𝑥1𝑃1

0

𝑃
,         (3.1) 260 

where P is the total pressure and 𝑃1
0 is the saturated vapor pressure of component 1, and the molar 261 

fraction in the liquid phase is given as: 262 

 𝑥1 =
𝑃−𝑃2

0

𝑃1
0−𝑃2

0          (3.2) 263 

and the saturated vapor pressure of pure chemicals is given by the Antoine equation as: 264 

Fig. 7 The pressure loss curve vs flow rate is shown. The theoretically obtained fitting curves 

are also shown for the laminar and turbulent flow rate regions. 
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 log𝑃0 = 𝐴 −
𝐵

𝑇+𝐶
,       (3.3) 265 

where A, B, C are the constants for each chemical. From these equations, x and y are obtained for 266 

various temperatures, and the x-y plot can be prepared theoretically. Experimentally, a solution of x 267 

is distilled and the obtained molar fraction of the residual, condensed from the gas phase, can be 268 

obtained as y. The relation between x and y can be plotted. By using the x-y plot, learners can obtain 269 

the molar fraction in the gas if the molar fraction in the liquid is given and it is understood how the 270 

liquid is condensed during each process. 271 

 Chemical plants frequently use multi-step distillation. Multiple heated chambers are overlaid 272 

and a part of the solution is sent into the condensed region, while the rest of the solution is sent into 273 

the collection region in each chamber. A portion of the gas condensed from the final chamber is taken 274 

from the distillation equipment as a final product.  275 

 In this experiment, a water/ethanol mixture is used, and the x-y plot is prepared from the theory 276 

and experiment, as shown in Figure 8. The experimental apparatus is shown in Figure 9. The 277 

distillation glassware for microscale experiment (Kontes, 14/10 Microflex glassware kits) was used 278 

for distillation, similar to the previous experiments (Schwartz, 1992). The distillation flask was heated 279 

in an aluminum bath that had been heated by a heater, and the cooling water was circulated by a water 280 

pump (Cole Parmer, Masterflex L/S). When a metal sponge was put on top of the distillation flask, the 281 

distillation could be modified to perform a hypothetical multi-step distillation, too. The amount of 282 

ethanol inside the residual liquid was measured by the refractive index with a refractometer. The 283 

calibration curve was measured in advance. 284 

 An example of the result is shown in Figure 8. From the initial and final concentrations of ethanol, 285 

Fig. 8 Molar fraction in the liquid (x) and in the gas (y) are plotted to make a x-y plot. A 

calculation example for the multi-step distillation starting from x=0.2 is shown. 
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Distilled
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2.7



the step-line was drawn to understand the plate number of the distillation. Unlike in the typical 286 

distillation experiment, the quantity of the used chemicals was almost 1/10, but still the principle and 287 

mechanism of the distillation can be sufficiently understood. 288 

 289 

 290 

3.2 Adsorption of gas in solid medium 291 

 Adsorption is the process by which a specific species is condensed on a solid surface, such as 292 

deodorizing using activated carbon. This process is frequently utilized for the removal of unnecessary 293 

chemicals (Srisuda and Virote, 2008) or the collection of needed chemicals (Kirchstetter et al., 2001). 294 

In this experiment, silica gel and water vapor were utilized as an adsorbent and an adsorbate, while a 295 

breakthrough curve was obtained to understand the performance of an adsorption column. 296 

 When gas is equilibrated with a solid adsorbent, the amount of adsorbate on the surface is 297 

expressed by an adsorption isotherm, such as the Langmuir equation. When a fluid including adsorbate 298 

is flown into the adsorption column, the adsorption equilibrium is reached from the entrance of the 299 

column. The adsorption itself happens in the finite region of the column, which is called an adsorption 300 

band. The band position gradually proceeds toward the direction of flow by saturating the adsorption 301 

on the solid surface from the entrance side. The adsorbate will gradually come out when the adsorption 302 

band is close to the end of the column. Assuming the initial concentration C0 of the adsorbate, and the 303 

output concentration C at time , the curve of C/C0 vs time is called the breakthrough curve. The 304 

length of the adsorption band can be calculated from the breakthrough curve, which is utilized for the 305 

breakthrough time of another adsorption column with a different length. 306 

Fig. 9 The apparatus of small-scale distillation is shown. (a) The whole apparatus includes the 

heating bath and distillation glassware and the cooling water circulation. (b) The glassware of the 

small-scale distillation, and the distillation can be modified to perform a hypothetical multi-step 

distillation using aluminum foil. 
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 In this experiment, an adsorption column is prepared by packing silica gel particles into a plastic 307 

tube as shown in Figure 10. Air with 90% humidity was sent into the adsorption column by an air 308 

pump, and a hygrometer was used to measure the humidity at the outlet (As One, TH-321). An example 309 

of the breakthrough curve is shown in Figure 11, along with the color change of the silica gel over 310 

time. The silica gel particles can be used repeatedly by heating up to remove the adsorbed water. This 311 

visual change will not only help create an understanding of the adsorption process but also provide 312 

information about the adsorption band and the breakthrough time. 313 

 314 

 315 

 316 

Fig. 10 The apparatus of vapor adsorption by an absorption column packed with silica gel particles 

is shown. Vapor with a humidity of 90% is sent from the bottom of the column, and the hygrometer 

is used to measure the humidity of the vapor at the exit. 
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Fig. 11 (a) Pictures of the absorption column are shown in a series of time sequences. (b) A 

breakthrough curve obtained from the humidity measurement is shown. 
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3.3 Gas absorption 317 

 In chemical syntheses, harmful or unwanted gases are sometimes generated and therefore must 318 

be removed (Zidar et al., 1997; Li et al., 2017). In chemical plants, an absorption tower is utilized, 319 

where various types of sorbents are typically packed and water or other solvents (absorption liquid) is 320 

flown down from the top, while the gases are flown in the direction opposite from the bottom (Liu et 321 

al., 2013). Through the contact of the gas and liquid at the solid/liquid interface, the unwanted gas is 322 

removed by solubilization into liquid. 323 

 In chemical engineering, the “double film” theory is introduced for the gas/liquid interface. 324 

Because it is difficult to obtain accurate concentrations and/or partial pressures at the real interface, 325 

the mass transfer coefficients in the gas and liquid are approximated. The mass flux of component A 326 

is expressed as:  327 

𝑁A = 𝐾𝐺(𝑃 − 𝑃
∗) = 𝐾𝐿(𝐶

∗ − 𝐶) = 𝐾𝑦(𝑦 − 𝑦
∗) = 𝐾𝑥(𝑥

∗ − 𝑥)  (3.4) 328 

where P* and C* are the pressure and concentration equilibrated with the concentration on the liquid 329 

side (C) and the pressure on the gas side (P), respectively, and where the corresponding molar fractions 330 

in the gas and liquid are y, y*, x, and x*, and the proportional coefficients – namely, the mass transfer 331 

coefficients – are regarded as KG, KL and Kx, Ky. 332 

 Assuming the counter-propagating gas absorption equipment as shown in Figure 12(a), the mass 333 

conservation gives the following equation: 334 

𝐺M (
𝑦𝑖

1−𝑦𝑖
−

𝑦𝑓

1−𝑦𝑓
) = 𝐿M (

𝑥𝑓

1−𝑥𝑓
−

𝑥𝑖

1−𝑥𝑖
)      (3.5) 335 

where GM and LM correspond to the molar flow rate of the target molecule in the gas and liquid sides, 336 

respectively.  337 

 The combination of the molar fractions at the top and bottom of the absorption equipment, (xi, 338 

yi) and (xf, yf), provides the operation line of the gas absorption, which is different from the equilibrium 339 

line of the gas and liquid, (x*, y*). This difference is the driving force for the gas absorption to the 340 

liquid phase. From the experiment, learners can measure the molar ratio at the entrance and exit of the 341 

gas absorption equipment and understand the flow rate dependence of the gas absorption. 342 

 For this purpose, we prepared an absorption tower packed with plastic balls, each of which had 343 

a diameter of 6 mm; they were toy bullets made of plastic (Figure 12). In real absorption equipment, 344 

packing materials such as a Raschig ring are utilized, but this simple absorption tower provided good 345 

visibility of the flow condition and absorption processes. Water flows from the topside by a liquid 346 

pump (As One, TP-20SA), while a mixture gas of carbon dioxide and air in a ratio of 1:3 flew from 347 

the bottom side. The absorption quantity of CO2 into the water was measured by back titration. 348 

Ba(OH)2 was added initially to precipitate CO2 as BaCO3; the remaining Ba(OH)2 was titrated by HCl. 349 

When the concentration of CO2 became constant (10 minutes), the molar ratio of CO2 at the outlet was 350 

determined. In this experiment, the operation lines for different flow rates of the mixture gas were 351 



prepared and were plotted with the equilibrium line, as shown in Figure 13.  352 

 By using the visible absorption equipment and the quantitative determination of absorbed gas, 353 

learners could intuitively understand the absorption process and the dominant parameters to control 354 

the processes. This was possible because the experiment utilized safe gas and general commodity. 355 

 356 

Fig. 12 (a) Schematic drawing of the gas absorption is shown. (b) The expanded picture of the 

absorption column is shown. (c) The whole apparatus includes the liquid pump and air pump; 20 vol% 

carbon dioxide gas is sent from the bottom side and water flow is sent from the top side. 
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Fig. 13 The operation lines for the gas absorption are shown for different flow rates. The 

equilibrium line of carbon dioxide is also shown. 
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 358 

4. Reaction engineering 359 

4.1 Reaction rate difference for various reactors 360 

 Unlike lab-scale synthesis, various types of reactors – especially continuous flow reactors – are 361 

frequently used for mass production in chemical plants. The reaction rate depends on the reactor type, 362 

size, and flow rates, and such parameters must be optimized for stable production (Taipa et al., 2015) 363 

In this experiment, the two typical types of flow reactor models have been developed; learners can 364 

understand how the reactor type influences the reaction rate. 365 

 Flow reactors can be categorized into two typical types of reactors: the continuous stirred tank 366 

reactor (CSTR) and the piston flow reactor (PFR). Ideally, the concentrations of chemicals are 367 

assumed to be constant inside the tank for the CSTR, while they gradually change in terms of flow 368 

direction in the PFR. In both reactors, the mass balance is governed by the following equation: 369 

𝐹A0 − 𝐹A + 𝐺A =
 𝑑𝑛𝐴 

𝑑𝑡
,       (4.1) 370 

where FA0 and FA are the influx and the outflux of chemical A for the designated reactor region, GA 371 

corresponds to the increase/decrease due to chemical reactions, and 
 𝑑𝑛𝐴 

𝑑𝑡
 is the molar change rate of 372 

species A. The space-time, indicating the resident time of chemical species inside the reactor, is 373 

defined by  374 

𝜏m =
 𝑉𝑚 

𝑣0
,          (4.2) 375 

where Vm corresponds to the volume of the reactor and v0 is the flow volume rate of the reactant 376 

solution. In CSTR, the space-time is defined by 377 

𝜏c =
 𝐶𝐴0𝑥𝐴

−𝑟𝐴(𝑥𝐴)
=

 𝐶𝐴0

−𝑟𝐴(𝑥𝐴)
(𝑥A − 0),    (4.3) 378 

where CA0 and xA are the initial concentration of the reactant and the molar fraction, respectively, and 379 

(-rA) corresponds to the reaction rate. For the first-order reaction, it is given by 380 

𝑘𝜏c =
 𝑥𝐴

 (1−𝑥𝐴) 
,         (4.4) 381 

In PFR, the space-time is defined by 382 

𝜏p =
 𝑉p 

𝑣0
= 𝐶𝐴0 ∫

 𝑑𝑥𝐴

−𝑟𝐴(𝑥𝐴)

𝑥A
0

,       (4.5) 383 

and for the first-order reaction, it is given by 384 

𝑘𝜏p = −𝑙𝑛(1 − 𝑥A),        (4.6) 385 

 This experiment uses two hypothetical model reactors (CSTR and PFR), as shown in Figure 14. 386 



The CSTR was prepared using a Teflon container connected to inlet and outlet tubes, while the PFR 387 

was prepared using a tube rolled around a pipe. The reactor volumes were set almost the same for both 388 

types of reactors. For the reaction, we selected the hydrolysis of ethyl acetate. Ethyl acetate and 389 

hydrochloric acid as a catalyst were pumped using a syringe pump (YMC, YSP-202) and the mixed 390 

solution was sent into the reactor (Figure 14). By changing the flow rate of the syringe pump, the 391 

space-time was controlled. For several different space-times, the reaction was performed and the acetic 392 

acid as a product was quantitated. A typical comparison for the reactions by the CSTR and PFR is 393 

shown in Figure 15. From this reaction rate dependence on the space-time, learners can calculate the 394 

reaction rate and understand the difference between the reactors.  395 

This visual observation of reactions in two types of reactors can enhance the understanding of 396 

the reaction rate of chemical reactions, especially the difference between the two reactors. 397 

Fig. 14 Small-scale continuous reactors are shown: (a) continuous stirred flow reactor (CSTR) 

and (b) piston tube reactor (PFR). (c) The whole apparatus for the hydrolysis reaction of ethylacetate 

is shown. Two solutions were pumped by syringes, mixed, and sent to a reactor. The solution at the 

exit was titrated to calculate the acetate concentration. 
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 399 

4.2 High-pressure gas 400 

 For syntheses in chemical plants, high-pressure conditions are frequently necessary, such as for 401 

syntheses of ammonia and the polymerization of ethylene. It is important to understand the behavior 402 

of high-pressure gas to properly utilize reaction vessels and cylinders for high pressure. Under high-403 

pressure conditions, an ideal gas equation of state cannot describe the gas behavior due to the non-404 

negligible molecular interaction and size. Thus, various modifications have been made for the equation 405 

of states for real gas, such as the van der Waals equation. In this experiment, a compact high-pressure 406 

vessel was prepared and the pressure of the supercritical carbon dioxide was measured. Learners can 407 

understand the treatment and behavior of high-pressure gas. 408 

 The best-known modification for the equation of state was proposed in 1873 by van der Waals 409 

(Klein, 1974), is as follows: 410 

𝑃 =
R𝑇

𝑉m−𝑏
−

a

𝑉m
2 ,        (4.7) 411 

where a and b are the adjustment parameters, including the effect of the molecular interactions. Further 412 

modifications have been made to the van der Waals equation. This experiment utilized two typical 413 

ones: the SRK (Soave-Redlich-Kwong) and PR (Peng-Robinson) equations, as follows: 414 

𝑃 =
R𝑇

𝑉m−𝑏′
−

𝛼′(𝑇)

𝑉m(𝑉m+𝑏′)
 ,      (4.8) 415 

Fig. 15 The reaction rates for different reactors are shown with theoretical fitting curves for both 

the PFR and CSTR reactors. 



𝑃 =
R𝑇

𝑉m−𝑏
′′ −

𝛼′′(𝑇)

𝑉m(𝑉m+𝑏
′′)+𝑏′′(𝑉m−𝑏

′′)
,    (4.9) 416 

The difference between the van der Waals equation and these equations is that the latter have 417 

temperature-dependent parameters to adjust them. 418 

 In this experiment, a compact high-pressure vessel (316L-50DF4-150, Swagelok) 419 

equipped with a pressure gauge, as shown in Figure 16, was prepared to create the supercritical 420 

condition of CO2. After CO2 was injected into the vessel, the increase in weight was measured using 421 

a scale. The vessel was then put into a thermostatic bath set at 40oC. After the equilibrium condition 422 

was reached, the gauge was used to measure the pressure. After the release of some gas (controlled by 423 

the release time), the weight of the vessel was measured again and the pressure was read. This process 424 

was repeated to create the pressure-molar volume curve, as shown in Figure 17. The difference from 425 

the theoretical curve from the ideal gas is clearly understood. However, the difference between the 426 

equations of state for real gas cannot be compared due to the accuracy of the pressure gauge. but it is 427 

also a good way to understand how accurate the measurement is. 428 

 Learners can understand the difference in behavior of the high-pressure gas and can also gain 429 

experience in the preparation of the high-pressure gas. Due to the accuracy of the pressure gauge, the 430 

difference between the theories could not be compared in this experiment; however, learners can 431 

understand it by using theoretical calculations. 432 

Fig. 16 A small-scale, high-pressure container with a pressure gauge and a bulb. 
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 434 

5. Others 435 

5.1 Particle size measurement 436 

 In the chemical industry, granulation is an important process for preparing medicine and fine 437 

chemicals as well as for controlling food qualities, such as smoothness and taste. Furthermore, particle 438 

synthesis is frequently used in the polymer industry; the size and homogeneity control of the particles 439 

is important for stable production (Morgan and Kaler, 1998). Various methods have been utilized to 440 

control the particle size and distribution. In this experiment, the microscopic method and the screening 441 

method are selected to obtain an intuitive understanding of particle size and distribution. 442 

Usually, the particle size distribution is understood using the histogram for the size of particles. The 443 

residual weight (number) ratio, R, which means the weight (number) ratio for the particles with their 444 

diameter > d, is plotted, and the mode diameter is obtained at the diameter where R is equal to 0.5.  445 

 In this experiment, two experiments were prepared using a compact shaking apparatus (As One, 446 

MVS-1N) with a height of 30 cm for millimeter-scale stones and a USB microscope (Sanwa Supply 447 

400-CAM058) with a height of 15 cm for micrometer-scale particles, as shown in Figure 18. In the 448 

shaking apparatus, screen media with different mesh sizes were over-layered and gravel was separated 449 

in terms of size. In the microscopic method, a mixture of glass beads with a diameter range from 3 to 450 

20 m was observed, while the size distribution was directly analyzed by ImageJ (Schneider et al., 451 

2012). The procedures for the experiments are summarized by the schemes in Figure 19. One of the 452 

results of the microscopy method is shown in Figure 20. The size distribution of particles was obtained 453 

from the graph display of the histogram and the R curve. 454 

From this experiment, learners can intuitively understand the size distribution from the 455 

microscopic image and the separated ravels, as well as understand the histogram method and the R 456 

Fig. 17 P-Vm curve obtained from the high-pressure experiment of CO2. Theoretical curves 

obtained for the perfect gas and for the real gas from other theoretical equations are shown together. 



curve. 457 

 458 

Conclusion 459 

 The series of experiments intended to educate undergraduate students in a chemical engineering 460 

course are summarized. In developing the experimental series, we extended the concept of the “small-461 

scale/micro-scale experiment” and emphasized the intuitive understanding of various processes in 462 

chemical engineering, which have frequently been “black box.” Students can see a compact-size 463 

Fig. 19 (a) The size distribution histogram for the data obtained by the microscopic measurement. 

(b) The corresponding R curve and how to obtain the mode diameter. 
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Fig. 18 The procedures for measuring particle size for the microscopic method and the shaking 

method are summarized in the schemes. 
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experiment carried out directly in front of them, and the visibility of the experiment helps the students 464 

develop an intuitive understanding of the phenomenon in question. All the courses have already been 465 

utilized in chemical engineering education at our university. This series could not cover all the subjects, 466 

but continued efforts to develop new experiments focusing on a similar concept would cover the entire 467 

range of subjects in the near future. 468 
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