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Abstract 
Metal–organic frameworks (MOFs) are promising materials for a wide range of applications given 
their chemical stability and structural tunability. MOFs are crystalline coordination complexes 
consisting of organic linkers and inorganic polynuclear metal clusters forming highly ordered 2D 
and 3D structures. The past decade has seen an exponential growth in the number of new MOF 
structures reported in the literature and their potential applications in water harvesting, carbon 
capture, gas storage, catalysis, separation, among others. A major bottleneck in widespread 
deployment of MOF-based platforms stem from the high cost of synthesis in traditional batch 
reactors that use excess solvents, require long crystallization times, suffer from low yields and 
intrinsic inefficiencies in heat/mass transfer processes. This thesis focuses on developing low-cost, 
high-throughput and energy-efficient synthesis routes using a continuous flow reactor for MOFs 
used in Atmospheric Water Capture (AWC) and Zr MOFs with coordinatively unsaturated open 
metal sites. 

The first part of the thesis describes the modules used in the flow reactor platform, design of heated 
reaction zone (crystallizer), injection strategies for viscous reaction mixtures and scale-up 
scenarios. The flow platform is then used to develop a continuous manufacturing process for MOF-
808—a Zr-MOF widely studied as a catalyst and an adsorbent in industrially important 
processes—that can achieve high process yields with minimal solvent use. Under flow optimized 
conditions (150 °C, 5 min), the N,N-dimethylformamide solvent and formic acid modulator 
amounts were decreased by 84% and 67% in volume, respectively, and resulted in an increase in 
productivity (defined in units of 𝑘𝑔𝑀𝑂𝐹 𝑚−3𝑑𝑎𝑦−1) by two orders of magnitude with similar 
yields, compared to the established batch synthesis (130 °C, 48 hours). A techno-economic model 
based on laboratory-demonstrated synthesis routes was developed to compare energy and cost 
savings for the flow system compared to batch, indicating that solvent use was the largest 
contributor to the overall cost. The flow platform was then used to evaluate the kinetics of 
crystallization for MOF-808 using time resolved powder X-ray diffraction measurements. The role 
of temperature and linker concentration on MOF-808 crystallization were investigated by 
determining the rate constants for nucleation (𝑘𝑁) and growth (𝑘𝐺), which are obtained from non-
linear fitting of the crystallization curves with the Gualtieri model. The activation energies 
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obtained using Arrhenius plots for nucleation (𝐸𝑎(𝑁)) and growth (𝐸𝑎(𝐺)) are 64.7 ± 4 𝑘𝐽 𝑚𝑜𝑙−1 
and 59.2 ± 5 𝑘𝐽 𝑚𝑜𝑙−1 respectively. The use of higher flow rates at the same residence time and 
temperature resulted in higher crystal sizes with a narrow CSD—a simpler route for controlling 
crystal sizes. Finally, the flow platform is employed for process intensification of Ni2Cl2(BTDD) 
MOF synthesis—an optimal candidate for AWC which has tremendous potential to address global 
shortage of clean drinking water. Flow synthesis achieved higher yields, reduced solvent volume 
by ~50% with a simultaneous increase in process productivity by 3-fold. A computational fluid 
dynamics (CFD) model was developed to quantitate productivity enhancements in the flow reactor 
based on improved heat-transfer rates, larger surface-area to volume ratios, and effective residence 
times. This work adds critical facets to the growing body of research suggesting that the synthesis 
of MOFs in flow reactors offers unique opportunities to increase production rates and reduce 
synthesis costs.  

 

Thesis Committee: 

x Prof. Yuriy Román-Leshkov (Supervisor), Professor of Chemical Engineering 
x Prof. Ahmed Ghoniem (Chair), Professor of Mechanical Engineering 
x Prof. A. John Hart, Professor of Mechanical Engineering  
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1. Brief Introduction to Metal–Organic Frameworks (MOFs) 
Progress in solving societal challenges relies on discovery of new materials that are cheaper to 

synthesize, durable, and can incorporate multiple functionalities among other features. The field 

of synthetic metal-organic chemistry has emerged from principles and practices in coordination 

chemistry. The coordination polymers have been synthesized since 1960s, however porous 

coordination polymers (PCPs) and metal-organic frameworks (MOFs) were developed by the late 

1990s which widened the scope and functionality of inorganic-organic hybrid materials.1 MOFs 

are an emerging class of porous materials constructed from metal-containing nodes coordinated 

by organic linkers. A strategy for developing these materials is being realized in reticular chemistry 

(i.e. net-like structures) by studying the linking of discrete building units (molecules or clusters) 

by coordination bonds to make extended crystalline structures.2 The term secondary building unit 

(SBU) was originally used in the description of zeolites where the primary units TO4 tetrahedra 

(T=Si, Al, Ge etc.) form larger periodic frameworks with unique pore sizes and connectivity. In 

the context of MOFs, a SBU typically comprises of polynuclear metal clusters that forms the nodes 

in the framework and coordinates with an organic linker to form 2D and 3D structures. The 

architectural, mechanical, and chemical stability of MOFs imparted by their SBUs also gives rise 

to unique framework chemistry. The unique chemical nature of SBUs makes MOFs useful in many 

applications including adsorption, separation processes, and SBU-mediated catalysis.3 The 

permanent porosity exhibited by MOFs is another unique feature. The porosity of a material can 

be defined as a ratio of volume of the pores to the total volume occupied by the solid. Since porous 

materials are partially composed of empty space that can be accessed by guest molecules, they are 

described in terms of gas or vapor adsorption characteristics. MOFs typically have pores within 

the microporous (below 2 nm) or mesoporous (2 nm to 50 nm) regime. 

1.1. Organic and Inorganic Building Units 

The design of MOFs with predetermined topologies begins by determining the chemical building 

units required to construct the selected frameworks. This design process includes determination of 

not only the connectivity of individual building units, but also of the exact geometry dictated by 

the local symmetry of the positions they occupy in the targeted framework or the net. The building 

units with two points of extension are referred to as “links” and to the units with three or more 

points of extension as “nodes.” These links and nodes are assembled into the simple net, which 
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does not distinguish between vertices of identical connectivity but different geometry. The 

geometrical and chemical variety of SBUs and organic linkers facilitates the formation of a wide 

range of structures as illustrated in Figure 1-1. The structural diversity of MOFs originates largely 

from the accessibility of SBU geometries and their stability. Reticulation of the building units of 

the same geometry and connectivity but different chemistry leads to isoreticular frameworks, 

which have the same topology but different functionalities. For instance, the pore size of MOF-5 

was expanded to ~29Å by using longer ditopic linkers with similar binding moiety (carboxylate 

groups) to create isoreticular structures (IRMOF-6, IRMOF-8, IRMOF-16 etc.).4 The linkers could 

also be functionalized with groups such as -NH2, -Br, -OR (R=C3H7, C4H9), to prepare isoreticular 

analogs of MOF-5.  

 

Figure 1-1 The reticular table showing select binary combinations of linker and SBU geometries 

encountered in MOFs. Figure adapted from Kalmutzki et al.2  
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Organic linkers employed in MOF synthesis are commonly built from rigid unsaturated 

hydrocarbon fragments, which help to provide chemical and mechanical stability to the 

frameworks. The organic linkers connecting the SBUs typically have two, three, four, six, eight, 

or twelve points of extension and the terminologies ditopic, tritopic, tetratopic, and so on are used 

to describe them (Figure 1-2a). The number of accessible linker shapes is large; however, since 

organic chemistry is based on carbon, angular constraints are introduced leading to certain shapes 

being easier to access. In general, organic linkers are built from three fragments comprising of the 

core unit of the linker that defines the geometry of the backbone, the binding groups that coordinate 

to the SBUs, and the extending units that define the size and functionality of the linker (Figure 1-

2b). The binding groups such as carboxylic acids are commonly used in linkers; they neutralize 

the positive charges of the metal nodes, thus allowing for the formation of neutral frameworks and 

obviating the need for a counter ion. Carboxylate-based linkers favor the formation of polynuclear 

SBU clusters with a fixed coordination geometry and connectivity, along with a strong bond 

between the linkers and metal centers of the SBUs – results in an enhanced chemical, mechanical 

and thermal stability. For a given number of points of extension, a variety of different linker 

geometries are possible. The number of points of extensions defines the number of connections a 

linker can make to adjacent SBUs within a framework structure.  

1.2. Stability of MOFs 

The stability of MOFs is affected by multiple factors, namely: operating temperature, nature of 

building units, coordination geometry, hydrophobicity, solvents etc. The instability of many 

frameworks under ambient environment containing moisture has considerably limited their real-

world application and commercialization. The relatively labile coordination bonds supporting the 

framework are believed to be responsible for the limited stability of MOFs.5 A stable MOF 

structure would feature strong coordination bonds between the organic and inorganic building 

units, which would survive the interaction with guest molecules in the pores or possess steric 

hindrance to prevent the intrusion of guest molecules to the metal nodes. The metal–ligand bond 

strength determines the thermodynamic stability of MOFs under the operating environment. 

Therefore, the stability of MOFs can be roughly predicted by examining the strength of the bonds 

that form the framework. It is well known that the metal–ligand bond strengths with a given ligand 

are positively correlated to charges of the metal cations and negatively correlated to the ionic 

radius. The effects of charge and radius can be combined into the concept of charge density. When 
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the ligands and the coordination environment remain the same, high-valent metal ions with high 

charge densities can form stronger coordination bonds and thus a more stable framework. This 

trend is in line with Pearson’s hard/soft acid/base (HSAB) principle and corroborated by many 

observations in MOF research.6 

 

(a)  

 

(b) 

Figure 1-2 (a) Basic geometries used in the synthesis of MOFs and (b) commonly used organic 

units in the construction of linkers. Figure adapted from Yaghi et al.1. 

According to the HSAB concept (Pearson acid-base concept), hard acids prefer binding to the hard 

bases to produce ionic complexes, whereas the soft acids prefer binding to soft bases to give 

covalent complexes. For instance, coordination between soft azolate ligands such as imidazolates, 

triazolates etc., and soft divalent metal ions (Zn2+, Cu2+, Ni2+) results in stable MOFs. While 

carboxylate-based ligands regarded as hard bases for stable MOFs together with high-valent metal 

ions such as Zr4+, Ti2+, Al3+ etc. As a rule of thumb, dense structures formed by highly connected 

metal-oxo clusters and rigid organic linkers are more stable, while longer linker lengths results in 

reduced stability. Over the past few years, degradation of MOFs in water-vapor has been 

thoroughly studied as MOFs used in applications such as carbon capture, water harvesting, 
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photocatalysis, separation etc., are exposed to varying amounts of moisture in their operating 

environment. 

The two pathways for degradation of MOFs in presence of water are hydrolysis and linker 

displacement (Rxn 1 and Rxn 2). Hydrolysis occurs when the metal-linker bond is broken by 

addition of hydroxyl groups resulting in the liberation of a free, protonated linker, while the linker 

displacement mechanism involves insertion of water into the metal-linker bond, followed by the 

release of a free, deprotonated linker.7 Compared to neutral water molecules, proton and hydroxide 

ions are much more destructive to MOFs. Therefore, it is exceedingly challenging to construct 

stable MOFs with good resistance to proton and hydroxide ions. Moreover, the chemical 

conditions of acidic and basic solutions are distinct, which leads to the different stability of MOFs 

in acids and bases. Many MOFs constructed from high-valent metal ions and carboxylate-based 

ligands exhibit excellent robustness in acids, while their resistance to base is much weaker. A 

typical example of UiO-66 constructed from a 12-connected Zr4+ and carboxylate linkers 

maintains its crystallinity in concentrated crystallinity in acidic solutions (such as concentrated 

HCl), however it readily decomposes in dilute alkali solutions. On the other hand, MOFs 

constructed from low-valency metal ions and azolate-based ligands show remarkable stability in 

basic solutions, but decompose readily in acids. In acidic environment, the degradation results 

from competition between proton and metal ion for coordinating with linkers, while in basic 

solutions, MOF decomposes owing to replacement of linkers by hydroxide ions that competitively 

coordinate to metal cations.  

𝐿𝑥𝑀𝑛+ − (𝑂2𝐶)𝑅 + 𝐻2𝑂 → 𝐿𝑥𝑀𝑛+ − (𝑂𝐻)𝑅 + 𝑅(𝐶𝑂2𝐻) … Rxn 1 

𝐿𝑥𝑀𝑛+ − (𝑂2𝐶)𝑅 + 𝐻2𝑂 → [𝐿𝑥𝑀𝑛+ − (𝑂𝐻2)]+ + 𝑅(𝐶𝑂2)−1 … Rxn 2 

Kinetic inertness of the metal centers constituting the SBUs can increase the water stability of 

thermodynamically unstable compounds, a concept well established in coordination chemistry. 

The structural degradation by hydrolysis or linker displacement is initiated by the formation of 

water clusters close to the SBU prior to diffusion of water molecules to the metal centers. The 

formation of water clusters in close proximity to the SBUs can be avoided by decorating the linker 

with hydrophobic fluorinated functional groups or alkyl groups.8 Depending on the chemical 

nature of the MOF, two types of hydrophobicity can be distinguished, internal and external. 

Internal hydrophobicity allows water to enter the pore system but prevents it from getting too close 
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to the SBU, whereas external hydrophobicity prevents water from entering the pore system and 

can be directly quantified by measuring the contact angle on the surface of the materials.9 Different 

strategies can be employed in the synthesis of hydrophobic MOFs. 

 

Figure 1-3 Degradation of UiO-66 (Zr-oxo clusters and Terephthalic acid linker) in presence of 

water, HCl and NaOH. Figure adapted from Kalmutzki et al.7 
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1.3. Synthesis Routes for MOFs and Challenges to Scaling-up the Production 

Traditional lab-scale synthesis (ca. 10s of milligrams) for MOFs is carried out in batch reactors 

(Parr autoclaves or glass jars) wherein the metal salt and organic linkers are solubilized in solvents 

such as N,N-DMF (N,N-dimethylformamide) followed by heating for several hours or days. 

Scaling-up the production of MOFs to an industrially relevant scale (ca. 10s or 100s of kilograms 

per day), in an energy- & cost-efficient manner would be key for their widespread utilization in 

real-world applications. For instance, the use of MOFs for CH4 storage10 in vehicle fuel tanks 

would generate a demand of hundreds of metric tons per year, while CO2 capture11 from coal or 

gas fired power stations releasing 8x109 kg of CO2 annually would necessitate millions of tons of 

MOF to capture them. Scaling-up the batch synthesis from laboratory scale to industrial scale 

would be challenging as the reaction conditions do not scale linearly for batch. MOF synthesis is 

often a delicate balance of a number of competing factors and could produce metastable products 

– implying a narrow set of reaction conditions for successful synthesis. There is a large gap 

between the process workflow for a laboratory synthesis and the processes required for scaling up 

the production efficiently. A key parameter to access scalability of a synthesis process is the 

process productivity (defined in terms of 𝑘𝑔 𝑚−3𝑑𝑎𝑦−1), kg of MOF produced per m3 of reaction 

mixture per day. An absolute value for production rate in 𝑘𝑔 ℎ−1 is also important to compare the 

output for various synthesis routes. Some of the key challenges that are commonly encountered 

for scaling-up the MOF production are: 

x The use of expensive organic solvents such as N,N-DMF (N,N-dimethylformamide), 

growth modulators, along with solvents such as Acetone, Methanol for downstream 

processing. At scale, their cost makes the process economically unattractive and presents 

other issues related to toxicity, flammability and recyclability. Most MOFs have a low 

“solids-to-solvent” ratio resulting in use of excess solvents during the synthesis process. 

x Typically, metal salts comprising of nitrates or chlorides are used as metal source and 

result in corrosive byproducts after the synthesis. This requires an additional step during 

the recycling and disposal stage. 

x Bulk purchase of most ligands is a far-fetched reality. This severely limits our options for 

scaling-up the production of a specific MOF with tailored physicochemical properties 

targeted for an industrially relevant application. 
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x Precise control of experimental parameters during synthesis is crucial. The synthesis 

conditions used in reactors (Batch, PFR, CSTR etc.) at a lab-scale often need re-

optimization when scaling-up the reactor volume. 

x Downstream processing of MOFs, which includes solid-separation, washing, solvent-

exchange and activation needs to be re-designed for a large-scale production. These steps 

can be customized depending on the real-world application and the type of MOF used. 

x For many applications, MOF powder needs to be pelletized or combined with a binder for 

a coating. This requires additional studies to optimize the process and ensure the 

durability of the MOF. All these challenges are specific for each family of MOF owing 

to their composition, coordination environment, operating conditions among others. 

Over the past decade, a number of new syntheses approaches such as electrochemical, microwave, 

mechanochemical, spray drying and continuous flow (PFR, CSTR) methods have been developed 

for MOFs to address some of these above mentioned challenges.12 Electrochemical synthesis of 

MOFs was developed by BASF and their initial purpose was to exclude anions by using metal 

electrodes as metal sources.13 The synthesis consisted of immersing a copper plate in a solution 

containing the organic linker, 1,3,5-benzenetricarboxylic acid (BTC), and an electrolyte. The 

copper plate, which acts as the electrode, was used as the source of Cu(II) ions. When a certain 

current or voltage was applied, the Cu(II) ions were released from the copper electrode into the 

solution and reacted with the dissolved linker.14 Electrosynthesis of MOFs can be broadly 

classified in two categories: (i) the anodic dissolution, which is employed by BASF, and (ii) the 

cathodic deposition. In the anodic deposition, an applied electric potential induces the release of 

metal ions from the electrode, which then react with an organic linker present in the solution 

leading to the formation of a MOF film. In the cathodic deposition, a solution containing the 

organic linker, the metal ions, and a probase is contacted with a cathodic surface. In this route, the 

MOF film deposition results from increasing the pH near the cathodic surface, where the 

electrochemical reduction of the probase occurs. For instance, a probase are the nitrite ions 

originating from the reduction of nitrates, which can deprotonate the organic linker to form the 

MOF.15 Microwave-assisted synthesis, flow chemistry and spray-drying synthesis allow for a 

faster crystallization rate and production of smaller MOF crystals.16-17 In mechanochemical 

synthesis, no external heating or solvent is needed, reducing the washing and activation steps after 

the synthesis.18 The processes under ‘mechanochemistry’ use mechanical energy to induce a 
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chemical reaction. The central concept behind this synthesis method is to promote chemical 

reactions by milling or grinding solids with minimal or no amount of solvents.19 Using this 

approach the conventional solvothermal MOF reactors are substituted by a mortar and pestle or in 

a mechanical process by automated ball mills.20 In general, the mechanical milling process is 

higher in energy and ensures the reproducibility between batches. In addition to the solvent free 

conditions, this approach leads to a faster and more efficient synthesis of MOFs obtaining 

quantitative yields and allows using MOF precursors with a lower solubility such as oxides, 

hydroxides and carbonates. However, the big limitation lies in up-scaling mechanosynthesis; it 

essentially is a batch processing technique with a relatively low rate of production. Moreover, the 

steps involved for downstream processing still use expensive solvents and alternative routes for 

separation, solvent-exchange and activation need to be developed for a truly ‘solvent-free’ process. 

The three different mechanochemical approaches used for MOF production described in the 

literature21-23 are: a) Solvent-Free Grinding (SFG) which is the simplest method and avoids the use 

of solvent, b) Liquid-Assisted Grinding (LAG) which is more versatile, quicker, as it uses small 

amounts of liquid to increase the mobility of the reagents, and c) Ion-and-Liquid Assisted Grinding 

(ILAG) which uses a catalytic liquid with traces of salt additives to accelerate the MOF formation. 

Using these techniques, the synthesis for many MOF families has been demonstrated. A more 

detailed review of these alternative synthesis routes is covered elsewhere.12, 24 It is important to 

remember that these alternative synthesis routes do not universally work across all MOF families 

owing to wide variability in the type of building units, solvents, and reaction conditions that are 

required to synthesize crystalline MOFs.   

Advances in reactor engineering over the past two decades have seen the emergence of continuous 

flow reactors as an alternative high-throughput synthetic route to batch reactors and have 

revolutionized materials synthesis in the field of porous materials,24-25 polymer chemistry,26 

organic synthesis,27 pharmaceuticals,28-29 photochemistry,30 and multi-phase systems (gas-liquid, 

liquid-liquid, solid-liquid etc.).31-32 The unique advantages reported for flow reactors in terms of 

fast heat and mass transfer, efficient mixing, precise control over experimental conditions, and 

ease of scalability stem from reduced system dimensions that accelerate critical heat and mass 

transport processes.33-34 An added benefit of flow chemistry platforms is the ability screen reaction 

synthesis space in less time than in conventional batch systems, which accelerates optimization 

times for decreasing the use of expensive solvents and lowering crystallization time, thereby 
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improving overall process productivity.35 Continuous synthesis of MOFs is accomplished using 

two types of flow reactors (plug flow reactors, and milli- or micro-fluidic reactors) along with 

continuously stirred tank reactors (CSTR), where the MOF precursors are introduced into a tank 

reactor while MOF is continuously crystallized and removed at the outlet.36 This thesis focuses on 

process intensification of MOF synthesis using millifluidic flow reactors. 

Downstream processing (DSP) is a crucial part of the synthesis workflow. The reaction mixture 

usually is a slurry after MOF crystallization, wherein the solids are separated using a centrifuge or 

Buchner filter at a lab-scale. The MOF solids are then immersed in N,N-DMF overnight, followed 

by immersion into a low surface tension solvent such as acetone or methanol, to exchange the 

guest species trapped within the pores of the structure. The solvent exchanged solids are then 

subjected to a dynamic vacuum (with or without heat) to evacuate all guest species from the pores 

and activate the framework which generates coordinatively unsaturated open metal sites. Despite 

promising advances in MOF synthesis, there are challenges remaining related to the downstream 

processing. On a laboratory scale, these processes are well established and sufficient to obtain 10s 

of milligram amounts of material. However, these conventional downstream methods are not well 

suited for high production rates. The first stage, the washing and separation of the small crystals 

from the mother liquid still is a major obstacle for the large-scale production MOFs. Equipment 

for solid–liquid separation such as centrifuges, cyclones, settling chambers, or filters, in addition 

to the direct evaporation of the mother liquor can be customized for this step. However, the small 

size of the MOF particles and their low concentration in the solvent, coupled to a similar density 

of the solvent (due to the high porosity), makes separation via conventional methods inefficient or 

expensive at an industrial scale.36 For the activation step, several strategies exist to remove the 

unreacted and solvent molecules trapped in the pores of the MOFs without collapsing the 

framework. Each MOF has its optimal protocol in order to obtain the highest surface area but 

generally, the activation temperature should be between the boiling point of the solvent and the 

decomposition temperature of the structure. An alternative activation route involves the use of 

supercritical CO2. This relatively new strategy consists of exchanging the synthetic solvent for a 

one that is miscible with liquid CO2 such as ethanol or methanol and then subsequently exchanging 

this second one for liquid CO2 at high pressure and temperature for several hours. The difference 

here is that the CO2 supercritical phase eliminates surface tension and capillary forces making this 

activation method much milder than the conventional and solvent exchange methods. A few other 
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variations for supercritical CO2 treatment have been presented in the literature, but none of them 

have been used for activation at industrial scale.  

In order for any MOF production process to be industrially viable a number of key aspects need to 

be considered:  

x A versatile method to synthesize maximum number of MOF structures with the same piece 

of equipment. 

x Avoiding harsh processing conditions such as high temperature and pressure, which would 

reduce capital and operating costs and alleviate safety concerns.  

x Switching from batch to continuous processing would be beneficial offering higher process 

productivity, reducing downtimes, labor cost among others. 

x Customized downstream processes that can efficiently handle 100s of kg scale in a low-

cost and energy-efficient manner. 

1.4. Potential Applications of MOFs 

Although there have been numerous studies that demonstrate the use of MOFs in industrially 

relevant processes, there are a handful of MOFs which are sold commercially (on a gram or 

kilogram scale) and only a few examples of successful deployment in real-world applications.37-38 

One of the recent example for commercial use of MOFs was pioneered by NuMat Technologies 

for gas storage, targeting the electronics manufacturing and semiconductor industry.39 There is a 

long way to go before MOFs become commodity chemicals that can be deployed on a larger scale. 

The growing market size of MOFs will create the conditions for more suppliers to emerge and 

create low-cost and sustainable synthesis processes. A detailed review of potential MOF 

applications is provided in previous studies.40-46  Shaping of MOF powders is another prerequisite 

for its use in devices or processes. Powdered MOFs are usually difficult to handle and result in 

contamination of equipment and loss of activity. Pelletization of MOF powders under pressure 

combined with a binder is one of the most common methods used for densifying MOFs. For 

instances, extruded or compact beads, pellets or monoliths would be crucial for use in gas 

separation and storage. Two factors affecting the adsorption properties of MOFs during 

pelletization are: 1) the applied pressure could crush the structure of MOF owing to its low 

mechanical stability and 2) the binder molecules/compound can block the pores and reduce the 

available surface area (m2/g) for guest species. The pressure applied during pelletization depends 
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on the type of MOF and is usually in the range of 1–1000 MPa.47-51 Binders used during 

pelletization serve to improve the cohesion between MOF crystals and mechanical stability. 

Commonly used binders include graphite, siloxanes, acrylates, polyvinyl alcohols, polyurethanes 

among others.52-55 The presence of binders is necessary for shaping processes such as extrusion, 

granulation and cake crushing. MOF powders are first dispersed in a slurry of binder mixture; for 

a thin coating, the device parts are dip-coated into the slurry and dried before use.56 For extrusion, 

the slurry is introduced into a mold and cured before final use. 

1.4.1. Sorbents for Atmospheric Water Capture (AWC) 

The use of water-stable sorbents such as zeolites or MOFs can be used for water harvesting from 

air in passive and adsorption-based devices, especially in dry climates with little or no 

infrastructure for potable water supply. This technology requires adsorbents that can be tailored 

for a maximum working capacity, temperature response, and the relative pressure range in which 

reversible adsorption occurs. In this regard, metal–organic frameworks (MOFs) are promising 

candidates owing to their structural diversity and the precision of their functionalization for 

adjusting both the pore size and hydrophilicity, thereby facilitating the rational design of their 

water-sorption characteristics. Earth’s atmosphere holds nearly 10% of all the fresh water resource 

(~13,000 trillion liters of water at any given time), which can be accessed in a decentralized fashion 

in a sustainable way, using renewable energy sources such as sunlight.57-58 Existing sorbents such 

as silica gel, zeolites, CaCl2 etc. have low gravimetric uptake capacity (g of water per g of MOF) 

and exhibit strong affinity to water requiring higher energies for regeneration, thereby making 

them unattractive for use in water capture devices. The ideal sorbents should exhibit high water-

uptake capacities, hydrolytic stability, cycling stability, tailored hydrophilicity, low energy for 

regeneration and adjustable pore sizes to modulate the adsorption kinetics. Several MOF families 

hold the potential to meet all the requirements owing to their modular construction from a large 

variety of organic and inorganic building units and functionalization. To access hydrolytic stability 

of MOFs, they should be subjected to 100s of adsorption/desorption cycles and characterized with 

powder X-ray diffraction (PXRD), gas uptake measurements (BET) and SEM/TEM for evaluating 

changes in crystal morphology. Water adsorption in MOFs occurs in three distinct mechanisms: 

1) Chemisorption on open metal sites at P/Po below 0.3, which translates to relative humidity (RH) 

below 30%, 2) Physisorption in the form of layers or clusters around the SBU and in the pores of 

the MOF and 3) Capillary condensation (𝐷 > 𝐷𝑐). The coordination sphere of the metal clusters 
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(SBU) is completed by terminal ligands, which can be removed during the activation stage 

resulting in open metal sites. The water molecules at low RH (below 10%) strongly bind to these 

sites and require high thermal energy to regenerate the MOF for its release. High regeneration 

temperatures are undesirable for most applications based on adsorption-desorption cycles. 

Physisorption of water in pores of the MOF is initiated by nucleation on primary adsorption sites 

and the growth of water clusters rather than single or multilayer adsorption.59 The primary 

adsorption sites are typically close to the polar, hydrophilic centers within the structure (i.e. SBUs). 

Water molecules adsorbed on these sites can act as additional adsorption sites, initiating the 

formation of water clusters as evidenced by the step shape of the isotherm.60 The size of the pores 

and the type of adsorbate dictates if the adsorbate would condense into the pores (capillary 

condensation) or would fill the pore reversibly and readily desorb without any hysteretic losses in 

the adsorption isotherms (pore filling). For MOFs (or any porous materials) with pore diameter 

larger than the critical diameter (𝐷𝑐) for capillary condensation, the adsorbate would condense in 

the pores and require additional energy for phase change and release of the condensed species. The 

critical diameter (𝐷𝑐) can be calculated using the equation, [𝐷𝑐 = (4𝜎𝑇𝑐 (𝑇 − 𝑇𝑐)⁄ )], wherein 𝜎 is 

the Van der Waals diameter of the adsorbate, while 𝑇 and 𝑇𝑐 are the adsorption temperature and 

critical temperature of the adsorbate respectively.61 The critical diameter for water at 25 °C is 

~20.76 Å. The MOFs with pore diameter below 20.76 Å would uptake the water via the pore filling 

regime while larger diameters would see capillary condensation. A hysteresis loop between the 

adsorption and desorption branch of the ‘S’ shaped isotherm would be seen for MOFs with pore 

sizes larger than 𝐷𝑐. Water adsorption isotherms of microporous hydrophilic MOFs can be of 

different types (e.g., Type I, II, IV) depending on the chemical nature of the MOF. Typically, no 

hysteresis is observed unless the adsorption of water results in a distortion, structural change, or 

degradation of the framework, or open metal sites are present. For MOFs closer to the upper limit 

of microporous materials, large working capacities (g of H2O per g of MOF) in a range of 10-30% 

RH can be expected by maximizing the pore diameter upto 𝐷𝑐, as reported by Dincă and co-

workers62-63 for M2Cl2(BTDD) where M=Ni, Co, along with other functional analogues. 

An ideal system or a device for water harvesting from air, should be powered by low grade, 

renewable and abundant energy sources such as sunlight, while using porous materials with a large 

working capacity. The water capture cycle in these devices, comprise of three steps: adsorption of 

water from air at low temperatures and high RH, desorption of water vapor at elevated 
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temperatures and condensation of water vapor to generate clean drinking water. Most devices 

consist of an enclosure equipped with a condenser and an adsorbent sub-assembly. The enclosure 

can be opened and closed during the adsorption step to allow for a controlled exchange of water 

vapor in the atmosphere. The selection of adsorbent materials is governed by several factors 

including the water stability of the MOF, cycling stability over 100s of cycles, gravimetric uptake 

capacity, pressure and temperature swing conditions, sorption kinetics, thermal conductivity and 

spectral properties. There is no standardized procedure for testing of adsorbents as the operating 

environment and device specifications dictate the requirements for the MOF. A comparison of the 

water uptake capacities of different porous materials in a range of relative humidity (30%, 60% 

and 90%) is described elsewhere.7 More details on AWC sorbents and designs for the device will 

be covered later in the thesis. 

1.5. Aims and Scope of Thesis 

This thesis seeks to advance the development of low-cost and sustainable synthesis pathways for 

MOFs using continuous flow reactors. Major goals of the thesis are summarized below: 

x To design and develop a semi-automated flow synthesis platform with a wide operational 

window for ultrafast synthesis of MOFs and other porous materials namely Zeolites.  

x Develop protocols for rapid optimization of synthesis space parameters such as reaction 

temperature, residence time, amount of solvents/precursor, with systematic use of DoE 

(Design of Experiments) to aid early stage materials discovery. 

x To develop a techno-economic framework and CFD models to evaluate potential 

scalability & trade-off scenarios for manufacturing industrially relevant MOFs at kg scale, 

with an overall goal to reduce synthesis costs for widespread deployment. 

x Elucidate nucleation and crystal growth mechanisms for self-assembled porous materials 

and compute crystallization kinetic parameters to determine activation energies and rate 

constants for nucleation & growth of MOFs. 

x Employ the flow reactor platform for process intensification of Ni2Cl2(BTDD) MOF, an 

ideal candidate for atmospheric water capture.  

Chapter 2 describes the various modules developed for the flow reactor platform, which help 

accelerate crystallization of MOFs. Chapter 3 compares batch and flow synthesis routes used for 

manufacturing Zr-based MOF-808 along with a lab-scale techno-economic model to access cost 
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and energy-efficiency of these synthesis. Chapter 4 elucidates the solvothermal crystallization of 

MOF-808 and control of crystal sizes using a flow reactor. Chapter 5 highlights the use of flow 

reactor for synthesis optimization of Ni2Cl2(BTDD) MOF, used in atmospheric water capture. 

Chapter 6 introduces a design concept for a compact device used for practical water harvesting. 

Chapter 7 summarizes the results from the thesis and provides future directions for research. Each 

chapter of the thesis was written based on a separate manuscript, which is either submitted to a 

journal for review, or published at the time of writing this thesis. As such, the chapters can be read 

independently. The chapter 1 introduces some fundamental concepts for MOFs, which would be 

necessary to understand technical description in further chapters.
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2. Developing a Modular Flow Reactor Platform for Accelerated 

Crystallization of MOFs and Zeolites 
 

2.1. Introduction 

Conventional synthesis routes for synthesizing MOFs and Zeolites involve the use of autoclaves 

or batch reactors heated at 100-200°C and involve long crystallization times typically over several 

days. Although batch reactors may offer a straightforward way for materials synthesis, they suffer 

from drawbacks like large gradients in heat & mass transfer, difficult to be scaled-up, lack the 

flexibility for real-time monitoring, poor control over experimental conditions, and low energy 

efficiency.24, 64 Developing a continuous flow process helps cut down crystallization time 

significantly, offers precise control on synthesis conditions, easy to scale-up, and highly efficient 

heat & mass transfer inside the reaction mixture droplets in a biphasic liquid-liquid slug flow, 

along with minimal use of reagents for screening the chemical synthesis space. Moreover, the use 

of biphasic slug-flow configuration results in narrow residence time distribution compared to a 

plug flow reactor. Figure 2-1 provides a schematic for the three-stage modular flow reactor 

platform. The three stages in the apparatus offers flexibility concerning tuning crystallization 

conditions, addition of reagents, aging conditions etc. Some of the studies that could be 

accomplished with such an apparatus include but not limited to: a) Understanding Inter-zeolite 

transformation, b) Understanding nucleation and crystal growth events in different stages, to 

optimize product (crystallite) parameters, c) Addition of secondary reagents, d) Rapid screening 

technique to run a wide variety of tests in a short-time and optimize synthesis parameters and e) 

Growing two different crystalline material on over each other (core-shell type) that may have 

endless applications in developing next generation of catalysts, microporous materials etc. 

 

2.2. Experimental Apparatus 

The flow reactor comprises of commercially available components and a few custom-built critical 

modules to achieve optimal mixing, ultrafast heat transfer, isothermal temperature distribution, 

and rapid sampling. Key modules are summarized below:  

x Liquid handling and fluidic connections: A positive displacement pump (Vici M6 from Valco 

Instruments) and a syringe pump (PHD Ultra from Harvard apparatus) were used to inject the 
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continuous phase (silicone oil - Alfa Aesar #A1272822) and the dispersed phase (the precursor 

mixture), respectively, into a polytetrafluoroethylene (PTFE) T-joint to generate a biphasic 

slug flow. Both pumps were programmed for desired flow profiles and operated in the flow 

rates ranging from 100 nl/min to 10 ml/min. The reactor tubing (1/8” OD, 1/16” ID) made 

from PTFE was acquired from Cole-Parmer with an operational temperature up to 260 oC. 

Length of the tubing used in the heated reaction zone (i.e. the crystallizer unit) was ⁓8 m. Other 

fluidic connections such as compression unions and ferrules were made from PTFE and 

procured from Parker Hannifin. Pressurized reactor components were rated for a maximum 

allowable working pressure (MAWP) of 25 atm (370 psi).  

x Crystallizer and heating apparatus: The platform was designed as a modular apparatus with 

three stages composed of two crystallizer units and one mixing unit. Although, for the current 

study only one crystallizer unit was used. The unit was custom built using the following 

commercially available parts: a sleeve heater furnace from Tempco, three 9 in long and 1.01 

mm wide K-type thermocouples from Omega and a digi-sense programmable temperature 

controller from Cole-Parmer. The high temperature insulation made from ceramic wool, along 

with fixtures, clamps and lab jacks to support the crystallizer unit were purchased from 

McMaster-Carr. The core of the reactor was machined from aluminum blocks and tubes. The 

inner core tube had a diameter of 1 in, on top of which 8 m long PTFE tubing was wound in a 

clockwise direction. Two concentric aluminum blocks were used to hold the tubing firmly 

maintaining a continual contact along the length of the winding. This ensured fast heat transfer 

from the heater element to the precursor slugs in the tubing and a uniform temperature 

distribution in the heated reaction zone. A concentric air gap of 6 mm was held between the 

heater element and the reactor core to ensure no direct contact between heating element and 

Al block. This prevented local hot-spots and thermal runaway during the temperature ramp-

up. Electric timer switches were used to program the heater operation for synthesis running 

longer than 12 h. The total floor space occupied by the crystallizer unit was ~18 cm2. 

x Sampling and valves: High-pressure cylinders of 150 mL with female NPT connections (for 

sample inflow and pressurizing the chamber) were acquired from Swagelok. Every sample 

cylinder was connected to two 3-way valves, which helped regulate flow of sample and release 

of pressure–designed to collect sample synthesized for a specific condition without disrupting 

the ongoing synthesis in the reactor. A rapid sampler was also custom-designed for the flow 
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platform to collect multiple samples synthesized under identical reaction conditions for 

crystallization kinetics data.  

 

 
Figure 2-1 Three stage modular design for continuous flow synthesis apparatus. 

Stage 1 and 3 of the apparatus (‘crystallizer’) is at the heart of the platform used in the high-

throughput flow system (Figure 2-2). It is designed for fast heat transfer while being compact, 

scalable, robust and offering precise control over experimental parameters. The resistive heating 

furnace is connected to a temperature controller and can be programmed to achieve specific 

temperature setpoint. The core of the reactor consists of 1/8” PTFE tubing (reactor vessel), 

wrapped around the aluminum tubing (1” OD) and held together in-place with an aluminum block 

that is 1/8” thick. A concentric air-gap of ¼” exists between the reactor core and the furnace 

ensuring uniform heating of the reactor core without temperature hotspots across the length of the 

reactor. Fixtures, heating blocks and other support structures were custom designed and machined 

at MIT.  
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Figure 2-2 Cross-section for Stage 1 and 3 of the Continuous Flow Reactor Platform. 

 

Continuous flow systems enable the miniaturization of reactions by compartmentalizing reactions 

in droplets of femoliter to microliter volumes. Compartmentalization in droplets provides rapid 

mixing of reagents, control of the timing of reactions on timescales from milliseconds to months, 

control of interfacial properties, and the ability to synthesize and transport solid reagents and 

products.65 Figure 2-3 illustrates a phenomenological model of solvothermal or hydrothermal 

synthesis to crystallize Zeolites and MOFs in-flow. Paraffin or silicon oil plugs that separate the 

precursor segments help in preventing clogs in the reactor tubing which may happen due to rapid 

crystal growth. Each precursor segment in flow synthesis is analogous to a series of micro-batch 

reactors with highly efficient mixing characteristics, heat transfer and high surface area to volume 

ratio. As the precursor solution enters the heating zone (or the reactor core), crystallization 

reactions proceed giving rise to viable nucleation sites (that emerge from short-range crystalline 

order) and grain growth, culminating into Zeolite and MOF crystals. Residence times can be varied 

from 2 minutes to several days to probe evolution of product crystallinity with time. Reactor can 

be programmed to temperatures upto 250oC and MAWP of 370 psi (25.1 atm).   
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Figure 2-3 Phenomenological model of crystallization using a biphasic slug flow generated from 

two immiscible fluids in a T-junction. 

Silicone oil is injected into the stream using a high-pressure piston pump in order to help crystals 

move thru the reactor tube avoiding any clogs, especially in case of zeolites. The smaller reagent 

segments also limits the size of crystals formed in-flow (due to limited availability of precursor 

for crystal growth) thereby maintaining accurate control on size distribution based on the amount 

of precursor solution present in each segment. The microliter-sized droplets serve as compartments 

for reactions. Multiple reactions can be performed by varying the reaction conditions within these 

droplets. Issues related to evaporation, complicated fluid handling, dispersion, and diffusion could 

be overcome by using multiphase flows of immiscible liquids to form droplets in microfluidic 

channels. Segmented flows in our case comprise of the reaction mixture (precursor) plugs that are 

encapsulated by an immiscible continuous phase. Reactions occur within the plugs. Droplets of 

the disperse phase are produced because of the shear force and interfacial tension at the fluid–fluid 

interface when being injected at the T-junction. A reagent flowing through a side channel can be 

injected directly into droplets through a T-junction. A smaller capillary (1/32” ID) can also be used 

at the T-junction to reduce the diameter at point of injection of the precursor, which results in much 

smaller droplets (and larger oil film), that would help in reducing the risk of clogging reactor tubes. 

Chaotic advection is used to achieve complete mixing of reagents that are encapsulated in plugs. 

It relies on the principle of repeated folding and stretching of fluid layers wherein the layers 

become exponentially thinner until mixing by diffusion becomes rapid.66 

A continuous wall-film of the continuous phase (silicone oil) does exist and helps carry the plugs 

thru PTFE tubing. The film thickness increases with volumetric flow rate. Figure 2-4 provides a 
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snapshot of the biphasic plug flow. A well-defined internal circulation is present in both phases. 

The curvature of the interface does not exert any of the effect on the circulation vortices.67 The 

slug generation process is related to the dynamic pressure profile within the T-junction. When the 

first phase is flowing through the junction, the flow of the second phase is hindered due to the 

immiscibility of the two liquids and pressure builds up. When the pressure reaches a certain point, 

the first liquid is driven back and a slug is generated. This alternating cyclic build-up and release 

of pressure is responsible for the segmentation of the liquids and leads to a reproducible slug 

length. The maximum pressure drop is found to be proportional to the interfacial tension of the 

biphasic systems.68 The higher the interfacial tension between the two liquids, the higher the 

pressure drop in the system.  

In order to accommodate dense or high viscosity gels, especially for zeolites, we developed 

alternative injection strategies that prevent clogging of the reactor tubes, while maintaining product 

crystallinity under similar reaction conditions. We built a modular device using capillary inserts 

capable of dispensing reagent on a nanoliter or microliter scale. This results in a droplet flow rather 

than the standard slug flow as created by the T-joint (Figure 2-5). The oil film surrounding the 

droplets is a few hundred microns, while the oil film thickness around the slug tends to be tens of 

microns. The capillary inserts do not alter the operational range (flow-rate, temp. or pressure) of 

the flow synthesis platform. Both capillary inserts have the dimensions of: 1/32” ID and 1/16” OD, 

while the PTFE tubing used in the reactor has the dimensions of 1/16” ID and 1/8” OD.   
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Figure 2-4 Biphasic liquid-liquid slug flow 

showing a droplet of zeolite gel (dispersed 

phase) flowing in a tube with 1/16" ID. 

 

 

 

 

(a)

 

(b)

 (c)  
 
 

Figure 2-5 (a) Schematic of T-junction using SS (Stainless Steel) capillary inserts. (b) Schematic 

of T-junction using PTFE capillary insert. (c) Modular T-junction apparatus that is used for 

creating miniaturized droplets of reagents (rather than slugs created by standard T-junction). 
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We also developed additional approaches to help facilitate the ease of high viscosity gels in the 

reactor. The first one being the use of heated capillary injection devices that can lower the viscosity 

of the gels at the T-junction before injection (Figure 2-6). This also helps in greatly reducing the 

ΔP experienced by the pump and improves longevity. The energy input to the heating tape can be 

precisely controlled using a Variac transformer that facilitates accurate measurement of 

temperature at the T-junction. Care must be taken to make sure that the heating tape is used to 

reduce the viscosity of the dense gel while injection, but must not be heated to a level wherein the 

gel starts to crystallize in the device. The use of benign surfactants in the continuous phase can 

also help in preventing precursor slugs from coalescing when heated in the reactor. Commercially 

available surfactants such as sorbitan monooleate or monostearate can be used at a treat rate of 

0.3-5 wt. % in the continuous phase (oil). 

 

(a)  (b)  (c)

 
 
Figure 2-6 (a) Schematic of capillary T-junction with heating tape wrapped around the stem. 

(b) Variac can be used to modulate temperature subjected to the precursor at the T-joint before 

injection. (c) Schematic showing the use of surfactant in the continuous phase (oil) that can help 

in keeping reagent slugs apart and prevent them from agglomeration, which otherwise may lead 

to reactor clogging with crystallized solids. 

For the synthesis platform to be truly versatile, it must allow injection of reaction mixtures that 

span the entire range of pH (0 to 14). Herein, we develop methods that help accommodate acidic 

precursors (primarily for MOFs) and basic (primarily Zeolites). Stainless steel (SS) syringes 

(Grade 316) can handle basic environments (pH > 11) and do not contaminate the precursor. For 
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highly acidic environments (pH < 2), the SS syringes can be coated with an anti-corrosive coating 

using PVD or CVD techniques available thru commercial vendors; however in the long run, 

coatings are subject to wear thereby exposing the metal surface beneath and results in 

contamination of the precursor. Acidic precursors can also be injected using reinforced BD plastic 

syringes. They are connected to the T-junction using luer fittings, so that the assembly can be used 

under pressures upto 140 psi (9.52 atm). A stir bar can be introduced in both syringes that helps in 

homogeneous mixing of the precursor when precipitates are formed, especially while aging the gel 

before being injected. Figure 2-7 shows the experimental setup for reinforced BD plastic syringe. 

 

           
 

Figure 2-7 Experimental setup and schematic showing reinforced BD plastic syringe, which can 

be used to inject highly acidic precursors (pH < 2). 

 

2.3. Scale-up Strategies for Flow Synthesis 

For widespread deployment of MOF based platforms, scaling-up the synthesis in a cost effective 

manner along with manufacturing capacities of the order of several kilograms to tons is required. 

Scaling-up flow reactor is accomplished relatively easily compared to batch reactors where the 

entire equipment/infrastructure needs to be upgraded. There are two scale-up strategies for flow 

synthesis: a) Increasing the critical dimensions (tube diameter) of the reactor for higher throughput, 

and b) Increasing the number of tubes of similar diameter vis-à-vis ‘Parallelization’.69 In the latter 

case of parallelization, the output of the platform is the summation of the outputs of all parallelized 

reactors. In the former case of increased tube diameter, the volumetric flow rate increases with the 

square of tube diameter (Q ~ d2), however the surface area to volume of the tubing is inversely 

proportional to tube diameter (SA/V ~ 1/d); maintaining a higher SA/V is beneficial as it provides 



46 
 

excellent heat and mass transfer characteristics.33 With larger volume per slug resulting from 

increased tube diameter, the system starts to have ‘batch’ like characteristics wherein mixing and 

slow heat transfer may adversely affect crystallization rates. The equipment such as pumps, heater 

and sample collection system has to be appropriately sized for higher throughput capability. 

Current platform uses 1/16” ID tubing and has a volume of 16ml; the platform in the current form 

is capable of being upgraded to ¼” ID with minimal modifications. A computational fluid 

dynamics (CFD) model was developed to quantitate productivity enhancements in the flow reactor 

based on improved heat-transfer rates, larger surface-area to volume ratios, and effective residence 

times. These findings will be presented in Chapter 5. 

 

 
Figure 2-8 Proposed scale-up scheme for the platform by increasing the tube diameter. 

 
Scaling-up the platform comes with its unique challenges. Since the flow system has more moving 

parts compared to batch, maintaining operational control of the system relies on availability and 

durability of components (such as valves, pumps, servo controls etc.). With a decrease in Surface 

Area to Volume (SA/V) ratio, flow reactors run the risk of inefficient mixing of reagents (‘dead 

circulation zones’), longer time delays for reagent in the slugs to reach temperature affecting 

crystallization rates thru the volume, analogous to batch crystallization that leads to a wide 

distribution of crystal sizes and poor operational control. The degree of reagent mixing is directly 

related to the flow dynamics in the tube, as described by the dimensionless Reynolds Number 

(Re).24 For large volume slugs that do not have fully developed counter-rotating vortices, in the 

laminar-flow regime (Re<2100) and in the absence of any additional static mixers, regent mixing 
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is achieved solely by molecular diffusion.70 However, under turbulent flow regimes (Re>4000) 

there is an increase in the lateral diffusion of reagents in the slug over molecular diffusion. 

Therefore the anticipated drop in available surface area for nucleation as well as for efficient heat 

transport (due to increased tube diameter), is attenuated by an associated increase Re (moving from 

laminar to turbulent flow). In case of smaller reagent slug volume, there is a higher degree of 

mixing even at low Re (during longer residence time synthesis), due to the presence of fully-

developed counter rotating vortices or eddys that homogenize the reagent composition in the slug. 

The downside to using lower volume slugs with increased tube diameter (for better mixing in the 

slug), would be lower throughput of reagent in the tubes leading to lower productivity (amount of 

material synthesized from amount of reagent injected per unit time). Figure 2-9 shows the 

relationship of Re and SA/V with tube diameter and flow rate. Maintaining a higher Re and high 

SA/V is optimal for flow synthesis. 

 

 
Figure 2-9 Comparing variations in Reynolds number (Re) and SA/Vol. with increasing flow 

rate. Calculations  

 
2.4. Product Ecosystem Approach for the Flow Synthesis Platform 

The continuous flow reactor in a broader sense can be thought as a materials discovery and 

synthesis platform, packaged into a product ecosystem. Major components of the ecosystem 

comprise of the reactor apparatus, optimization of synthesis parameters for high-throughput 
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production, materials characterization techniques and development of a TEA (techno-economic 

analysis) model in order to provide a quantitative value proposition of the process and efficient 

synthesis routes. The platform can be used to accelerate early stage materials development process 

and discovery loops. The ecosystem can be augmented by Machine learning (ML) algorithms that 

help with time-consuming complex steps, which are required in the development cycle. The target 

Zeolite or MOF once synthesized can be used in novel applications as well as scaling-up the 

production of frameworks that are hard to synthesize in a conventional batch process. 

 
Figure 2-10 Product Ecosystem for a High-Throughput Flow Synthesis Platform. 

Cost-competitiveness would be crucial in the commercializing novel applications where versatility 

and high process productivity of the flow system can be leveraged over batch. Realizing the value-

proposition for continuous flow synthesis would be key moving forward. High-throughput 

material synthesis and rapid characterization modules are necessary for an accelerated materials 

discovery platform. Automation of the platform would also be key for developing an integrated 

continuous manufacturing system. Use of microcontrollers, feedback loops, sensors, and process 

control software with some pre-programmed synthesis conditions (for certain zeolites and MOFs) 

would help in limited or no human interface during the course of synthesis. 
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Figure 2-11 An overview of different modules and functional blocks for an automated Flow 
Synthesis Platform.
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3. Continuous Flow Chemistry Approach for Ultrafast and Low-Cost 

Synthesis of MOF-808 
 

Metal–organic frameworks (MOFs) are promising materials for a wide range of applications given 

their chemical stability and structural tunability. Most traditional MOF syntheses involve batch 

reactors that have intrinsic inefficiencies due to poor heat and mass transfer which impacts process 

productivity during scale-up. In this chapter, we report a low-cost and energy-efficient continuous 

manufacturing process for MOF-808—a Zr-MOF widely studied as a catalyst and adsorbent in 

industrially important processes—using flow-through reactors that can achieve high process yields 

with minimal solvent use. The flow platform allowed us to investigate the influence of several 

synthesis parameters, including residence time, linker concentration and volumetric ratio of 

modulator and solvent on the crystallization process. Under optimal conditions, the N,N-

dimethylformamide solvent and formic acid modulator amounts were decreased by 84% and 67% 

in volume, respectively, and resulted in an increase in productivity (defined in units of 

𝑘𝑔𝑀𝑂𝐹 𝑚−3𝑑𝑎𝑦−1) by two orders of magnitude with similar yields, compared to established batch 

synthesis methods. A techno-economic model based on laboratory-demonstrated synthesis routes 

was developed to compare energy and cost savings for the flow system compared to batch, 

indicating that solvent use was the largest contributor to the overall cost. The methodology 

presented in this work opens new pathways for critical assessment and optimization of continuous 

manufacturing routes on a lab-scale environment, serving as a prerequisite for sustainable and low-

cost industrial-scale MOF synthesis.  

3.1. Introduction 

Metal–organic frameworks (MOFs) are an emerging class of crystalline porous materials 

exhibiting high surface areas and tunable pore enviroments.71-72 MOFs are coordination complexes 

consisting of organic linkers and inorganic polynuclear clusters forming two-, and three-

dimensional structures. In terms of possible combinations of metal clusters with organic linkers, 

the number of accessible frameworks is theoretically limitless, which opens new pathways for 

applications ranging from gas storage,73-74 separation,72 drug delivery,75-76 and catalysis.77-78 

Among the large number of MOF structures reported in the Cambridge Structure Database,79 Zr-

based MOFs are particularly interesting due to their high chemical stability as well as amenability 
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to post-synthetic modification (PSM).80 For instance, MOF-808 a Zr-MOF first reported by 

Furukawa et al.,81 features large cavities (diameter of 18.4 Å) and high Brunauer-Emmett-Teller 

(BET) surface areas exceeding 2000 m2.g-1. The high oxidation state of Zr(IV) in the SBU results 

in high charge density and bond polarization leading to strong coordination bond between Zr and 

O atoms in the structure, which imparts MOF-808 with remarkable stability in hydrothermal and 

acidic environments.82 The inorganic secondary building unit (SBU) in MOF-808 comprises 

Zr6(μ3-O)4-(μ3-OH)4(CO2)12 clusters (referred to as Zr6-clusters) and their terminal formate anions 

can be further replaced by other functionalized ligands during MOF synthesis or by PSM, allowing 

for facile incorporation of targeted functionalities.3 The presence of large cavities with open 

coordination sites and stability with a prospect of PSM, has made MOF-808 an attractive candidate 

for use in industrial processes such as methane oxidation to methanol,83 heavy metal ion capture,84-

85 superacid catalysis,3, 86 water capture,81 shape selective catalysis87-88 and others. 

Synthesis of microcrystalline MOF-808 is typically carried out solvothermally in batch reactors 

on the gram-scale under laboratory conditions.79, 81, 83-87 In particular, the synthesis of 1 g of MOF-

808 requires the dissolution of 1.134 g of ZrOCl2.8H2O and 0.245 g of benzene-1,3,5-tricarboxylic 

acid (H3BTC) in a solvent mixture comprising of 45 mL N,N-DMF and 45 mL of formic acid, 

followed by heating at 130 °C for 48 h in a batch reactor to generate crystalline solids with ca. 

75% yield.3 Monocarboxylic ligands such as formate, acetate, and propionate have been employed 

as growth modulators in MOF-808 synthesis to regulate crystal growth, tune pore sizes, and 

improve framework crystallinity.82, 89 Slow crystallization times coupled with high solvent-to-solid 

ratios severely limit process productivity, and this problem is exacerbated due to heat and mass 

transfer limitations during scale-up of batch reactors.90  These inefficacies translate to higher 

synthesis costs and more difficult quality control of the final crystal structure.64 Advances in 

reactor engineering over the past two decades have seen the emergence of continuous flow reactors 

as an alternative high-throughput synthetic route to batch reactors and have revolutionized 

materials synthesis in the field of porous materials,24-25 polymer chemistry,26 organic synthesis,27 

pharmaceuticals,28-29  photochemistry,30 and multi-phase systems (gas-liquid, liquid-liquid, solid-

liquid etc.).31-32 The unique advantages reported for flow reactors in terms of fast heat and mass 

transfer, efficient mixing, precise control over experimental conditions, and ease of scalability 

stem from reduced system dimensions that accelerate critical heat and mass transport processes.33-

34 An added benefit of flow chemistry platforms is the ability screen reaction synthesis space in 
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less time than in conventional batch systems, which accelerates optimization times for decreasing 

the use of expensive solvents and lowering crystallization time, thereby improving overall process 

productivity.35 To this end, we surmised that switching the synthesis of MOF-808 from batch to 

flow would improve our understanding of early stage crystallization processes as well as provide 

an alternative low-cost and high-throughput route to match industrial-scale production at 

competitive market prices.91-92  

Only a handful of studies93-95 have demonstrated the feasibility of synthesizing MOF-808 in flow, 

however a comprehensive understanding on the influence of synthetic parameters on product 

crystallinity, pathways to achieve high process yields and minimizing solvent use have not been 

explored. Herein, we report a continuous flow method for the synthesis of MOF-808 under mild 

solvothermal conditions achieving crystalline product in minutes. We performed a rigorous design 

of experiments (DoE) to map the chemical design space with an overall goal of minimizing the 

use of reagents such as formic acid and DMF, while increasing the concentration of linker in the 

precursor mixture to deliver high production rates. We use a streamlined techno-economic analysis 

(TEA) to quantify metrics influencing MOF-808 manufacturing costs both in flow batch reactors. 

Two different production scenarios in a lab-scale environment are analyzed to quantify the cost 

drivers, and potential savings as a function of synthesis routes. Our efforts presented in this work 

open new pathways for a sustainable and low-cost MOF synthesis, which would make them 

commercially viable for use in industrially relevant applications.  

3.2. Results and Discussion 

The scheme for MOF-808 production illustrated in Figure 3-1 considers well-established batch 

synthesis method and the continuous flow process developed in this study. While reagents in the 

precursor mixture and the final product obtained remain the same, the major difference in the two 

processes originates from reaction conditions (i.e., temperature, residence time and reagent 

concentration), the process yield and production rates. A continuous flow reactor offers the ability 

to fine-tune product characteristics such as crystal size distribution, tailored physiochemical 

properties, and explore the synthesis space more easily than batch syntheses.92, 96 In our flow 

reactor, we rely on a biphasic liquid-liquid slug flow profile generated using a T-junction to 

perform continuous microbatch MOF crystallization reactions in a compact heated zone (Figure 

3-5). Silicone oil is used as an immiscible continuous phase as it preferentially wets the PTFE 
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reactor tubing and encapsulates the slugs (or μL droplets) of the dispersed phase containing the 

MOF precursors. This results in miniaturization of the reaction system that reduces diffusion 

lengths, aids in rapid mixing of reagents, enables fast heat and mass transport, allows for seamless 

control of residence time (order of milliseconds) and reduces crystallization time.65, 97-98 As the 

precursor enters the heated reaction zone, crystallization reactions give rise to viable nucleation 

sites that emerge from short-range crystalline order, proceeding to grain growth, and culminating 

into MOF crystals.99-101 Additional details pertaining to volumetric flow rates and residence times 

are summarized in Figure 3-5 and Table 3-1 and Table 3-2 of the Supporting Information (SI), 

while flow reactor operation and various components used are covered in our previous work.102 

Powder X-ray diffraction (PXRD) patterns in Figure 3-1b were obtained for MOF-808 synthesized 

in flow at 150 °C and varying residence times from 1 min to 120 min to probe evolution of 

crystallinity, compared to the batch sample (130 °C and 48 h). Long range crystalline order started 

to develop at residence times as low as 2 min in flow and attained full crystallinity at 5 min, beyond 

which there were no changes detected in the PXRD patterns. Moreover, PXRD patterns show no 

mismatch in 2 theta positions and confirm the single-phase nature of microcrystalline powder 

samples synthesized in flow. SEM images (Figure 3-7) of samples with residence times below 15 

min confirm the octahedral shape of MOF-808 nanoparticles synthesized in flow. TEM images in 

Figure 3-1c show the changes in morphology of MOF-808 nanoparticles at short residence times 

(1 to 15 min). MOF-808 particles synthesized in flow measured on average ca. 140 nm compared 

to 360 nm in batch (Figure 3-10). Average crystal sizes are obtained from measurements of ~80 

nanoparticles for each residence time, while the error bars correspond to one standard deviation.  

Smaller monodisperse crystalline particles are advantageous for practical applications such as 

adsorption, separation, and catalysis as they improve active surface area and minimize diffusion 

limitations.94, 103-104 Average crystal sizes for Zr-MOFs can be tuned by coordination modulation 

mechanism, where the formate ligand (growth modulator) with a similar chemical functionality as 

the H3BTC linker competes for coordination with the SBU.89, 101 A higher linker concentration in 

the reaction mixture enhances the linker coordination with the SBU by reducing the competitive 

coordination of the formate ligand, leading to an increase in the number of nucleation sites that 

grow at a faster rate–results in smaller crystal sizes.105 In line to this, tuning the amount of 

modulator and linker concentration in the reaction mixture to achieve desired size, porosity, 
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crystallinity and yield with the least residence time is imperative from an efficient process 

development standpoint. 

 

Figure 3-1 (a) Synthesis scheme for MOF-808 showing flow and batch routes. (b) PXRD patterns 

showing evolution of crystallinity with residence time for samples synthesized in flow at 150 °C, 

compared to batch (130 °C, 48 h). (c) TEM images showing morphology of microcrystalline 

MOF-808 nanoparticles at short residence times (1 to 15 min) and the corresponding batch sample. 

Several studies106-109 report on the merits of combining green chemistry principles, such as lower 

solvent usage, and higher productivity with statistical DoE for improved process efficiency. The 

process window for MOF-808 comprises of a critical range of parameters such as molar ratios of 

reagents in the precursor mixture, residence time and reaction temperature which dictate the 

outcome such as product crystallinity and production rates. Owing to a wide range of synthetic 

conditions reported in the previous studies for MOF-808 which result in diverse outcomes,3, 81, 83-
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84, 86, 93-94 we fixed parameters such as reaction temperature (150 °C) and the metal:linker molar 

ratio (M:L) to a value of 3 to synthesize microcrystalline powder samples. We performed 

experiments by changing one process variable at a time (OVAT) to screen the effects of residence 

time, volumetric ratio of formic acid (FA) and N,N-dimethylformamide (FA:DMF), and linker 

concentration in the precursor.  In Figure 3-2, the variation in product crystallinity is mapped as a 

function of these process parameters, where labels for every data point represents the relative 

crystallinity in percentage (% RC). The RC quantifies the amount of crystalline phase present in 

the synthesized product using PXRD patterns (Figure 3-6 and Table 3-3 provide complete set of 

analysis and synthesis conditions). The RC of a simulated pattern obtained from single crystal data 

(Figure 3-6a) was defined to be at 100% and rest of the samples synthesized in flow are normalized 

to this value. The outcome was divided into three categories based on RC: samples with >80% RC 

were classified as crystalline, samples with 30% < RC < 80% classified as semi-crystalline and 

samples with RC < 30% were classified amorphous. 

The effect of residence time and FA:DMF on product crystallinity is highlighted in Figure 3-2a. 

The linker concentration used for all synthetic conditions explored was 1 mmol in a 30 mL reaction 

mixture (this corresponds to ~3 times the value used in batch synthesis) and a constant molar ratio 

of M:L = 3 was maintained. Residence times were varied from 15–120 min for all conditions 

explored, while short residence times in the range of 1–5 min were run only for the composition 

with FA:DMF = 2, which yielded solids with the highest level of crystallinity (~87% RC). At 

volumetric ratios of FA:DMF = 1 and 2, we observed the formation of crystalline MOF-808 at all 

residence times beyond 5 min, while residence time in the range of 1–3 min led to amorphous and 

semi-crystalline products (Figure 3-2a). Increasing the amount of formic acid in the precursor 

mixture (FA:DMF = 3) resulted in a semi-crystalline product at all residence times, possibly due 

to competitive coordination of the formate ligand with the SBU which reduces the chances of 

linker coordination, resulting in defects and a low crystalline product. A further increase in the 

amount of formic acid (FA:DMF = 4) yields amorphous solids at residence times below 30 min 

and a semi-crystalline product showing short range order with increasing residence time. These 

results suggest that longer induction periods may be necessary to overcome the reduced rate of 

nucleation and crystal growth due to the influence of excess formate ions in the precursor 

solution.89, 104 The highest level of formic acid (FA:DMF = 5) in the precursor mixture resulted in 

amorphous solids at all residence times, due to the H3BTC linker precipitating out of the solution 
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that changes the precursor composition and coordination equilibria required to obtain MOF-808. 

Lower levels of formic acid (FA:DMF = 0.67, and 0.25) generated amorphous solids in the form 

of a dense residue resulting from fast coordination reactions between the linker and SBU – lacking 

long-range order.101  

Flow reactors can usually operate at higher concentrations, provided reagents stay in solution, 

offering great benefit in the current scenario for using higher concentration of metal salt and linker 

to increase the process productivity while maintaining similar yields.102, 110-111  Figure 3-2b shows 

the influence of linker concentration and FA:DMF on MOF-808 crystallinity (at residence time of 

15 min and a constant M:L = 3). Optimization of the linker concentration and solvent composition 

in flow synthesis was done relative to the conventional batch crystallization mixture3 (FA:DMF = 

1 and Linker Concentration = 1), highlighted as ‘Batch Optimized’ in Figure 3-2b. Interestingly, 

the standard batch composition did not yield any solids in flow synthesis. We increased the linker 

concentration in discrete steps of the initial composition by 2-, 2.5- and 3-times the amount used 

in batch (per unit mass) to investigate the effects of higher linker concentration in the reaction 

mixture. Crystalline solids were obtained at reaction conditions with FA:DMF = 1, and 2, and 

linker concertation at 2- to 3-times higher than batch composition. In particular, the composition 

with linker concentration of 3, yielded a three-fold increase in crystalline solids on a volumetric 

basis of precursor mixture and is labelled ‘Flow Optimized’ (Figure 3-2b). This resulted in lower 

solvent amounts required per unit mass of solids synthesized and a lower residence time for 

crystallization, thereby improving the overall process productivity. Other compositions explored 

in the synthesis space resulted in semi-crystalline or amorphous solids. Increasing the linker 

concentration beyond 3 led to an incomplete dissolution of the metal salt and linker in the precursor 

mixture and thus were not explored. While tuning various synthetic parameters, an important 

metric to monitor would be the molar ratio of modulator and the metal salt (Acid:Metal) used in 

the precursor mixture, stated in Table 3-3 for all compositions explored in the study. The 

composition used in batch had a molar ratio of Acid:Metal = 396, while the composition optimized 

in flow had a molar ratio of 176. Crystalline products obtained in flow synthesis had a narrow 

range of molar ratios (176 to 264) in the precursor mixture, provided all reagents stay in solution 

before synthesis. Furthermore we also explored the synthetic conditions with M:L = 1 that are 

typically used to make single crystal MOF-808 and require an induction time from 3-7 days under 

batch solvothermal conditions.81, 88 In order to illustrate a wider chemical design space to map the 
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influence of metal salt, linker and the modulator on crystallinity of MOF-808, we constructed a 

ternary phase diagram (Figure 3-11) to identify the regions that yield crystalline product. The axes 

in the ternary diagram represent mole fractions of the modulator, linker, and the metal salt; all the 

explored compositions were subjected to 150 °C and 15 min residence time in the flow reactor. 

The molar ratios of Acid:Metal in compositions with M:L = 1 were either significantly high 

(~1050) or below 170, which resulted in a predominantly semi-crystalline or amorphous product 

under the residence time explored. While compositions with M:L = 3 represent the data shown in 

Figure 3-2b. Table 3-4 and Table 3-5 provide calculations for yield and productivity for batch and 

flow syntheses. The yield is calculated based on the conversion of ZrOCl2.8H2O into MOF-808 

(Table 3-4); the yield obtained in flow synthesis was ~80% while batch synthesis resulted in ~75% 

which is consistent with previous studies.3, 81, 94 The maximum productivity achieved in batch 

synthesis was 335.5 𝑘𝑔𝑀𝑂𝐹 𝑚−3𝑑𝑎𝑦−1 while flow synthesis at a residence time of 5 min resulted 

in 95,155 𝑘𝑔𝑀𝑂𝐹 𝑚−3𝑑𝑎𝑦−1, representing a two order of magnitude increase in productivity.  

 

Figure 3-2 Chemical design space of MOF-808 explored using flow synthesis at 150 °C by varying 

(a) residence time and solvent composition (FA:DMF) and (b) H3BTC linker concentration and 

solvent composition (FA:DMF) on product crystallinity at 15 min residence time. The linker 

concentration in the precursor mixture in (a) is three times higher than batch composition, while 

M:L = 3 is maintained for all conditions explored. Red and blue circles represent amorphous and 
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semi-crystalline regions, while green squares denote crystalline region in the chemical space. The 

labels for every data point represents the relative crystallinity in percentage (% RC). 

Samples synthesized in flow at optimal reaction conditions were characterized further to compare 

attributes such as surface area, porosity, and thermal stability, with batch-synthesized samples. We 

collected N2 adsorption isotherms at 77 K (Figure 3-3a) to investigate the porosity of the solids. 

Isotherms for all samples measured (except 1 min) are of Type I with a step at P/Po ~0.03, 

consistent with previous studies.3, 81-82, 112 The samples synthesized in flow at residence times 

beyond 15 min exhibit slightly higher adsorption characteristics compared to the samples with 

short residence times below 5 min, possibly due to longer time available for structure 

reorganization to generate better crystallinity with minimal defects.89, 113 To satisfy the first criteria 

of the BET equation,114 isotherm data lying within 0.05-0.15 P/Po were selected for curve-fitting 

with R2 > 0.997 (Figure 3-12). The BET surface area (Figure 3-4a) showed a correlation with 

residence time values from ~1600 𝑚2𝑔−1 to ~2000 𝑚2𝑔−1 with increasing residence time from 5 

min to 15 min, beyond which it remained constant. Surface area for the batch-synthesized sample 

was ~1900 𝑚2𝑔−1 similar to previous reports.81, 84, 115 Pore size distribution was calculated using 

non-local density functional theory (NLDFT) based on the carbon slit-pore model as shown in 

Figure 3-3b. The average diameter of pores for all samples was ~16.8 Å. Samples with 3 and 5 

min residence time showed a lower density of pore sizes beyond 16 Å. Thermogravimetric analysis 

(TGA) showing weight loss with temperature is plotted in Figure 3-13. The overall thermal 

stability attributes exhibited for all samples were similar, however samples with 15–120 min 

residence time follow a similar trace compared to the batch sample, while samples with short 

residence times below 5 min follow a slightly different trace, which may result from the differences 

in the nature of coordinated molecules and defects in the structure.80, 88, 116 All samples were 

activated before thermal analysis; an initial weight loss of ~3% below 140 °C is attributed to the 

loss of physisorbed water, while ~18% weight loss was observed due to loss of coordinated water 

molecules and formate ions on the SBU up to 300 °C.115 A significant weight loss of ~33% is seen 

at ~500 °C that results from decomposition of the organic linkers in the framework.117 Owing to 

the amorphous nature of 1 min sample, it showed a steady weight loss without any distinct features 

common to crystalline samples. The residual material in the form of white powder obtained > 600 

°C is composed of ZrO2 that forms after decomposition of the framework.115  
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Figure 3-3 (a) N2 adsorption (closed symbol) and desorption (open symbol) isotherm at 77 K for 

samples synthesized in batch and flow. (b) Pore size distribution (PSD) for all samples computed 

using NLDFT method. 
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Although most of the MOF literature focuses on reporting new structures and their use in potential 

applications, there is a paucity of studies that performed cost and energy analyses of the synthesis 

process with the goal to improve overall productivity by quantifying the cost drivers and reducing 

process waste.118-119 In a continuous manufacturing environment, comparing process parameters 

such as productivity (𝑘𝑔𝑀𝑂𝐹 𝑚−3𝑑𝑎𝑦−1) with critical attributes of the synthesized product such 

as BET surface area (𝑚2𝑔−1), provides a metric for tailoring the manufacturing output with the 

desired product quality. Figure 3-4a plots productivity and surface area for the MOF-808 samples 

synthesized in flow and batch as a function of residence time. If high surface areas ~2000 𝑚2𝑔−1 

are favored, a residence time of 15 min in flow is preferred that results in a productivity of 31,730 

𝑘𝑔𝑀𝑂𝐹 𝑚−3𝑑𝑎𝑦−1. An increase in residence time beyond 15 min drastically reduces the 

productivity while resulting in roughly similar surface areas of the synthesized MOF. A reduction 

in residence time to 5 min is accompanied by lower surface area of the MOF ~1600 𝑚2𝑔−1 and a 

corresponding increase in productivity to 95,155 𝑘𝑔𝑀𝑂𝐹 𝑚−3𝑑𝑎𝑦−1. Residence times below 3 min 

result in a semi-crystalline or amorphous product (Figure 3-2a) and hence were not considered. 

Residence times greater than 120 min result in productivities comparable to batch process making 

them unattractive to pursue. An effective strategy of increasing productivities in the flow reactor 

is accomplished by enlarging the inner diameter (ID, critical dimension of reactor tubing), which 

results in a quadratic dependence on volumetric flow rate (𝑄 ∝ 𝑑2) – thereby increasing the 

precursor throughput in the reactor. An increase of tube ID by a factor of 4, from the currently 

used 1/16 inch (0.158 cm) to 1/4 inch (0.635 cm), increases the productivity by a factor of 16, 

assuming the yields are constant. However, the downside to this approach is the reduction in 

surface-area to volume ratio (𝑆𝐴
𝑉⁄ ∝ 𝑑−1) of the tubing, which could diminish favorable heat and 

mass transfer characteristics.12, 24, 120 The key translational piece for widespread use of MOFs in 

revolutionary technology platforms is the ability to manufacture at desired scale with satisfactory 

market prices.12, 17 Only a handful of MOFs are commercially available with a quoted price 

upwards of $30/g, making them expensive for widespread adoption.37, 121 For the laboratory 

optimized batch and flow syntheses we employed a process-based cost estimation methodology 

was employed to access production costs, which mimics the actual steps of synthesis (from raw 

materials to finished product) and determines the final cost by summing individual costs incurred 

in each of the steps.122 In order to streamline the techno-economic analysis (TEA), we only 
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consider production costs directly related to the MOF synthesis and ignore indirect costs and labor 

costs. The system boundary for the TEA, the production scenarios, the methodology for estimating 

process costs (materials, energy, and equipment), along with the electrical energy consumed by 

the process is described in Section 3.4.2 of the SI. 

We performed energy balances for both batch and flow process by estimating specific enthalpy 

change (𝑘𝐽 𝑔𝑀𝑂𝐹
-1), defined in terms of thermal energy input (𝑘𝐽) required for heating a specific 

amount of the reaction mixture from room temperature (20 °C) to the reaction setpoint temperature 

(130 °C for Batch and 150 °C for Flow) to crystallize a gram of MOF (Figure 3-4b). Specific heat 

capacity 𝑐 (𝐽 𝑘𝑔−1𝐾−1) and density 𝜌 (𝑔 𝑚𝐿−1) for the reaction mixtures used in batch, and flow 

was estimated from the process modelling software ASPEN Plus V10 (Table 3-10). Heat input 

required only for the reaction mixture is 4-fold higher for batch synthesis compared to flow. For a 

biphasic-slug flow system in our flow reactor, we use a volumetric flow ratio of 2:1 for the reaction 

mixture to silicone oil for maximizing the amount of reaction mixture injected into the reactor 

without affecting the mixing characteristics in the slugs. If the energy for heating the silicone oil 

(continuous phase) is added to the energy required for heating the reaction mixture in flow, the 

total heat input for the flow process ~10 𝑘𝐽 𝑔𝑀𝑂𝐹
-1 which corresponds to less than half the value 

for batch synthesis. The energy intensity of the process in terms of electrical energy consumed to 

synthesize a gram of MOF (𝑘𝑊ℎ 𝑔−1) is plotted in Figure 3-18, which accounts for the total 

electricity consumption in all unit operations, along with the corresponding process emissions 

(𝑘𝑔𝐶𝑂2−𝑒𝑞 𝑔−1). Since electricity is the only form of energy input required for the synthesis, 

process emissions originate only from the electricity grid and vary linearly as a function of energy 

consumed in the process. Carbon intensity of the ISO-NE electricity grid in the form of annual 

average GHG (greenhouse gas) emissions per kWh generated was reported to be 310 𝑔 𝑘𝑊ℎ−1 in 

2017.123 Energy intensity of the flow synthesis compared to batch is lower by two orders of 

magnitude, demonstrating significant improvements in energy efficiency achieved in flow. Given 

the large number of functional MOFs reported in the literature, a critical assessment and 

optimization of manufacturing routes in a lab-scale environment serves as a prerequisite for 

sustainable industrial-scale synthesis paving the way for advent of low cost MOFs in commercial 

technologies. 
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Figure 3-4 Comparison of process productivity (𝑘𝑔𝑀𝑂𝐹 𝑚−3𝑑𝑎𝑦−1) and BET surface area 

(𝑚2 𝑔−1) for flow synthesized MOF-808 as a function of residence time (min) compared to batch 

with a reaction time of 48 h. (b) Thermal energy input required to crystallize a gram of MOF for 

batch and flow syntheses. Additional details on the TEA model and assumptions are listed in SI.  

3.3. Conclusions 

We herein report an optimized high-throughput manufacturing process using flow synthesis for 

the production of MOF-808 – a Zr-MOF showing remarkable hydrothermal and chemical stability 

featuring large micropores and open metal sites. Critical process parameters such as residence 

time, linker concentration and volumetric ratios of modulator and solvent were rapidly screened 

to map the chemical design space of MOF-808 and their influence on product attributes such as 

crystallinity and surface area. Optimized synthetic conditions in flow used concentrated reaction 

mixtures that led a reduction in the use of DMF by ~84% and formic acid by ~67% on volumetric 

basis – highlighting the direct benefits of flow synthesis in lowering reagent costs and a greener 

process. Highly crystalline monodisperse MOF-808 nanoparticles were synthesized in a residence 

time of 5 min in flow compared to 48 h in batch, resulting in a productivity of 95,155 kg·m-3·day-

1, which represents a record-high two order of magnitude increase than batch (335.5 kg·m-3·day-

1). The interplay between factors such as the amount of modulator, reagent concentrations, and 

reaction conditions significantly affect nucleation and crystal growth rates, and should be 

judiciously balanced to generate desired product attributes. We report one of the first 

comprehensive TEA models to evaluate cost drivers and energy and mass balances involving lab-

scale synthesis of MOFs. Under a continuous production environment, solvent costs dominate the 
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synthesis costs and a further reduction in cost structure can be achieved by minimizing the use of 

solvents or employing an efficient solvent recycling strategy. Minimum cost of manufacturing 

MOF-808 under a laboratory-demonstrated flow synthesis route was $3/g, an order of magnitude 

lower compared to a handful of commercial MOFs priced upwards of $30/g. The methodology 

used in the TEA is generally valid for other MOFs and highlights avenues for critical assessment 

and optimization of synthesis routes to manufacture MOFs at low-cost, enabling their widespread 

use in revolutionary technologies. 
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3.4. Supporting Information 

Synthesized samples from the flow reactor were transferred into 50 mL centrifuge tubes, washed 

thrice with N,N-dimethylformamide (DMF), and acetone. Samples were solvent exchanged with 

DMF for three days during which DMF was replaced every day. The DMF exchanged MOF-808 

was immersed in acetone for three days during which acetone was replaced every day. The solvent-

exchanged samples were vacuum dried at 22 °C for 12 h followed by activation under dynamic 

vacuum (120 °C for 24 h). The BET surface area and porosity of the samples was measured with 

N2 adsorption measurements. 

UHP N2 gas was used to pressurize the system. Table 3-1 and Table 3-2 provide an overview of 

the flowrates used to obtain specific residence times and physiochemical properties of silicone oil 

used in flow reactions. A volumetric ratio of 1:2 Oil:Precursor was maintained to maximize the 

productivity of the process and operate in a stable biphasic flow regime. Higher volumetric ratio 

of precursor would lead to hydrodynamic failure of the reactor due to large amount of crystals 

clogging the tubing. Higher volume slugs also results in low mixing efficiency due to stagnation 

zones developed in larger slugs. 
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3.4.1. Materials and Methods 

All reagents were commercially purchased. They are summarized below: N,N-dimethylformamide 

(99.8%, Millipore), formic acid (purity > 98%), and anhydrous methanol were obtained from EMD 

Millipore Chemicals. Anhydrous acetone was procured from Acros Organics. Zirconium 

oxychloride octahydrate (ZrOCl2·8H2O, purity ≥ 99.5%), and 1,3,5-Benzenetricarboxylic acid 

(H3BTC linker) was obtained from Sigma-Aldrich. Silicone oil (Dimethyl polysiloxane) for flow 

synthesis with the usable range of -40 °C to 200 °C was procured from Alfa Aesar. The analytical 

tools used for materials characterization in this thesis have successfully been employed for 

characterizing crystallinity of nanoparticles such as diesel engine crankcase/exhaust soot,124-130 

inorganic metallic species derived from lubricant/fuel ash in the diesel particulate filter,131-134 and 

formulations used in lubricating greases for extreme-pressure applications.135-139  

Synthesis of MOF-808 in Batch: Microcrystalline powder samples of MOF-808 were synthesized 

based on synthetic procedure reported by Jiang et al.3 H3BTC (70 mg, 0.33 mmol) and 

ZrOCl2·8H2O (323.3 mg, 1.003 mmol) were dissolved in DMF/formic acid (15 mL/15 mL) 

mixture and placed in a 100 mL screw-capped glass jar, which was heated to 130 °C for 48 h. 

MOF-808 precipitated as white solids that were collected by filtration and washed with DMF, and 

acetone; the solids were solvent-exchanged and activated as described above. 

Powder X-ray diffraction (PXRD) patterns were recorded with a Bruker D8 Advance II 

diffractometer equipped with a θ/2θ Bragg-Brentano geometry and Ni-filtered CuKα radiation 

(Kα1 = 1.5406 Å, Kα2 = 1.5444 Å, Kα2/Kα1 = 0.5). The tube voltage and current were 40 kV and 

40 mA, respectively. Samples for PXRD were prepared by placing a thin layer of the appropriate 

material on a zero-background silicon crystal plate. Figure 3-6 shows the PXRD patterns for the 

flow-synthesized samples with varied levels of crystallinity along with background correction 

scheme used for measuring the relative crystallinity. 

Relative Crystallinity (% RC) measurements were calculated using the HighScore Plus analysis 

package from Panlytical. During the course of optimization of synthesis parameters, many reaction 

conditions resulted in a semi-crystalline or an amorphous material. Given that the material 

crystallinity is an indispensable characteristic, the Equation 3-1 was used to quantify the RC of all 

synthesized samples. We subtracted the constant background intensity (Iconst.bkgd) from the total 

intensity (Itot) to remove substantial contributions to the signal from amorphous phases found in 
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semi-crystalline samples. The intensity contribution from crystalline peaks (Icryst) was calculated 

using the corrected background, which was computed by an iterative method developed by 

Sonneveld et al.140 that takes into account granularity of the background fitting and bending factors 

pertaining to the curvature. 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦 (% 𝑅𝐶) = 100 × (
∑ 𝐼𝑐𝑟𝑦𝑠𝑡.

(∑ 𝐼𝑡𝑜𝑡𝑎𝑙−∑ 𝐼𝑐𝑜𝑛𝑠𝑡.  𝑏𝑘𝑔𝑑)
)    (Equation 3-1) 

 

A summary of the investigated MOF-808 reaction conditions for the rapid optimization of 

synthesis design space (in flow reactor platform) is provided in Table 3-3. Calculations for yield 

and productivity are described in Table 3-4 and Table 3-5. We also used the Caglioti equation to 

fit the FWHM data points obtained for the peaks in the XRD pattern. The Caglioti equation, 

described below (Equation 3-2), establishes a relationship between broadening (B) and the fitting 

parameters W, V, and U that are derived as an instrument response function for X-ray diffraction. 

The curve fit provides Lorentz and Gauss coefficients that account for crystal shape factor K and 

instrument broadening.  

Caglioti equation: 

𝐵2 = (𝑊 + 𝑉𝑡𝑎𝑛𝜃 + 𝑈𝑡𝑎𝑛2𝜃)                      (Equation 3-2) 

Scanning Electron Microscopy (SEM) images were acquired using Zeiss Merlin High-resolution 

SEM. Double coated conductive carbon tape was glued to an aluminum sample mount (or stubs, 

12.7 mm diameter) to minimize charging of non-conductive MOF sample and acquire high-

resolution images. Small amount of sample was transferred to the mount using a spatula and excess 

sample was dusted off using compressed air blown for a few seconds. Sample mounts were then 

sputter coated with an ultra-thin layer (~10 nm) of Au/Pd (Gold and Platinum electrode), to 

improve resolution of edge features on the sample, reduce charging and acquire high quality 

images of poorly conducting samples. The SEM operational parameters such as working distance, 

probe current and acceleration voltage are listed below every image acquired. Figure 3-7 shows 

SEM images comparing batch and flow-synthesized samples. 

Transmission Electron Microscopy (TEM) images were acquired using FEI Tecnai Multipurpose 

Digital TEM. MOF sample was added to a glass vial containing acetone and shaken to obtain a 
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well-dispersed suspension. A drop or two of this suspension was added to the copper grid (5-6 nm 

thick and 3.05 mm wide) with a thin film of pure carbon deposited on one side (CF200-CU from 

Electron Microscopy Sciences). After the evaporation of acetone, the grid was placed on the 

sample holder and inserted in the beam column. The chamber was evacuated at 3.2E-7 torr before 

the electron gun was switched on and aligned for acquiring high-resolution images. The TEM was 

operated at 120 kV and corrected for image aberrations using stigmator in condenser/objective 

lens. Figure 3-8 shows a comparison of TEM images acquired for MOF samples in batch and flow 

syntheses, while Figure 3-9 compares morphology of isolated crystals obtained in flow and 

corresponding SAED pattern. Figure 3-10 compares average size distribution of nanoparticles 

measured using SEM and TEM micrographs. Microcrystalline MOF-808 samples synthesized 

from batch and flow syntheses were imaged using a high resolution transmission electron 

microscope (TEM) and the corresponding crystal sizes were measured using the ImageJ software 

program based on a procedure reported by Hirschle et al.141 

Nitrogen adsorption and desorption isotherms were measured by using a Quantachrome Autosorb 

iQ apparatus at liquid nitrogen temperature (77 K). A typical sample mass of ca. 50 mg of MOF-

808 was pre-activated at 120 °C for 24 h to remove all residual solvent, before measurement. Free 

space correction measurements were performed using ultra-high purity He gas (UHP grade 5, 

99.999% pure). Oil-free vacuum pumps were used to prevent contamination of sample or feed 

gases. Figure 3-12 plots the linear region of the BET equation (0.05 < Po < 0.15) which satisfies 

the first consistency criterion of the BET theory.114 The data points in this region had a R2 > 0.997 

obtained from linear regression. 

Thermogravimetric Analysis (TGA) was performed in air environment with a heating rate of 5 

°C.min-1 on TQA 500 of TA Instruments. Figure 3-13 provides TGA trace and derivative weight 

loss curves for samples synthesized in batch and flow. 

3.4.2. Techno-economic Analysis (TEA) 

A process-based cost estimation methodology was employed to access production costs, which 

mimics the actual steps of synthesis (from raw materials to finished product) and determines the 

final cost by summing individual costs incurred in each of the steps.122 In order to streamline the 

techno-economic analysis (TEA), we only consider production costs directly related to the MOF 

synthesis and ignore indirect costs and labor costs. The system boundary for the TEA showing 
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inputs and outputs to the model along with a simplified block diagram showing flow of materials, 

energy consumption, and process waste generated for each unit operation is presented in Figure 3-

14. A typical lab-scale synthesis starts with dissolving reagents such as metal salt and linker in 

organic solvents to form the reaction mixture, which is then heated to crystallize MOF particles. 

The post-processing of the mixture is comprised of separating crystalline solids from the mother 

liquor via centrifugation, followed by multiple solvent-exchanges and activation of MOF by 

heating under vacuum. All steps for batch and flow syntheses remain the same except the 

crystallization process owing to differences in the equipment used. Process waste in the form of 

used solvent (N,N-DMF, and acetone) is generated during centrifugation and activation of the 

MOF; while solvent recovery and recycling is crucial for a low-cost and sustainable industrial-

scale synthesis, it is not practical to implement solvent recycling for a lab-scale operation due to 

higher capital costs involved for setting up additional infrastructure and uncertainties in solvent 

purity after recycling.119, 142 The cost associated for executing each unit operation (e.g. 

crystallization, separation etc.) are added to generate the total cost of synthesis in $/g for flow and 

batch syntheses (Equation 3-3). Material cost reflects the cost of raw materials (metal salt, linker, 

modulator, and solvents) used in the synthesis, while manufacturing costs reflect the cost of 

machinery amortized over equipment lifetime as well as process energy, utility costs, and routine 

maintenance. For a laboratory-scale synthesis, we purchased small quantities of reagents and the 

price quotes for each of them along with the details on the equipment used in the lab are described 

in Table 3-6 and Table 3-7. For an industrial scale manufacturing of MOFs, bulk purchase of 

reagents would be required which would result in lower cost of reagents; the inputs for the TEA 

model can be updated to reflect the purchase prices accordingly. We model two production 

scenarios to quantify cost and energy associated with lab-scale flow and batch syntheses (Figure 

3-15); Scenario 1: One time synthesis – represents a typical laboratory operation where MOF is 

manufactured intermittently in small quantities ca. hundreds of mg scale, which is used for 

characterization and exploratory work, and Scenario 2: Continuous Production – representing a 

manufacturing environment where equipment is run continuously to achieve maximum production 

rates. For a meaningful comparison between the synthetic routes, we match the amount of MOF 

synthesized for the two processes in Scenario 1, while Scenario 2 evaluates the processes based on 

the same production rates on a 24 h basis. In case of flow synthesis, we choose a residence time of 

5 min for modelling the TEA to compare with the batch synthesis as the baseline. Operational time 
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calculations for batch and flow processes are determined from mass and energy balances for the 

unit operations, which take into account product yield and cycle times (Table 3-8). 

Cost trends for manufacturing MOF-808 in flow and batch syntheses under two scenarios are 

shown in Figure 3-16a Equipment costs dominate the total cost of synthesis for both batch and 

flow routes in Scenario 1 while materials cost dominate the total cost for both synthetic routes in 

Scenario 2. Switching from an intermittent to a continuous production resembling an industrial-

scale operation lowers the total synthesis cost of MOF-808 to $11.3/g in batch and $3/g in flow, 

representing an expected reduction by ~85% and ~60% respectively. The total cost of synthesis 

reflects the minimum cost for MOF-808 production under a typical lab-scale environment. 

Materials cost breakdown shown in Figure 3-16b highlights the cost of reagents used for synthesis 

and post-process. Lower cost of materials in flow synthesis results from the use of concentrated 

precursor mixtures that yield higher amount of crystalline solids on a volumetric basis of reaction 

mixture compared to batch. The costs originating from process solvents (DMF and acetone) that 

are used in post-process for separation and activation remain the same for both synthetic routes. 

Costs pertaining to the use of DMF and formic acid dominate the materials cost for both synthetic 

routes. Flow synthesis sees a dramatic reduction in the use of DMF by ~84% and formic acid by 

~67% on a volumetric basis of the reaction mixture compared to batch, resulting in lower costs 

and a greener process, highlighting the direct benefits of using a concentrated reaction mixture. 

Figure 3-17 shows projections for cost savings achieved in flow by reduction in the use of DMF 

and formic acid as a function of MOF production on a tens of kg scale. In view of mass production, 

we consider bulk purchase prices for reagents (Table 3-7); these projections are achieved by 

extrapolating the lab-scale cost structure with a goal to quantify costs incurred in batch and flow 

synthesis and do not consider parameters associated with scaling-up the production such as 

equipment, storage space etc. Further cost reductions are possible by modifying the unit operations 

that can minimize the use of expensive solvents or recycling them to achieve a greener synthetic 

route. Given the excellent hydrothermal stability of MOF-808, modifications in the post-process 

by replacing the use DMF and acetone with water for solvent-exchange before activation, 

considerably reduces the cost and process waste generated.143 Using a relatively cheaper modulator 

such as acetic acid instead of formic acid reduces materials cost, however it could affect the pore 

size distribution and surface area of the solids.82, 93 Tradeoffs associated with cost reduction 

measures related to changes in the equipment, unit operations, and precursor composition should 
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be judiciously considered to balance the product attributes such as surface area, crystallinity with 

optimal cost of synthesis. 

The energy intensity of the process in terms of electrical energy consumed to synthesize a gram of 

MOF (𝑘𝑊ℎ 𝑔−1) is plotted in Figure 3-18, which accounts for the total electricity consumption in 

all unit operations, along with the corresponding process emissions (𝑘𝑔𝐶𝑂2−𝑒𝑞 𝑔−1). Since 

electricity is the only form of energy input required for the synthesis, process emissions originate 

only from the electricity grid and vary linearly as a function of energy consumed in the process. 

Carbon intensity of the ISO-NE electricity grid in the form of annual average GHG (greenhouse 

gas) emissions per kWh generated was reported to be 310 𝑔 𝑘𝑊ℎ−1 in 2017.123 A detailed 

breakdown of energy consumed in the equipment is provided in Table 3-8. Energy intensity of the 

flow synthesis compared to batch is lower by two orders of magnitude in scenario 1 and an order 

of magnitude lower in scenario 2, demonstrating significant improvements in energy efficiency 

achieved in flow. A primary reason for low energy intensity stems from the use of a compact heater 

in flow synthesis to efficiently heat the miniaturized reaction system with high SA/V ratio that 

results in a higher productivity, shorter residence time and minimal heat loss, unlike batch 

synthesis which typically uses convection ovens or heating mantles in a lab-scale environment.17, 

25, 91  Moreover, tuning the reaction parameters to avoid the use of harsh solvothermal conditions 

such as high temperature and pressure will reduce capital and operating expenses.12, 34 Given the 

wide range of electricity prices (0.07 – 0.29 $/kWh) across the US,33 lower electricity prices would 

further reduce the cost of synthesis. We performed a sensitivity analysis to evaluate the influence 

of electricity cost on the total cost of synthesis (Figure 3-19). A variation of ±70% of electricity 

cost from a base value of $0.12/kWh resulted in ±9% and ±2% variation in the total cost of batch 

and flow synthesis for scenario 1. In case of scenario 2, we see ±0.5% variation for both synthetic 

routes; owing to lower energy intensity achieved in flow, energy cost are relatively a small fraction 

of the total cost. The purpose of this TEA is to identify general trends in batch and flow processes, 

costs drivers, mass and energy balances, and potential pathways to curtail the synthesis costs via 

lower use of solvents and modification in reaction parameters. Given the large number of 

functional MOFs reported in the literature, a critical assessment and optimization of manufacturing 

routes in a lab-scale environment serves as a prerequisite for sustainable industrial-scale synthesis 

paving the way for advent of low cost MOFs in commercial technologies.  
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Silicone oil used in flow synthesis does not mix with the precursor mixture and is not considered 

in the materials cost matrix as it can be fully recovered and re-used without additional equipment. 

Electricity is the only form of energy input required for the synthesis. Average utility costs in the 

US were $0.105 per kWh, however commercial utility cost for the state of Massachusetts was 

$0.12 per kWh, which is considered for calculations based on price estimates from ISO-NE 

(Independent System Operator-New England).123 About 51% of energy mix for the grid came from 

non-fossil fuel sources including nuclear (31%), while natural gas accounted for 48% of the fossil 

fuel source of the energy mix.102 Standard labor rates could vary based on manufacturing 

environment, however average costs for operator would be ~$20/person/h and a supervisory 

person would cost ~$35/person/h based on estimates from US bureau of labor statistics.66 

Equipment lifetime for all machinery used in the production process, the maintenance costs and 

consumables are obtained after consultation with corresponding OEMs (Original Equipment 

Manufacturers) and described in Table 3-6. Cost incurred for maintenance and consumables on 

most equipment over its useful life are in a range of ~15-25% of the purchase price. Equations 3-

3 to 3-9 described below are considered for cost and energy accounting in the TEA model and are 

computed separately for flow and batch syntheses owing to differences in process yield, cycle 

times, and equipment used for crystallization. Definitions for all parameters used is provided in 

Table 3-9. For Scenario 2 as illustrated in Figure 3-15, the maximum precursor throughput in the 

flow reactor (1/16 inch ID) and a corresponding yield of ~80% leads to a production rate of ca. 33 

g of MOF-808 in 24 h. The batch synthesis based on the recipe by Jiang et al.3 uses a 1000 mL 

glass jar – is scaled-up to match the production rate achieved in flow. Deviating from using 5 x 

1000 mL glass jars to accommodate the precursor mixture to a single 5000 mL glass jar could 

result in diminished yields and a variation in induction time – MOF synthesis relies on nucleation 

at reactor vessel surface and changes in surface area to volume (SA/V) ratio of the vessel leads to 

inconsistencies.24 Increasing the vessel sizes for batch synthesis also result in large gradients in 

heat and mass transfer limitations that affect MOF crystallinity and require re-optimization of the 

process parameters (temperature, induction time) and possibly modifying the heating methods.33 

Forced convection oven used in the study was Yamato DKN-402C with a capacity of 90 L and 

could easily hold upto 7 glass jars of 1000 mL used in scenario 2. Bulk commodity prices used in 

Figure 3-17 represent the cheapest option, but storage space and additional capital expenditure on 
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infrastructure for handling large volumes of reagents would be required to achieve ca. tens of kg 

production output. 

 

 

𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑠𝑡 𝑜𝑓 𝑆𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 ($. 𝑔−1) = (( 𝐶𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠 + 𝐶𝑒𝑛𝑒𝑟𝑔𝑦 
g of MOF−808 synthesized

) + (𝐶𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛

𝑃𝑀𝑂𝐹−808
))  (Equation 3-3) 

 

𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝐶𝑜𝑠𝑡 ($. 𝑑𝑎𝑦−1) = ∑ (𝑛𝑚𝑎𝑐ℎ𝑖𝑛𝑒 × 𝐶𝑚𝑎𝑐ℎ𝑖𝑛𝑒 × 𝐶𝑀𝑛𝑡.& 𝐶𝑜𝑛𝑠.
𝑡𝑙𝑖𝑓𝑒−𝑡𝑖𝑚𝑒

) 𝐴𝑙𝑙 𝑢𝑛𝑖𝑡 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑠           

           (Equation 3-4) 

 

𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠 𝐶𝑜𝑠𝑡 𝑜𝑓 𝑆𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 ($. 𝑔−1) = ∑  (𝐶𝑍𝑟+𝐶𝑙𝑖𝑛𝑘𝑒𝑟+𝐶𝑚𝑜𝑑𝑢𝑙𝑎𝑡𝑜𝑟+𝐶𝑠𝑜𝑙𝑣𝑒𝑛𝑡𝑠
g of MOF−808 synthesized

) 𝐴𝑙𝑙 𝑢𝑛𝑖𝑡 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑠    

           (Equation 3-5) 

 

𝑇𝑜𝑡𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝐶𝑜𝑠𝑡 ($) = ∑  (𝐸𝑚𝑎𝑐ℎ𝑖𝑛𝑒  ×  𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦) 𝐴𝑙𝑙 𝑢𝑛𝑖𝑡 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑠     (Equation 3-6) 

 

𝑇𝑜𝑡𝑎𝑙 𝐸𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 𝐶𝑜𝑠𝑡 ($) = ∑  (𝑛𝑚𝑎𝑐ℎ𝑖𝑛𝑒  × 𝐶𝑚𝑎𝑐ℎ𝑖𝑛𝑒  ×  𝐶𝑀𝑛𝑡.& 𝐶𝑜𝑛𝑠. ) 𝐴𝑙𝑙 𝑢𝑛𝑖𝑡 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑠  

           (Equation 3-7) 

 

𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝐸𝑛𝑒𝑟𝑔𝑦 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 (𝑘𝑊ℎ. 𝑔−1) = ∑  ( 𝐸𝑚𝑎𝑐ℎ𝑖𝑛𝑒
g of MOF−808 synthesized

 ) 𝐴𝑙𝑙 𝑢𝑛𝑖𝑡 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑠   

           (Equation 3-8) 

𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (𝑘𝑔𝐶𝑂2−𝑒𝑞. 𝑔−1) = (𝐸𝑝𝑟𝑜𝑐𝑒𝑠𝑠 × 𝐺𝐻𝐺𝑔𝑟𝑖𝑑)   (Equation 3-9) 
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Figure 3-5 (a) Continuous flow-reactor setup used for the synthesis and optimization of MOF-

808. (b) Bubble-point pressures of multiple reaction components calculated by Aspen. 
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Figure 3-6 (a) PXRD patterns for MOF-808 synthesized in flow, showing different levels of 

crystallinity (shades of green), compared against batch sample and simulated pattern. (b) 

Background correction scheme used for semi-crystalline sample to quantify intensity contributions 

in PXRD patterns originating from crystalline phase in the sample. A hump in the low 2 theta 

region indicates 
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Figure 3-7 SEM images for MOF-808 synthesized in in flow (a-e), at 150 °C and short residence 

times (1, 2, 3, 5 and 15 min) compared to batch sample (130 °C and 48 h). Green labels on 

individual nanoparticles indicate average size of the solids obtained. 
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Figure 3-8 TEM images for MOF-808 synthesized in in flow (a-e), at 150 °C and short residence 

times (1, 2, 3, 5 and 15 min) compared to batch sample (130 °C and 48 h). Red labels on individual 

nanoparticles indicate average 
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Figure 3-9 Morphology of isolated MOF-808 nanoparticles synthesized at 3, 15 and 60 min 

residence time in flow at 150 °C. (d) SAED (Selected Area Electron Diffraction) pattern for MOF-

808 synthesized at 60 min. The diffuse concentric rings from a single nanoparticle sample in SAED 

could result from damage to the sample due to the electron beam in the TEM column. (e) Unit cell 

of MOF-808 (FCC lattice, a = 35.076 Å) viewed in (111) direction highlighted using a red plane. 
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Figure 3-10 Average crystal sizes for MOF-808 nanoparticles measured from TEM and SEM 

images correlate well. Nearly 60 measurements were made on nanoparticles for each synthetic 

condition in flow and batch; their averages and corresponding error bars are reported. For the 

residence time of 
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Figure 3-11 Ternary phase diagram exploring the chemical design space for MOF-808 at 150 °C 

and 15 min residence time. Axes for H3BTC (Benzene-1,3,5-tricarboxylic acid) linker, Zr metal 

and Formic acid are in mole fractions. Synthesis compositions with a molar ratio of Metal:Linker 

(M:L = 1) are preferred to synthesize single crystals, while M:L = 3 is used for microcrystalline 

powder samples. 
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Figure 3-12 Plot of linear region of the BET equation satisfying the first criterion for application 

of BET theory from N2 isotherm. Isotherm data-points lying within 0.05-0.15 P/Po were selected. 

Panel (a-g) shows curve fitting and R2 values obtained from linear regression for flow-synthesized 

samples with residence time of 1, 3, 5, 15, 30, 60, and 120 min, while panel (h) is from batch. 



80 
 

 

Figure 3-13 (a) TGA trace for batch and flow samples showing weight loss (%) with temperature 

at heating rate of 5 °C.min-1 in air. (b) Derivative weight loss for all samples indicating greatest 

rate of change on the weight loss curves.  
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Figure 3-14 (a) Simplified block diagram for batch and flow synthesis of MOFs showing flow of 

materials, energy consumed and waste generation for each unit operation. (b) System boundary 

for the TEA model used to compare the baseline (batch synthesis) with flow synthesis. 

Startup/shutdown costs and associated energy consumption are considered in the model. 
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Figure 3-15 Illustration of Scenarios 1 and 2 for batch and flow syntheses that are modeled in the 

study. Volume of the reaction vessel required to synthesize equivalent amount of MOF in both 

scenarios is highlighted. 

 

 

Figure 3-16 (a) Total cost of MOF synthesis for batch and flow under two scenarios modeled. The 

costs represent minimum cost for MOF-808 production under a typical lab-scale environment. (b) 

Breakdown of materials cost for batch and flow synthesis comprising of metal salt, linker, 

modulator and solvents.  

 



83 
 

 

Figure 3-17 Cost incurred from the use of (a) DMF and (b) FA (Formic Acid), with scaling-up the 

batch and flow syntheses to manufacture MOF-808 at industrial-scale (tens of kilograms) from 

lab-scale (several grams), assuming constant process yields. The difference in cost between batch 

and flow syntheses at 10, 30 and 50 kg are highlighted. Slope of the lines represent $ spent on 

DMF or FA per 𝑔𝑀𝑂𝐹 (gram of MOF synthesized). 
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Figure 3-18 Process energy intensity (𝑘𝑊ℎ 𝑔−1) and corresponding process emissions 

(𝑘𝑔𝐶𝑂2−𝑒𝑞 𝑔−1) for batch and flow syntheses providing an overview of energy consumption and 

GHG emissions normalized to a gram of MOF synthesized. Additional details on the TEA model 

and assumptions are listed in SI.  
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Figure 3-19 Sensitivity analysis performed to evaluate influence of electricity cost ($/kWh) on 

total cost of MOF synthesis. Base electricity cost used in the analysis is $0.12 per kWh. 
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Table 3-1 Residence time for multiple flow rates in a reactor volume of 16 mL. The reactor tubing 

had an inner diameter of 1/16 in (0.159 cm) with a heated reaction zone length of 8 m. 

Total Flow Rate* (mL/min) Residence 
Time 

Linear 
Velocity 

Total 
Oil:Precursor (1:2) 

Oil Precursor min hour cm/min 
16.000 4.8 11.2 1 0.016 808.489 
8.000 2.4 5.6 2 0.033 404.244 
5.333 1.767 3.553 3 0.05 269.36 
3.200 0.96 2.24 5 0.083 161.697 
1.600 0.48 1.12 10 0.166 80.849 
1.067 0.320 0.747 15 0.25 53.870 
0.534 0.160 0.374 30 0.50 26.900 
0.267 0.080 0.187 60 1.00 13.460 
0.134 0.040 0.094 120 2.00 6.730 

 

Table 3-2 Physiochemical properties of silicone oil (continuous phase) and dimensions of tubing 

used in the reactor for crystallization of MOF-808. 

Density of Oil (@ 25oC) 855 kg/m3 
Kinematic Viscosity Of Oil (@ 25oC) 1.2E-05 m2/s 

PTFE Tubing (max operating range) 25 atm, 260 oC 

T-joint (max operating range) 15 atm, 130 oC 

PTFE Tubing Dimensions (in Reactor) 1/8" OD, 1/16" ID 

 Specific Heat Capacity (Cp) of Oil 2000 J/Kg/K 

Thermal Conductivity (k) of Oil 0.135 W/m/K 
 

Table 3-3 Summary of MOF-808 reaction conditions investigated for rapid optimization of 

synthesis space using the flow reactor platform at 150 °C. ‘FA:DMF’ denotes the volumetric ratio 

of Formic Acid to DMF used in the precursor mixture. Every reaction mixture was prepared in a 

fixed volume of 30 mL where volumetric ratio of FA:DMF was varied. ‘M:L’ represents molar 

ratio of Zr metal (in the form of ZrOCl2.8H2O) and H3BTC linker (benzene-1,3,5-tricarboxylic 

acid, also known as Trimesic Acid).  Linker concentration is varied only in precursor mixtures 

with M:L = 3, to probe the influence of concentrated precursor on MOF-808 crystallinity. Linker 
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concentration of 1 corresponds to 70 mg of H3BTC in a 30 mL reaction mixture. Higher the 

concentration of precursor, lower is the ‘Acid:Metal’ molar ratio, which represents moles of 

Formic Acid to Zr metal in the precursor mixture. Run # 39 was the composition reported by Jiang 

et al.3 to synthesize MOF-808 in batch, and was used as a starting composition for optimizing flow 

synthesis. 

Run # FA:DMF  
(Vol. Ratio) 

M:L  
(Molar Ratio) 

Linker 
Concentration 

Acid:Metal 
(Molar Ratio) 

Res. Time 
(min) 

% 
RC 

1 1 3 1 396.00 15 58.66 
2 1 3 1 396.00 30 68.90 
3 1 3 1 396.00 60 67.38 
4 1 3 1 396.00 120 73.56 
5 1 3 2 198.00 15 82.69 
6 1 3 2 198.00 30 81.77 
7 1 3 2 198.00 60 84.00 
8 1 3 2 198.00 120 81.31 
9 2 3 2 264.00 15 83.35 
10 2 3 2 264.00 30 81.34 
11 2 3 2 264.00 60 84.36 
12 2 3 2 264.00 120 84.81 
13 2 3 2.5 211.00 15 86.50 
14 2 3 2.5 211.00 30 83.42 
15 2 3 2.5 211.00 60 86.03 
16 2 3 2.5 211.00 120 83.96 
17 5 3 3 220.00 15 26.43 
18 5 3 3 220.00 30 23.54 
19 5 3 3 220.00 60 26.56 
20 5 3 3 220.00 120 22.69 
21 2 3 3 176.00 15 85.89 
22 2 3 3 176.00 30 85.06 
23 2 3 3 176.00 60 86.15 
24 2 3 3 176.00 120 86.60 
25 1 1 N/A 1050.00 15 22.78 
26 1 1 N/A 1050.00 30 20.73 
27 1 1 N/A 1050.00 60 25.78 
28 1 1 N/A 1050.00 120 34.79 
29 0.25 1 N/A 53.00 15 25.45 
30 0.67 1 N/A 105.00 15 21.68 
31 1.5 1 N/A 158.00 15 43.06 
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32 4 1 N/A 210.00 15 33.07 
33 1 1 N/A 132.00 2 15.16 
34 1 1 N/A 132.00 5 17.39 
35 1 1 N/A 132.00 15 66.80 
36 1 1 N/A 132.00 30 66.57 
37 1 1 N/A 132.00 60 66.03 
38 1 1 N/A 132.00 120 60.62 
39 1 3 1 396.00 2880 84.59 
40 1 1 N/A 818.00 15 69.91 
41 1 1 N/A 818.00 30 74.83 
42 1 1 N/A 818.00 60 72.07 
43 1 1 N/A 818.00 90 77.65 
44 1 1 N/A 818.00 120 62.82 
45 2 3 3 176.00 1 13.38 
46 2 3 3 176.00 2 53.50 
47 2 3 3 176.00 3 69.82 
48 2 3 3 176.00 5 81.92 
49 2 3 3 176.00 15 81.38 
50 1 3 3 132.53 15 82.7 
51 3 3 3 198.11 15 47.38 
52 4 3 3 35.34 15 23.06 
53 0.67 3 3 17.67 15 21.7 
54 0.25 3 3 8.83 15 25.45 
55 2 3 1 528.30 15 68.8 
56 5 3 1 660.40 15 20.7 
57 3 3 1 594.35 15 42.5 
58 3 3 2 297.17 15 51.6 
59 0.25 3 2 79.24 15 22.9 
60 4 3 3 35.34 30 25.87 
61 4 3 3 35.34 60 41.33 
62 4 3 3 35.34 120 44.60 
63 0.25 3 3 8.83 30 24.53 
64 0.25 3 3 8.83 60 22.90 
65 0.25 3 3 8.83 120 24.30 
66 0.25 3 3 8.83 90 24.21 
67 0.67 3 3 17.67 60 27.60 
68 0.67 3 3 17.67 120 28.40 
69 3 3 3 198.11 15 47.38 
70 3 3 3 198.11 30 56.43 
71 3 3 3 198.11 60 59.70 



89 
 

72 3 3 3 198.11 120 58.20 
73 1 3 3 132.53 90 85.21 
74 2 3 3 176.00 90 87.93 
75 3 3 3 198.11 90 55.19 
76 4 3 3 35.34 90 42.03 
77 5 3 3 220.00 90 28.13 

 

 

 

Table 3-4 Yields are calculated based on the conversion of Zr metal to MOF-808. Chemical 

formula for MOF-808 (Zr6O4(OH)4(BTC)2(HCOO)6) has a molecular weight of 1363.8 g/mol. 

H3BTC linker has a molecular weight of 210.14 g/mol.  About 64.67 mg (0.2 mmol) of Zr salt was 

used in the precursor mixture. Below is an example calculation for yield in case of a flow 

synthesized sample, Run #21 in Table S3. The procedure has been adapted from Garzon-Tovar et 

al.16 and Furukawa et al.81 

𝑌𝑖𝑒𝑙𝑑 (%) = (𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑒𝑑 𝑆𝑜𝑙𝑖𝑑𝑠 𝑂𝑏𝑡𝑎𝑖𝑛𝑒𝑑 𝑓𝑟𝑜𝑚 𝑆𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠
𝑆𝑜𝑙𝑖𝑑𝑠 𝑂𝑏𝑡𝑎𝑖𝑛𝑒𝑑 𝑓𝑟𝑜𝑚 100% 𝑍𝑟 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛

) × 100               (Equation 3-10) 

Compound 
Molar 
Mass 

Solids Obtained for 100% 
Conversion of 

ZrOCl2.8H2O to MOF-808 

Solids 
Obtained (non-

activated) 

Mass of 
Activated 

Solids 
Yield 

 g/mol g g g % 
ZrOCl2.8H2O 322.25 0.0912 0.085 0.073 80.12 
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Table 3-5 Calculation of process productivity (𝑘𝑔𝑀𝑂𝐹 𝑚−3𝑑𝑎𝑦−1) for batch and flow synthesis 

of MOF-808 is shown in the table below. Productivity is defined as kg of solids synthesized, per 

m3 of precursor mixture per day. Solids obtained for 1 and 3 min are amorphous and semi-

crystalline.  

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑘𝑔 𝑚−3 𝑑𝑎𝑦−1) =
Production Rate ( kg

day)

Precursor Feed Rate (𝑚3
ℎ )×24ℎ

            (Equation 3-11) 

Synthesis Route 
Res. 
Time 
(𝑚𝑖𝑛) 

Non-Activated 
Solids Obtained 

(𝑚𝑔 𝑚𝐿−1) 

Precursor 
Consumed 
(𝑚𝐿 𝑑𝑎𝑦−1) 

Productivity Yield 
(%) 𝑘𝑔𝑀𝑂𝐹 𝑚−3𝑑𝑎𝑦−1 

Flow @ 150 oC 

1 17.7 16128 285465.6 ~ 55 
3 29.5 5112 150804 ~ 80 
5 29.5 3225.6 95155.2 ~ 80 
15 29.5 1075.6 31730.2 ~ 80 
30 29.5 538.5 15887.5 ~ 80 
60 29.5 269.2 7943.7 ~ 80 
120 29.5 135.3 3993.1 ~ 80 

Batch @ 130 oC 2880 0.745 450 335.5 ~ 75 
 

 Table 3-6 Details of equipment used in batch and flow syntheses and calculation of operational 

cost of equipment (in $/day). 

Process Equipment 
Description 

Units Purchase 
Price 

Maintenance 
& 

Consumables 
Equipment 
Life-time Total $ $/day 

# $ $ days 

Batch 

Magnetic Stirrer 2 93.90 112.68 1825.00 225.36 0.12 
Ultrasonication 1 400.00 480.00 2190.00 480.00 0.22 

Convection 
Oven 1 4500.00 5400.00 2190.00 5400.00 2.47 

Pyrex Glass Jars 4 250.00 300.00 2190.00 1200.00 0.55 
Centrifuge 1 35000.00 42000.00 2555.00 42000.00 16.44 

Vacuum/Drying 
Oven 1 7500.00 9000.00 2555.00 9000.00 3.52 

Sample Storage, 
Consumables 1 600.00 720.00 1825.00 720.00 0.39 
Total Cost         59025.36 23.71 
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Flow 

Magnetic Stirrer 2 93.90 112.68 1825.00 225.36 0.12 
Ultrasonication 1 400.00 480.00 2190.00 480.00 0.22 

Reactor 1 400.00 480.00 1825.00 480.00 0.26 
Syringe Pump 1 4000.00 4800.00 3650.00 4800.00 1.32 
SS Syringes 2 800.00 960.00 2920.00 1920.00 0.66 
Oil Pump 1 3000.00 3600.00 2920.00 3600.00 1.23 

Laptop 1 400.00 480.00 2190.00 480.00 0.22 
Temp Control 1 200.00 240.00 2190.00 240.00 0.11 

SS Sample Vials 4 190.00 228.00 1825.00 912.00 0.50 
Tube/Fittings 1 1000.00 1200.00 2190.00 1200.00 0.55 

Sample Storage 
and N2 Gas 1 900.00 1080.00 2190.00 1080.00 0.49 
Centrifuge 1 35000.00 42000.00 2555.00 42000.00 16.44 

Vacuum/Drying 
Oven 1 7500.00 9000.00 2555.00 9000.00 3.52 

Total Cost         66417.36 25.64 
 

Table 3-7 Raw material costs for reagents used in the precursor mixture and solvents. Prices reflect 

the cheapest rates available for purchase from EMD Millipore Chemicals, Acros Organics, and 

Sigma-Aldrich. Bulk purchase price in case of commodity chemicals would be cheaper than the 

prices mentioned below. 

Reagent Function 
Price Advertised 

$ 
Zirconyl Chloride Octahydrate Zr Source $626 / kg 

H3BTC (Trimesic Acid) Linker $546 / kg 
 N,N-dimethylformamide Solvent $1662 / 50 L 

Formic Acid Modulator $755 / 10 L 
Silicone Oil (Flow Synthesis) Carrier Fluid $66.7 / L 

Acetone Solvent $20.16 / L 
 N,N-dimethylformamide (Bulk) Solvent $1.41 / L 

Formic Acid (Bulk) Modulator $1.58 / L 
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Table 3-8 Energy accounting for each unit operation to synthesize MOF-808 in batch and flow 

process. Crystallization step is different for both processes, while rest of the operations remain the 

same.  

Unit Operation Process 
Equipment 

Power 
Rating 

Time 
Used 

Energy 
Consumed 

Electricity 
Cost 

Total 
Cost 

W h kWh $/kWh $ 
Precursor 

Mixing Magnetic Stirrer 4 0.5000 0.0018 0.120 0.0002 

Crystallization 
(Batch) * 

Forced Convection 
Oven 1200 48.166 57.800   6.9360 

Crystallization 
(Flow) * 

Sleeve Heater  200 0.6418 0.1284   0.0154 
Pump (Oil) 10 0.2833 0.0028   0.0003 

Syringe Pump 35 0.1166 0.0041   0.0005 
Mag. Stirrer - 

Syringe 4 0.1166 0.0004   0.0001 

Temp. Controller 40 0.6418 0.0257   0.0003 
Computer 50 0.6418 0.0321   0.0039 

Centrifuge  Product Separation 800 0.2000 0.1600   0.0192 
Vacuum 

Drying Oven 
Solvent Removal 
and Activation 3500 0.0833 0.2916   0.0350 

$ Cost of Energy (Batch Synthesis) 6.9904 
$ Cost of Energy (Flow Synthesis) 0.0776 

 

* Time used for Scenario 2 (continuous production) would be 24 h instead of the values mentioned 

in the table above. 

Table 3-9 Definitions of parameters used in the techno-economic analysis. 

Parameter Unit Definition 

𝐶𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠 $ 
Total cost of materials (in all unit operations) involved in MOF 

synthesis. 

𝐶𝑒𝑛𝑒𝑟𝑔𝑦 $ 
Total cost of energy (in all unit operations) involved in MOF 

synthesis. 



93 
 

𝐶𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 $ 
Total cost of equipment (in all unit operations) involved in MOF 

synthesis. 

𝑛𝑚𝑎𝑐ℎ𝑖𝑛𝑒 # Number of identical machines used for the production process. 

𝐶𝑚𝑎𝑐ℎ𝑖𝑛𝑒 $ Cost of a specific machine used in the production process. 

𝐶𝑀𝑛𝑡.& 𝐶𝑜𝑛𝑠. $ Cost of maintenance and consumables for a specific machine. 

𝑡𝑙𝑖𝑓𝑒−𝑡𝑖𝑚𝑒 days Lifetime for a machine. 

𝐸𝑚𝑎𝑐ℎ𝑖𝑛𝑒 kWh Energy consumed by the machine (Power Rating * Usage Time). 

𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 $.kWh-1 Unit cost of electricity. 

𝐶𝑍𝑟 $ Cost of Zr metal salt (ZrOCl2.8H2O) used in synthesis. 

𝐶𝑙𝑖𝑛𝑘𝑒𝑟 $ Cost of H3BTC linker used in synthesis. 

𝐶𝑚𝑜𝑑𝑢𝑙𝑎𝑡𝑜𝑟 $ Cost of formic acid modulator used in synthesis. 

𝐶𝑠𝑜𝑙𝑣𝑒𝑛𝑡𝑠 $ Cost of DMF and Acetone used in synthesis and post-process. 

𝐸𝑝𝑟𝑜𝑐𝑒𝑠𝑠 kWh.g-1 
Energy intensity (or consumption) of the process, normalized to 

per g of MOF synthesized. 

𝐺𝐻𝐺𝑔𝑟𝑖𝑑 
kgCO2-eq 

.kWh-1 

GHG (Greenhouse Gas) emissions per kWh generation for ISO-

NE grid.  

𝐶𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 $.day-1 Operational cost of equipment amortized over its useful lifetime. 

𝑃𝑀𝑂𝐹−808 g.day-1 Production rate of MOF-808 
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Table 3-10 Thermal properties of reaction mixture used in Batch and Flow synthesis. 

Synthesis Route 

Density of Rxn 

Mixture 

(𝑔 𝑚𝐿−1) 

Mass of Rxn 

Mixture (𝑘𝑔) 

Specific Heat 

Capacity 𝑐 

(𝐽 𝑘𝑔−1𝐾−1) 

Reaction 

Conditions  

𝑄 =

𝑚𝑐∆𝑇 

(𝑘𝐽) 

Batch 

(Precursor) 
0.967 0.1301 1488.99 130 °C, 48 h 22.27 

Flow 

(Precursor) 
0.956 0.0318 1372.16 150 °C, 15 min 5.68 

Flow (Oil) 0.963 0.0161 2000.00 150 °C, 15 min 4.17 
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4. Elucidating Solvothermal Crystallization of MOF-808 in a 

Continuous Flow Reactor and Effects of Mixing on Crystal Size 

Distribution 
 

Elucidation of the crystallization pathways for MOFs allows for exploring the untapped 

combinatorial space of the organic and inorganic building units, creating possibilities to synthesize 

crystalline frameworks with desired physicochemical properties. In this chapter, we employ our 

continuous flow reactor to evaluate the kinetics of crystallization for Zr-based MOF-808 using 

time resolved powder X-ray diffraction measurements. We investigate the role of temperature and 

linker concentration on MOF-808 crystallization by determining the rate constants for nucleation 

(𝑘𝑁) and growth (𝑘𝐺), which are obtained from non-linear fitting of the crystallization curves with 

the Gualtieri model. Higher concentration of linker reduces the competitive coordination of the 

formate ligand (growth modulator) with the secondary building unit, thereby resulting in higher 

nucleation and growth rates. The activation energies obtained using Arrhenius plots for nucleation 

(𝐸𝑎(𝑁)) and growth (𝐸𝑎(𝐺)) are 64.7 ± 4 𝑘𝐽 𝑚𝑜𝑙−1 and 59.2 ± 5 𝑘𝐽 𝑚𝑜𝑙−1 respectively, 

indicating the nucleation process to be the rate-limiting step. At constant residence time, 

temperature and composition, higher flow velocities increase advective transport of precursor 

species to nucleation sites in the slugs resulting in higher average crystal sizes. A fundamental 

understanding of MOF-808 structural evolution would facilitate the preparation of other MOFs 

with tailored CSD and crystallinity as a function of synthesis parameters and reaction mixture 

composition. 

4.1. Introduction 

Metal–Organic Frameworks (MOFs) are coordination complexes consisting of organic linkers and 

inorganic polynuclear clusters that form two- and three-dimensional structures.144 The flexibility 

with which the organic and inorganic units can be combined has led to the discovery of 1000’s of 

new frameworks every year with unique properties that can be targeted for use in industrially 

attractive applications.145 Zr-based MOFs were initially synthesized in 2008 and have 

demonstrated a high degree of chemical stability as well as amenability to post-synthetic 

modification (PSM).80 MOF-808 was first reported by Furukawa et al, 81 featuring large cavities 
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(diameter of 18.4 Å) and high Brunauer-Emmett-Teller (BET) surface area ~2000 m2.g-1. The 

inorganic secondary building unit (SBU) in MOF-808 is comprised of a Zr6(μ3-O)4-(μ3-

OH)4(CO2)12 referred to as Zr6-cluster and the organic linker comprises of benzene-1,3,5-

tricarboxylic acid (H3BTC).80 Monocarboxylic ligands such as formate, acetate, and propionate 

are employed as crystal growth modulators in MOF-808 synthesis that regulate crystal size, and 

improve the crystallinity of the framework.82, 89 Although MOF-808 has been demonstrated for 

use in a number of industrially relevant applications such as catalysis,3, 83, 146 water harvesting,147 

heavy metal capture,84 and arsenic removal,94 details pertaining to kinetics of crystallization and 

control of the crystal size distribution (CSD) have not been reported. A thorough understanding of 

the self-assembly of MOF building units along with the reaction pathways to achieve precise 

control over the crystallization process would help in optimizing MOF synthesis to yield desired 

crystallinity and properties such as porosity, and defects among others.  

Tailored physiochemical properties of Zr-MOFs can be achieved by coordination modulation, 

which uses organic ligands with a similar chemical functionality as the linker that compete for 

coordination sites at the SBU.89, 101 In the presence of a modulator, nucleation and crystal growth 

proceed at a reduced rate. The crystallization process requires an equilibrium between crystal 

formation and dissolution to allow for sufficient reorganization and defect reparation during the 

early stages of crystal growth.80, 113 In line to this, evaluating the amount of modulator, linker 

concentration, residence time and temperature on the extent of crystallization is imperative to 

achieve desired CSD, crystallinity and product yields.  

The use of microfluidic flow reactors offers the ability to explore a wide range of synthetic 

parameters in a short amount of time with minimal consumption of reagents making them ideal to 

extract kinetic information.148-150 Here, we use a biphasic liquid–liquid slug flow in our reactor to 

perform continuous microbatch MOF crystallization. In-situ diffraction techniques such as energy 

dispersive X-ray diffraction (EDXRD) 151-153 and small angle X-ray scattering (SAXS) 154-155 are 

commonly used to study kinetics of MOF crystallization. They entail the use of a heating apparatus 

for the reaction mixture, which is loaded into a vial (analogous to a batch reactor) and placed in 

the X-ray beam path to monitor the evolution of diffraction peaks as a function of time. Although 

in-situ diffraction measurements allow for a better temporal resolution compared to individual 

samples synthesized at various residence times to study the evolution of crystallinity, the influence 
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of parameters such as mixing of reagents, shear rates, and flow-induced molecular transport on 

nucleation and growth kinetics can only be studied in a continuous flow reactor. Here, we report 

the kinetics of crystallization for MOF-808 using a continuous flow reactor. Time-resolved 

crystallization study was performed by synthesizing MOF samples at desired residence times and 

powder X-ray diffraction (PXRD) was employed to monitor the extent of crystallization by 

integrating the area under prominent Bragg peaks. We investigate the role of temperature and 

linker concentration on rate constants of nucleation and growth that are obtained by non-linear 

fitting of the crystallization curves with the Gualtieri model. The rate constants were used to 

calculate activation energies using Arrhenius plots; the activation energy for nucleation was higher 

than crystal growth, implying nucleation to be the rate-limiting step. Finally, we report the use of 

flow rates and volume of the precursor slugs as additional tools for tuning the CSD (Crystal Size 

Distribution) of MOFs while achieving a narrow size distribution. Our work presented in this study 

elucidates the influence of synthesis conditions along with the role of reactor operational 

parameters to achieve crystalline MOFs with tailored CSD. 

4.2. Results and Discussion 

A continuous flow reactor operating in biphasic liquid–liquid slug flow regime offers the ability 

for precise control of RTD (residence time distribution) by eliminating the velocity differences 

across the channel as seen in a plug flow reactor.156 In our flow reactor, silicone oil is used as an 

immiscible continuous phase as it preferentially wets the PTFE reactor tubing and encapsulates 

the slugs (μL droplets) of the dispersed phase containing the MOF precursors. Importantly, the 

miniaturization of the reaction system reduces diffusion lengths, aids in rapid mixing of reagents, 

enables fast heat and mass transport, along with seamless control of RTD (order of milliseconds), 

all critical elements to monitor nucleation and crystallization events. As the precursor slugs 

traverse the heated reaction zone, crystallization reactions give rise to viable nucleation sites that 

emerge from short-range crystalline order, proceeding to grain growth, and culminating into MOF 

crystals. The schematic for the flow reactor is illustrated in Figure 4-5 of the supporting 

information and details pertaining to reactor components and operation are provided in our 

previous work.102 In order to collect a large number of samples to perform this time-resolved 

crystallization study, we developed a rapid sampler module connected to the outlet of the flow 

reactor (Figure 4-6), which facilitates easy sampling by quenching the reactions at desired 

residence times. MOF solids collected at the reactor outlet are filtered and washed twice with N,N-
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dimethylformamide (DMF) followed by acetone, before characterization with powder X-ray 

diffraction (PXRD). Figure 4-7 shows the PXRD pattern along with Miller indices of the 

prominent peaks for MOF-808. The evolution of crystallinity as a function of time is monitored 

using the parameter termed extent of crystallization (𝛼(𝑡)), which is the ratio of integrated intensity 

𝐼(𝑡) of a prominent peak at any residence time 𝑡 to the maximum intensity 𝐼𝑚𝑎𝑥 of the peak 

obtained after complete crystallization (Equation 4-1). For MOF-808, integration of peak area 

corresponding to the reflections from (400) was chosen to calculate 𝛼(𝑡) as there are no 

overlapping peaks or any pre- or post-edge features, which could increase the error while obtaining 

area under the peak. The crystallization curves (𝛼(𝑡) 𝑣𝑠. 𝑡) obtained at 110 °C and 150 °C are 

shown in Figure 4-8. After a short induction time, long-range crystalline order could be detected 

and the reflections from 400 gained intensity until they reached their respective maxima beyond 

which there was no change in 𝐼(𝑡). Since the crystallization curves obtained from Bragg reflections 

of two planes (400) and (331) are superimposable, the presence of preferred orientation of crystals 

influencing the integrated peak area can be excluded (Figure 4-8).157 Unlike batch reactors used 

for in-situ diffraction experiments that intrinsically operate in a transient mode, flow reactors allow 

studies of the crystallization process at a steady state with precise control over temperature and 

residence time, thereby enabling time-resolved crystallization studies for any MOF of interest.  

𝛼(𝑡) = 𝐼(𝑡)
𝐼𝑚𝑎𝑥

  … (Equation 4-1) 

The crystallization behavior of MOFs strongly depends on reaction conditions such as temperature, 

residence time, concentration of reactants and the type of solvents employed.158-159 In order to gain 

insights into solvothermal crystallization of MOF-808, we assessed the role of temperature and 

linker concentration in the reaction mixture. The crystallization curves obtained from MOF 

syntheses at four different temperatures (110 °C, 120 °C, 130 °C, and 150 °C) in the continuous 

flow reactor are shown in Figure 4-1a, while the curves from four different linker concentrations 

(1X, 2X, 2.5X, and 3X) are shown in Figure 4-1b. The linker concentration of 1X in the reaction 

mixture corresponds to 0.33 mmol of benzene-1,3,5-tricarboxylic acid (H3BTC) based on the 

synthesis procedure reported by Jiang et al3. The composition of 2X corresponds to a 2-fold 

increase of linker concentration in the reaction mixture with other parameters held constant; 

additional details pertaining to reaction mixture composition are provided in Table 4-5 and Section 

4.4.2 of the SI. The linker concentration used for all the crystallization curves in Figure 1a was 
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3X, while a reaction temperature of 150 °C was used for all conditions explored in Figure 4-1b. 

The kinetic evaluation of crystallization curves was performed by fitting the data (closed symbols) 

in Figure 4-1 with the Gualtieri model–derived for heterogeneous crystallization of a solid from a 

liquid by Gualtieri.160  The Gualtieri model (Equation 4-2) is well-suited for evaluating solution-

mediated transformation reactions and allows for differentiation of nucleation and crystal growth 

by treating them as individual processes compared to the commonly used Avrami–Erofeev (AE) 

model which was developed for solid state processes.105, 153 The Gualtieri expression relates the 

extent of crystallization 𝛼(𝑡) as a function of residence time 𝑡, the rate constant of growth 𝑘𝐺 , the 

fitting parameters 𝑎 and 𝑏, along with the dimensionality of crystal growth 𝑛 which was set to 3 

for MOF-808 as it crystallizes in Fd-3m space group (cubic crystal system).3, 158, 161 The fitting 

parameters 𝑎 and 𝑏 are used to calculate the probability of nucleation 𝑃𝑁, which is described later 

in the study. The rate constant for nucleation 𝑘𝑁 is calculated from the fitting parameter (𝑘𝑁 =
1 𝑎⁄ ). The induction time (𝑡0) defined as the period during which no crystalline products are 

observed, was shorter for synthesis at higher temperatures; for instance 𝑡0 is 5 min at 110 °C which 

reduces to 1 min at 150 °C. Furthermore, the residence times for complete crystallization 𝑡𝑓 at 

𝛼(𝑡) = 1 were shorter at higher temperatures (5 min at 150 °C, increasing to ~60 min at 110 °C). 

Table 4-6 summarizes 𝑡𝑜 and 𝑡𝑓 for all reaction conditions explored in the study. The kinetic 

parameters obtained by fitting the Gualtieri model to the crystallization curves obtained at different 

temperatures along with 𝑅2 values are summarized in Table 4-1. The values for both 𝑘𝐺  and 𝑘𝑁 

increase with temperature as expected for a reactive-crystallization process.162  At each 

temperature, 𝑘𝑁 < 𝑘𝐺  implying that the nucleation is slower than crystal growth and the rate-

limiting step. All 𝑘 values increase by an order of magnitude as the temperature increases from 

110 °C to 150 °C. 

Similarly, the reactions carried out with variation in linker concentration (Figure 4-1b) provide 

insight into the coordination modulation mechanism for MOF-808.  

Table 4-2 summarizes the kinetic parameters obtained for reaction conditions with varying linker 

concentration at 150 °C. A higher linker concentration in the reaction mixture enhances the linker 

coordination with the SBU by reducing the competitive coordination of the formate ligand, leading 

to an increase in the reaction rates. For a 3X linker concentration the molar ratio of formic acid to 

Zr metal (Acid:Metal) is 176, while a 1X linker concentration results in a molar ratio of 528.3 
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indicating higher competition by the formate ligand for coordination with the SBU (Table 4-5). 

Lower reaction rates with higher Acid:Metal ratio translates to lower rates for self-assembly 

process of MOFs.163 The induction time 𝑡0 is 8 min for 1X concentration which reduces to 1 min 

for the 3X condition. The residence times for complete crystallization were shorter at higher 

concentrations (5 min at 3X, 40 min at 2.5X, 45 min at 2X and 60 min at 1X). The values for 𝑘𝐺  

and 𝑘𝑁 increase with linker concentration, which is in line with the concept of coordination 

modulation.80, 101 Larger amounts of modulator (formic acid) in the reaction mixture lead to slower 

nucleation rates, 𝑘𝑁, resulting in fewer nucleation sites that grow at a decreased growth rate 𝑘𝐺  for 

all reaction conditions, 𝑘𝑁 < 𝑘𝐺  implying the nucleation step to be rate limiting. The 𝑘 values for 

both nucleation and growth increase by an order of magnitude as the linker concentration is 

increased from 1X to 3X. We also use the AE expression (Equation 4-6 and Section 4.4.2 in SI) 

as a second model to fit the crystallization curves. The curve fitting for the extent of crystallization 

𝛼(𝑡) is shown in Figure 4-9 and Figure 4-10 for different temperatures and linker concentrations 

respectively. The kinetic parameters such as the overall rate constant 𝑘 and the Avrami exponent 

𝑛𝐴𝐸  are tabulated in Table 4-7 and Table 4-8. The values for 𝑛𝐴𝐸  in the range of 0.6 to 1 are 

characteristic for a first order reaction mechanism and suggest that crystallization is controlled by 

the formation of nucleation sites.105, 153, 164  The 𝑘 values obtained from the AE model are of the 

same order of magnitude compared to the Gualtieri model and increase by more than 5-fold with 

temperature (110 °C to 150 °C) and 8-fold with linker concentration (1X to 3X). 

 

𝛼(𝑡) = 1

1+𝑒
−(𝑡−𝑎)

𝑏
[1 − 𝑒−(𝑘𝐺∙𝑡)𝑛] … (Equation 4-2) 
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Table 4-1 Kinetic parameters obtained by fitting the crystallization curves obtained at four 

different temperatures using the Gualtieri model. The linker concentration for all conditions was 

3X. 

Temperature (°C) 𝒂 𝒃 𝒏 𝒌𝑮 (𝒎𝒊𝒏−𝟏) 𝒌𝑵(𝒎𝒊𝒏−𝟏) 𝑹𝟐 

110 23.87 19.44 3 0.070 0.041 0.991 

120 17.29 12.43 3 0.089 0.057 0.998 

130 9.26 6.81 3 0.163 0.107 0.996 

150 3.69 1.78 3 0.382 0.271 0.998 

 

 

Table 4-2 Kinetic parameters obtained by fitting the crystallization curves obtained at four 

different linker concentrations using the Gualtieri model. The reaction temperature for all 

conditions was held at 150 °C. 

Linker 

Concentration 
𝒂 𝒃 𝒏 𝒌𝑮 (𝒎𝒊𝒏−𝟏) 𝒌𝑵(𝒎𝒊𝒏−𝟏) 𝑹𝟐 

1X 18.07 9.2 3 0.078 0.055 0.999 

2X 12.49 7.32 3 0.167 0.080 0.996 

2.5X 12.16 6.34 3 0.238 0.082 0.996 

3X 3.69 1.78 3 0.382 0.271 0.998 
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Figure 4-1 Extent of crystallization 𝛼(𝑡) plotted against time 𝑡 (closed symbols) and the 

corresponding Gualtieri fitting (solid curves) to investigate (a) influence of reaction temperature 

(110 °C to 150 °C) at 3X linker concentration, and (b) influence of linker concentration (1X to 3X) 

at 150 °C on the rates of crystallization. 

The crystallization process of MOFs proceeds via two steps, nucleation of discrete particles 

followed by the crystal growth process, which is typically monitored by diffraction measurements 

and has a S-shaped curve.165 The nucleation sites in the reaction mixture are not directly visible in 

the diffraction experiments and are estimated by the Gualtieri model by defining the probability of 

nucleation 𝑃𝑁 (Equation 4-3). The expression for 𝑃𝑁 has a Gaussian distribution of probability for 

the total number of nuclei 𝑁 present at time 𝑡 while the fitting parameter 𝑎 gives the position of 

the top of the Gaussian peak (maximum rate of nucleation), and the parameter 𝑏 is the variance of 

the peak describing the distribution of the probability with time. 153, 160 The plot of 𝑃𝑁 versus 𝑡 

(blue curve) for the crystallization curve obtained at 130 °C and 3X linker concentration is shown 

in Figure 4-2. Nucleation can be seen to extend well into the crystal growth regime and follows a 

Gaussian distribution to estimate the presence of viable nucleation sites at time 𝑡. The probability 

of nucleation for different temperatures and linker concentration is shown in Figure 4-11 and 

Figure 4-12 respectively. An increase in temperature leads to a faster nucleation rate with an earlier 

maximum as indicated by the values of fitting parameter 𝑎, while 𝑃𝑁 becomes negligible toward 

the end of the crystal growth regime (𝛼(𝑡) > 0.9). The maximum rate of nucleation occurs at ~24 
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min at 110 °C, which reduces to ~4 min at 150 °C. Similarly, an increase in the linker concentration 

also reduces the time at which maximum nucleation rate occurs, ~18 min at 1X reducing to ~4 min 

at 3X concentration. Since nucleation rates are strongly dependent on the level of supersaturation 

of the reaction mixture, an increase in the linker concentration achieves higher nucleation rates at 

lower residence times.166  

 

𝑃𝑁 = 𝑑𝑁
𝑑𝑡

= 𝑒−((𝑡−𝑎)2

2𝑏2 ) … (Equation 4-3) 

 

 

 Figure 4-2 Extent of crystallization 𝛼(𝑡) plotted against time 𝑡 (closed symbol) and the 

corresponding Gualtieri fitting (red curve) as well as probability of nucleation 𝑃𝑁 (blue curve). 

The crystallization curve was obtained at 130 °C with a linker concentration of 3X. 
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The rate constants for nucleation 𝑘𝑁 and growth 𝑘𝐺  obtained by fitting the crystallization curves 

with the Gualtieri model allow for calculation of corresponding activation energies 𝐸𝐴(𝑁) and 

𝐸𝐴(𝐺) for nucleation and growth respectively. The activation energies are calculated by fitting the 

linearized Arrhenius expressions (Equation 4-4 and 4-5) to the Arrhenius plots (ln 𝑘  𝑣𝑠. 1
𝑇⁄ ) 

shown in Figure 4-3. The Arrhenius expression correlates the rate constant 𝑘 with the pre-

exponential factor 𝐴, reaction temperature 𝑇, the universal gas constant 𝑅 and the activation energy 

𝐸𝐴. The values for 𝐸𝐴(𝑁) and 𝐸𝐴(𝐺) determined by the slopes of the linear regression are 64.7 ±

4 𝑘𝐽. 𝑚𝑜𝑙−1 and 59.2 ± 5 𝑘𝐽. 𝑚𝑜𝑙−1 respectively (Table 4-3). A slightly higher activation energy 

calculated for 𝐸𝐴(𝑁) implies nucleation being the rate-limiting step for MOF-808. The values for 

both activation energies do not deviate much from each other and are fairly close the values 

reported by Zahn et al.101 for MOF-801 (71 ± 3 𝑘𝐽. 𝑚𝑜𝑙−1 for 𝐸𝐴(𝑁) and 66 ± 6 𝑘𝐽. 𝑚𝑜𝑙−1 

𝐸𝐴(𝐺)). They hypothesized that both energies reflect the same chemical reaction that is the 

exchange of modulator ligand on the 𝑍𝑟6-cluster (SBU), which would not be influenced by the size 

of the growing entity–either a small nucleation site or a larger crystal. MOF-801 also known as 

the Zr-fumarate MOF uses similar reagents in the reaction mixture (Zr salt, N,N-DMF, formic acid 

and Fumaric acid as the linker) compared to MOF-808. The activation energy calculated from the 

AE model using the overall rate constant 𝑘 was 57.3 ± 4 𝑘𝐽. 𝑚𝑜𝑙−1 which is in close agreement 

with the values obtained from the Gualtieri model (Figure 4-13). In general, the calculated 

activation energies for MOF-808 are of the same order of magnitude compared to the values 

reported for other MOFs such as HKUST-1,151 ZIF-8,167 and UiO-66152 (Table 4-9). 

 

𝑘𝑁 = 𝐴𝑒−(𝐸𝑎(𝑁)
𝑅𝑇 ) → ln 𝑘𝑁 = ln 𝐴 − 𝐸𝑎(𝑁)

𝑅𝑇
 … (Equation 4-4) 

𝑘𝐺 = 𝐴𝑒−(𝐸𝑎(𝐺)
𝑅𝑇 ) → ln 𝑘𝐺 = ln 𝐴 − 𝐸𝑎(𝐺)

𝑅𝑇
 … (Equation 4-5) 
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Table 4-3 Activation energies for nucleation and growth obtained from Arrhenius plots for 𝑘𝑁 and 

𝑘𝐺 . The linker concentration for all conditions was 3X. 

Temperature (°C) 
𝒌𝑵  

(𝒎𝒊𝒏−𝟏) 

𝒌𝑮  

(𝒎𝒊𝒏−𝟏) 

𝑬𝑨(𝑵)  

(𝒌𝑱. 𝒎𝒐𝒍−𝟏) 

𝑬𝑨(𝑮)  

(𝒌𝑱. 𝒎𝒐𝒍−𝟏) 
𝑹𝟐 

110 0.041 0.070 

64.7 ± 4 59.2 ± 5 

0.991 

(Nucleation) 120 0.057 0.089 

130 0.107 0.163 0.984 

(Growth) 150 0.271 0.382 

 

 

 

Figure 4-3 Arrhenius plots for the temperature-dependent rate constants of nucleation (red circles) 

and growth (grey squares) obtained from evaluation of the Gualtieri model.  
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Slug-flow crystallizers have recently been used to perform cooling crystallization,168-170 reactive 

crystallization171-173 and anti-solvent crystallization174-175 as they provide many degrees of freedom 

for control of crystal size distribution (CSD), morphology, and reproducibility, along with benefits 

of an easier scale-up and higher process productivity. Achieving reproducible and narrow CSD is 

desirable for manufacturing crystalline materials with desired physiochemical characteristics, 

which simplifies the downstream processing steps and enhances bioavailability for drugs.176 In this 

study, we use our flow reactor to examine the effects of flow rate and volume of the MOF precursor 

(reaction mixture) contained in the slugs on CSD of MOF-808. We investigated five different 

biphasic slug flow configurations achieved by varying the ratio of volumetric flow rates for the 

silicone oil (continuous phase) and the precursor (dispersed phase). All the conditions explored 

had a residence time of 15 min at a temperature of 150 °C and a 3X linker concentration in the 

reaction mixture which ensured completion of the crystallization process 𝛼(𝑡) = 1 (Figure 4-1a 

and Table 4-6). Figure 4-4a provides a schematic for these configurations wherein a biphasic slug-

flow in a 16 mL reactor for 1:1 ‘Oil:Precursor’ was achieved with a flow rate of 0.53 mL/min for 

both the phases, while 1:10 configuration was achieved with a flow rate of 0.097 mL/min for Oil 

and 0.97 mL/min for the Precursor phase (Table 4-10). The ‘Precursor Only’ condition was used 

to study the effects of mixing patterns encountered in a single-phase flow in a PFR compared to 

the biphasic slug-flow regime. We studied the effects of flow rate on CSD by varying the length 

of the reactor tubing with the same inner diameter (1/16 inch), while maintaining a constant 

residence time of 15 min (Figure 4-4b and Table 4-9). Microcrystalline MOF-808 samples 

synthesized from all reactor configurations were imaged using a high resolution TEM 

(Transmission Electron Microscope) and the corresponding crystal sizes were measured using the 

ImageJ software program based on a procedure reported by Hirschle et al.141 (Figure 4-14, Figure 

4-15, and Figure 4-16). Average crystal sizes shown in Figure 4-4c are obtained from 

measurements of ~500 nanoparticles for every biphasic slug-flow configuration from three 

different reactors, while the error bars correspond to one standard deviation. Interestingly, the 

average crystal sizes had a positive correlation with an increase in the total flow rate while 

maintaining a residence time of 15 min for all conditions. For instance, a total flow rate of 0.334 

mL/min in a 5 mL reactor resulted in average crystal sizes of ~105 nm, while a total flow rate of 

1.067 mL/min in a 16 mL reactor resulted in crystal sizes of ~180 nm. However, there was no 

change in CSD with variations of biphasic slug-flow configurations pertaining to the volumetric 
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flow ratios of ‘Oil:Precursor’ across all reactors. Similar observations can be made for the single-

phase flow condition (Precursor Only) which also results in an increase in average crystal sizes 

with higher flow rates. Figure 4-4d shows CSD trends for the Precursor Only condition with the 

mean sizes being ~105 nm for the 5 mL reactor, ~140 nm for 9 mL reactor, and ~180 nm for 16 

mL reactor. The CSD trends for all the biphasic slug-flow configurations are provided in Figure 

4-14, Figure 4-15, and Figure 4-16. To our knowledge, this is the first comprehensive study that 

explores the use of flow rates and volume of the precursor slugs as additional tools for tuning the 

crystal sizes of MOFs while achieving a narrow size distribution. 

The variation in CSD as a function of total flow rates can be explained by considering the mixing 

effects in the precursor slugs moving through a millifluidic channel. Each precursor slug is a well-

mixed microbatch reactor where mixing of reagents occur over the order of milliseconds and is 

accomplished by chaotic advection, which originates from recirculating flow patterns inside the 

slug.177 Song et al.178 provided a scaling argument for estimating the characteristic mixing time 

𝑡𝑚𝑖𝑥 as a function of the dimensionless Péclet number 𝑃𝑒 (Equation 4-8 to 4-10 and Section 4.4.3 

of SI). An increase in the flow rate results in higher rate of advective transport for reagents leading 

to a larger 𝑃𝑒 and a smaller 𝑡𝑚𝑖𝑥 (Table 4-11). For instance, to achieve a residence time of 15 min 

in a 16 mL reactor, the total flow rate of 1.067 mL/min results in a 𝑃𝑒 of 14,180. On similar lines, 

the 𝑃𝑒 in a 9 mL and 5 mL reactor are 7,166 and 4,440 respectively. Higher 𝑃𝑒 enhances flow-

mediated transport of precursor species to the nucleation sites in the precursor slugs, which 

accelerates the crystal growth rates leading to a faster consumption of reagents in the slug.179 Since 

the reaction mixture composition for all conditions explored remained constant (3X linker 

concentration), the nucleation rate 𝐽, which strongly depends on the level of supersaturation 𝑆 

remains the same (Equation 4-10). As the precursor slugs enter the heated reaction zone of the 

flow reactor, the nucleation rate would be similar across all reactor configurations, however higher 

flow rates to achieve the same residence time of 15 min leads to a larger 𝑃𝑒 and consequently 

higher crystal growth rates. Since the reaction mixture is compartmentalized in individual slugs, 

higher crystal growth rates result in a simultaneous reduction in the nucleation rate owing to lower 

levels of supersaturation upon faster consumption of reagents. This phenomenon can be used to 

elucidate the CSD trends evident in our flow reactor as a function of total flow rates and offers a 

simpler control for manipulating the crystal sizes without requiring complicated experimental 

setup for supersaturation control, non-monotonic temperature profiles among others. 
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Figure 4-4 (a) Schematic representation of biphasic liquid-liquid slug flow at different volumetric 

ratios of silicone oil (continuous phase) and the precursor or reaction mixture (dispersed phase), 

generated using a T-joint. (b) Illustration of three different reactor configurations used in the study 

with same tube ID (1/16 inch or 1.58 mm). (c) Average crystal sizes obtained from 5 mL, 9 mL, 

and 16 mL reactors along with error bars representing one standard deviation for all volumetric 

ratios of ‘Oil:Precursor’. (d) CSD as a function of reactor volume for the single-phase flow 

condition (Precursor Only). 

4.3. Conclusions 

In this chapter, we investigated kinetics of crystallization for Zr-based MOF-808 using a 

continuous flow reactor. The rate constants for nucleation 𝑘𝑁 and growth 𝑘𝐺  were obtained by 

non-linear fitting of crystallization curves with the Gualtieri model, which is well suited for 

evaluating solution-mediated transformation reactions. The values for both 𝑘𝑁 and 𝑘𝐺  increased 

by more than 5-fold with temperature (110 °C to 150 °C) and with linker concentration in the 



109 
 

reaction mixture (1X to 3X). For all reaction conditions explored, 𝑘𝑁 < 𝑘𝐺  implying that the 

nucleation process is slower than crystal growth and the rate-limiting step. Activation energies for 

nucleation 𝐸𝐴(𝑁) and growth 𝐸𝐴(𝐺) determined from Arrhenius plots were 64.7 ± 4 𝑘𝐽. 𝑚𝑜𝑙−1 

and 59.2 ± 5 𝑘𝐽. 𝑚𝑜𝑙−1 respectively, while the activation energy calculated from the AE model 

using the overall rate constant 𝑘 was 57.3 ± 4 𝑘𝐽. 𝑚𝑜𝑙−1 which is in close agreement with the 

Gualtieri model. Our study provides the first account for the use of flow rates in the reactor as a 

simpler tool for tuning the crystal sizes of MOFs with a narrow distribution. Average crystal sizes 

of ~105 nm were achieved in a 5 mL reactor, ~140 nm in a 9 mL reactor, and ~180 nm in a 16 mL 

reactor. For a constant residence time across all reactor configurations, an increase in the flow rate 

enhances flow-mediated transport of precursor species to the nucleation sites, thereby accelerating 

the crystal growth, accompanied by a simultaneous reduction in the nucleation rate due to faster 

consumption of reagents–the phenomenon responsible for CSD trends seen in our flow reactor. 

The results presented in this work allow for a better understanding of nucleation and crystal growth 

kinetics of self-assembled porous frameworks along with additional degrees of control offered by 

flow reactors to synthesize MOFs with desired physiochemical properties for real-world 

applications. 
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4.4. Supporting Information 

The flow reactor platform used in this study was built using components that were available 

commercially along with a few custom-built modules to achieve fast heat transfer, isothermal 

temperature distribution in the reaction zone, optimal mixing, and fast sampling. Detailed 

descriptions of liquid handling modules, fluidic connections and the crystallizer apparatus are 

provided in our previous study.102 Figure 4-5 provides a schematic for the setup and calculations 

for bubble-point pressure to maintain stable reactor operation. Flow synthesis was performed at a 

minimum pressure of 4 atm for all synthesis conditions (with reaction temperature of 110 °C – 150 
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°C) to avoid formation of gas bubbles that may deleteriously affect the durability of reactor tubing 

and the MOF crystallization process. A rapid sampler module was custom-built for the flow reactor 

platform that can collect multiple samples in a short period. Figure 4-6 provides a schematic for 

the module and describes its operation. The ability to collect multiple samples synthesized under 

identical reaction conditions as well as fast collection of samples synthesized under a wide range 

of operating conditions makes the setup ideal to obtain crystallization kinetics data. Synthesized 

samples were transferred into 50 mL centrifuge tubes, washed once with hexane, twice with N,N-

dimethylformamide (DMF) and twice with acetone before characterization. UHP N2 gas was used 

to pressurize the system. Table S1 provides an overview of the flowrates and residence times used 

for a 16 mL reactor volume. 

4.4.1. Materials and Methods 

All reagents were commercially purchased. They are summarized below: N,N-dimethylformamide 

(99.8%, Millipore), and formic acid (purity > 98%), were obtained from EMD Millipore 

Chemicals. Anhydrous acetone was procured from Acros Organics. Zirconium oxychloride 

octahydrate (ZrOCl2·8H2O, purity ≥ 99.5%), and 1,3,5-Benzenetricarboxylic acid (H3BTC linker) 

was obtained from Sigma-Aldrich. Silicone oil (Dimethyl Polysiloxane) for flow synthesis was 

procured from Alfa Aesar (#A1272822) and had an operating range of -40 °C to 200 °C with a 

flash point of >270 °C. 

Synthesis of MOF-808 in Batch: Microcrystalline powder samples of MOF-808 were synthesized 

based on a synthesis procedure reported by Jiang et al.3 H3BTC (70 mg, 0.33 mmol) and 

ZrOCl2·8H2O (323.3 mg, 1.003 mmol) were dissolved in DMF/formic acid (15 mL/15 mL) 

mixture and placed in a 100 mL screw-capped glass jar, which was heated to 130 °C for 48 h. 

MOF-808 precipitated as white solids that were collected by filtration and washed with N,N-DMF, 

and acetone. 

Powder X-ray diffraction (PXRD) patterns were recorded with a Bruker D8 Advance II 

diffractometer equipped with a θ/2θ Bragg-Brentano geometry and Ni-filtered CuKα radiation 

(Kα1 = 1.5406 Å, Kα2 = 1.5444 Å, Kα2/Kα1 = 0.5). The tube voltage and current were 40 kV and 

40 mA, respectively. Samples for PXRD were prepared by placing a thin layer of the appropriate 

material on a zero-background silicon crystal plate, which was rotated at 15 rpm. 
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Transmission Electron Microscopy (TEM) images were acquired using FEI Tecnai Multipurpose 

Digital TEM. The MOF sample was added to a glass vial containing acetone and shaken to obtain 

a well-dispersed suspension. A drop or two of this suspension was added to the copper grid (5-6 

nm thick and 3.05 mm wide) with a thin film of pure carbon deposited on one side (CF200-CU 

from Electron Microscopy Sciences). After evaporation of acetone, the grid was placed on the 

TEM sample holder and inserted in the beam column. The chamber was evacuated at 3.2e-7 torr 

before the electron gun was switched on and aligned for acquiring high-resolution images. The 

TEM was operated at 120 kV and corrected for image aberrations using stigmator in 

condenser/objective lens. Figure 4-14, Figure 4-15, and Figure 4-16 show a comparison of TEM 

images acquired for microcrystalline MOF-808 samples in three different flow reactors (5 mL, 9 

mL, and 16 mL) and five configurations for biphasic slug flow for all reactors.  

Non-linear least-squares curve fitting was performed using OriginLab 9.1 software program. The 

NLFit tool was used to model user-defined expressions (Gualtieri and Avrami-Erofeev) for fitting 

the crystallization curves. The independent and dependent variables along with fitting parameters 

were defined, while the constants such as the growth dimension (𝑛 = 3) was fixed. The tool 

estimates initial values for the parameters before the fitting commences. Fitting can be performed 

either by using ‘one iteration’ at a time or ‘fit until converged’ options. The rate constants and 

fitting parameters obtained are tabulated and used to interpret kinetics of nucleation, growth and 

calculate corresponding activation energies. 

4.4.2. Evaluation of Kinetic Data with Avrami–Erofeev Model 

The Avrami–Erofeev (AE) expression is described in Equation 4-6. The AE model correlates the 

extent of crystallization 𝛼(𝑡) with residence time 𝑡, the overall rate constant 𝑘, and the Avrami 

exponent 𝑛𝐴𝐸 . The AE expression is used to describe the kinetics of solid-state transformation 

reactions at constant temperature.180 The transformations generally follow a characteristic S-

shaped growth curve wherein the transformation rates are slow at the beginning followed by an 

exponential increase and culminate with a plateau region indicating completion of the process. 

Millange et al.151, 181 emphasized the limitations in interpreting the kinetic parameters obtained by 

the AE model and proposed the use of Gualtieri model for solution-mediated transformation 

reactions, which would be more suited to study the kinetics of MOF crystallization. Since the AE 
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model does not separate the rate constants for nucleation and growth, the interpretation of the 

overall rate constant 𝑘 becomes difficult and carries uncertainties. 

𝛼(𝑡) = [1 − 𝑒−(𝑘∙𝑡)𝑛𝐴𝐸 ] … (Equation 4-6) 

 

Activation energy is calculated from the overall rate constant 𝑘 at different temperatures (110 °C 

to 150 °C) by fitting the Arrhenius expression (Equation 4-7) to the Arrhenius plot (Figure 4-13). 

Activation energy obtained from the AE model is 57.3 ± 4 𝑘𝐽. 𝑚𝑜𝑙−1 with 𝑅2 (Coefficient of 

Determination) value of 0.991. 

𝑘 = 𝐴𝑒−(𝐸𝑎
𝑅𝑇) → ln 𝑘 = ln 𝐴 − 𝐸𝑎

𝑅𝑇
 … (Equation 4-7) 

 

4.4.3. Influence of Mixing Effects on CSD 

The mixing mechanism inside the droplets (precursor slugs) is complex and originates from fully 

developed recirculating flow patterns due to the shear stress near the tube wall. The fluid inside 

the slug is stretched, folded and reoriented continuously as the droplet travels in the serpentine 

reactor tubing.70 The characteristic mixing time 𝑡𝑚𝑖𝑥 originating from chaotic mixing in the 

droplets scales as a function of 𝑃𝑒 (Equation 4-8).178 𝑎 is the length of the slug (~10 𝑚𝑚), 𝑤 is 

the channel width or tube diameter (1.58 𝑚𝑚), 𝑈 is the linear flow velocity, and 𝐷 is the diffusion 

coefficient. For a first order approximation of 𝐷 in liquids, we used a value of 10−9 𝑚2𝑠−1 

reported by Liu et al.182  

𝑡𝑚𝑖𝑥 ~ (𝑎𝑤
𝑈

) log(𝑃𝑒) … (Equation 4-8) 

𝑃𝑒 =  (𝑤𝑈
𝐷

) = 𝐴𝑑𝑣𝑒𝑐𝑡𝑖𝑣𝑒 𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑅𝑎𝑡𝑒
𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑒 𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑅𝑎𝑡𝑒

 … (Equation 4-9) 

𝐽 ∝  𝑒𝑥𝑝 ( −𝐶
(𝑙𝑛𝑆)2) … (Equation 4-10) 
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Figure 4-5 (a) The schematic for the flow reactor setup used for crystallization of MOF-808. (b) 

Bubble-point pressures of multiple reaction components calculated by Aspen. 
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Figure 4-6 Simplified schematic of the rapid sampler module (sample collection) illustrating 

different modes of operation. The cross symbol (Χ) implies a closed valve for the flow of reagents. 

(a) Reaction mixture containing MOF-808 crystals exiting the reactor after crystallization, 

bypassing the module and flowing into an overflow reservoir. (b) Reaction mixture being collected 

in the sample coil (~5 mL volume). (c) Pressurized N2 gas used for evacuation of reaction mixture 

out of the sample coil, which is collected in an external vessel (50 mL centrifuge tube) for 

separation of solids and characterization. (d) Solvent (hexane) is injected in the sample coil for 

rinsing before collecting the next sample.  
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Figure 4-7 Powder XRD pattern for MOF-808 showing miller indices for prominent peaks below 

12o 2 theta. Area under the curve for peaks corresponding to the plane (400) is monitored as a 

function of time to generate extent of crystallization 𝛼(𝑡) curves for specific reaction conditions. 
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Figure 4-8 Superimposition of extent of crystallization 𝛼(𝑡) plotted against time 𝑡, obtained from 

integration of area under the curve for peaks corresponding to reflections from 400 and 331 planes 

respectively, at (a) 110 °C and (b) 150 °C. 
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Figure 4-9 Extent of crystallization 𝛼(𝑡) plotted against time 𝑡 (closed symbols) and the 

corresponding AE fitting (red curves) at (a) 110 °C, (b) 120 °C, (c) 130 °C, and (d) 150 °C. The 

reaction mixture for all conditions has a 3X linker concentration. 
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Figure 4-10 Extent of crystallization 𝛼(𝑡) plotted against time 𝑡 (closed symbols) and the 

corresponding AE fitting (red curves) at a linker concentration of (a) 1X, (b) 2X, (c) 2.5X, and (d) 

3X. The reaction temperature for all conditions was held constant at 150 °C. 
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Figure 4-11 Extent of crystallization 𝛼(𝑡) plotted against time 𝑡 (closed symbols) and the 

corresponding Gualtieri fitting (red curves) as well as the probability of nucleation 𝑃𝑁 (blue curves) 

at (a) 110 °C, (b) 120 °C, (c) 130 °C, and (d) 150 °C. The reaction mixture for all conditions has a 

3X linker concentration. 
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Figure 4-12 Extent of crystallization 𝛼(𝑡) plotted against time 𝑡 (closed symbols) and the 

corresponding Gualtieri fitting (red curves) as well as the probability of nucleation 𝑃𝑁 (blue curves) 

at a linker concentration of (a) 1X, (b) 2X, (c) 2.5X, and (d) 3X. The reaction temperature for all 

conditions was held constant at 150 °C. 
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Figure 4-13 Arrhenius plots for the temperature-dependent rate constants (black squares) obtained 

from evaluation of the AE model. 
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Figure 4-14 TEM images for MOF-808 synthesized in a 5 mL flow reactor (at 150 °C, 15 min 

residence time and 3X linker concentration), using volumetric flow ratios of ‘Oil:Precursor’ (a) 

1:1, (b) 1:3, (c) 1:5, (d) 1:10, and (e) Precursor Only. (f) A line histogram of CSD obtained from 

TEM measurements for all biphasic slug-flow configurations. 
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Figure 4-15 TEM images for MOF-808 synthesized in a 9 mL flow reactor (at 150 °C, 15 min 

residence time and 3X linker concentration), using volumetric flow ratios of ‘Oil:Precursor’ (a) 

1:1, (b) 1:3, (c) 1:5, (d) 1:10, and (e) Precursor Only. (f) A line histogram of CSD obtained from 

TEM measurements for all biphasic slug-flow configurations. 
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Figure 4-16 TEM images for MOF-808 synthesized in a 16 mL flow reactor (at 150 °C, 15 min 

residence time and 3X linker concentration), using volumetric flow ratios of ‘Oil:Precursor’ (a) 

1:1, (b) 1:3, (c) 1:5, (d) 1:10, and (e) Precursor Only. (f) A line histogram of CSD obtained from 

TEM measurements for all biphasic slug-flow configurations. 
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Table 4-4 Residence time and corresponding flow rates in a reactor with 16 mL volume. The 

reactor tubing had an inner diameter of 1/16 in (0.159 cm) and a length of ~8 m for the heated 

reaction zone. 

Total Flow Rate (mL/min) Residence 
Time 

Linear 
Velocity  Oil:Precursor (1:1) 

Oil Precursor min cm/min 
16.00 8 8 1 808.48 
8.00 4 4 2 404.24 
5.33 2.66 2.66 3 269.36 
3.20 1.6 1.6 5 161.69 
2.00 1 1 8 101.01 
1.60 0.8 0.8 10 80.84 
1.06 0.53 0.53 15 53.87 
0.80 0.4 0.4 20 40.40 
0.53 0.26 0.26 30 26.90 
0.35 0.17 0.17 45 17.67 
0.26 0.13 0.13 60 13.46 
0.13 0.06 0.06 120 6.73 
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Table 4-5 Summary of MOF-808 reaction mixture compositions investigated for evaluating 

kinetic parameters. ‘FA:DMF’ denotes the volumetric ratio of Formic Acid to DMF used in the 

reaction mixture. Every reaction mixture was prepared in a fixed volume of 30 mL. ‘M:L’ 

represents molar ratio of Zr metal (ZrOCl2.8H2O) and H3BTC linker (benzene-1,3,5-tricarboxylic 

acid, also known as Trimesic Acid) and was held constant across all compositions (M:L = 3). Four 

different temperatures and linker concentrations are evaluated to probe their effect on extent of 

crystallization 𝛼(𝑡) of MOF-808. Linker concentration of 1X corresponds to 70 mg (0.33 mmol) 

of H3BTC dissolved in a 30 mL reaction mixture of Formic Acid and DMF in a 2:1 volumetric 

ratio. Linker concentration of 2X would correspond to a 2-fold increase in the linker concentration 

of the 30 mL reaction mixture volume with a M:L ratio of 3 maintained constant. Higher the 

concentration of precursors (metal salt and linker), lower is the ‘Acid:Metal’ molar ratio, which 

represents moles of Formic Acid modulator to Zr metal in the reaction mixture. 

Sl. No. FA:DMF  
(Vol. Ratio) 

M:L  
(Molar Ratio) 

Linker 
Concentration 

Acid:Metal 
(Molar Ratio) Temperature (°C) 

Fig. 1a 
1 2 3 3X 176.0 110 
2 2 3 3X 176.0 120 
3 2 3 3X 176.0 130 
4 2 3 3X 176 .0 150 

Fig. 1b 
5 2 3 1X 528.3 150 
6 2 3 2X 264.0 150 
7 2 3 2.5X 211.0 150 
8 2 3 3X 176.0 150 
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Table 4-6 Values for the induction time 𝑡𝑜 and residence time for complete crystallization 𝑡𝑓 for 

all the reaction conditions explored in the study. 

Temperature (°C) 𝒕𝒐(𝒎𝒊𝒏) 𝒕𝒇 (𝒎𝒊𝒏) 

110 5 60 

120 4 55 

130 3 45 

150 1 5 

Linker 

Concentration 
𝒕𝒐(𝒎𝒊𝒏) 𝒕𝒇 (𝒎𝒊𝒏) 

1X 8 60 

2X 4 45 

2.5X 3 40 

3X 1 5 

 

 

 

Table 4-7 Kinetic parameters obtained by fitting the crystallization curves at four different 

temperatures using the AE model. The linker concentration for all conditions explored was 3X. 

Temperature (°C) 𝒏𝑨𝑬 𝒌 (𝒎𝒊𝒏−𝟏) 𝑹𝟐 

110 0.661 0.072 0.992 

120 0.891 0.096 0.996 

130 0.835 0.169 0.998 

150 1.003 0.375 0.995 
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Table 4-8 Kinetic parameters obtained by fitting the crystallization curves at four different linker 

concentrations using the AE model. The reaction temperature for all conditions explored was held 

at 150 °C. 

Linker 

Concentration 
𝒏𝑨𝑬 𝒌 (𝒎𝒊𝒏−𝟏) 𝑹𝟐 

1X 0.812 0.043 0.997 

2X 0.979 0.083 0.998 

2.5X 0.987 0.169 0.998 

3X 1.003 0.375 0.995 

 

 

Table 4-9 Activation energies of nucleation 𝐸𝐴(𝑁) and crystal growth 𝐸𝐴(𝐺) reported for other 

MOFs in the literature compared to MOF-808 (this study). 

Temperature (°C) 
𝑬𝑨(𝑵) 

𝒌𝑱. 𝒎𝒐𝒍−𝟏 

𝑬𝑨(𝑮) 

𝒌𝑱. 𝒎𝒐𝒍−𝟏 
𝑹𝒆𝒇𝒆𝒓𝒆𝒏𝒄𝒆 

MOF-808 64.7 59.2 Current Work 

MOF-801 71 66 Zahn et al. 101 

HKUST-1 72 64 Millange et al. 151 

ZIF-8 69 72 Cravillon et al. 167 

UiO-66 46 39 Ragon et al. 152 
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Table 4-10 Residence times and corresponding flow rates for the Oil and Precursor phase in three 

different flow reactor volumes investigated in the study. 

Flow Reactor Volume (mL) 5 mL 
Reactor 

9 mL 
Reactor 

16 mL 
Reactor 

Residence Time (min) 15 15 15 
Linear Velocity (mm/s) 2.811 4.536 8.981 

Volumetric 
Flow Rates 
(mL/min) 

Total mL/min 0.334 0.600 1.067 

Oil:Precursor (1:1) 
Oil 0.167 0.300 0.533 

Precursor 0.167 0.300 0.533 

Oil:Precursor (1:3) 
Oil 0.084 0.150 0.267 

Precursor 0.251 0.450 0.800 

Oil:Precursor (1:5) 
Oil 0.056 0.100 0.178 

Precursor 0.278 0.500 0.889 

Oil:Precursor (1:10) 
Oil 0.030 0.055 0.097 

Precursor 0.304 0.545 0.970 

Precursor Only 
Oil 0.000 0.000 0.000 

Precursor 0.334 0.600 1.067 
 

Table 4-11 Values for dimensionless Péclet number 𝑃𝑒 calculated as a function of total flow rates 

for three different reactor configurations. The characteristic mixing times 𝑡𝑚𝑖𝑥 are estimated based 

on a scaling argument (Eqn. S3) for the 1:1 Oil:Precursor biphasic slug flow configuration. 

Flow Reactor Volume (mL) 5 mL 
Reactor 

9 mL 
Reactor 

16 mL 
Reactor 

Residence Time (min) 15 15 15 
Reactor Tube ID (mm) 1.58 1.58 1.58 
Linear Velocity (mm/s) 2.811 4.536 8.981 

Total Flow Rate (mL/min) 0.334 0.6 1.067 
𝑃𝑒 4,440 7,166 14,180 

𝑡𝑚𝑖𝑥 for 1:1 ‘Oil:Precursor’ Flow (ms) 20.5 13.4 7.304 
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5. Accelerated synthesis of Ni2Cl2(BTDD) metal–organic framework 

in a continuous flow reactor for atmospheric water capture 
 

Adapted with permission from “Bagi, S., Wright, A. M., Oppenheim, J., Dincă, M., & Román-

Leshkov, Y. (2021). Accelerated Synthesis of a Ni2Cl2(BTDD) Metal–Organic Framework in a 

Continuous Flow Reactor for Atmospheric Water Capture. ACS Sustainable Chemistry & 

Engineering, 9(11), 3996-4003”.102 Copyright 2021 American Chemical Society. 

 

Atmospheric water capture (AWC) has tremendous potential to address global shortage of clean 

drinking water. The Ni2Cl2(BTDD) metal–organic framework (MOF) has shown optimal water 

sorption performance under low relative humidity conditions, but its potentially high production 

costs stemming in part from its lengthy multi-day synthesis has hindered wide-spread 

implementation. As with most traditional MOF syntheses, the original synthesis of Ni2Cl2(BTDD) 

involves batch reactors that have intrinsic inefficiencies impacting productivity during scale-up. 

In this chapter, we report a continuous manufacturing process for Ni2Cl2(BTDD) that can achieve 

higher yields, reduced solvent use, and drastically faster crystallization times compared to the 

batch process. Optimization of the synthesis space in the flow reactor as a function of residence 

time, temperature, and solvent volume yields 50% and 40% reductions in methanol and 

hydrochloric acid consumption by volume, respectively, with a simultaneous 3-fold increase in 

productivity (defined in units of 𝑘𝑔𝑀𝑂𝐹 𝑚−3𝑑𝑎𝑦−1). A computational fluid dynamics (CFD) 

model was developed to quantitate productivity enhancements in the flow reactor based on 

improved heat-transfer rates, larger surface-area to volume ratios, and effective residence times. 

This work adds critical facets to the growing body of research suggesting that the synthesis of 

MOFs in flow reactors offers unique opportunities for reducing production costs.  

 

5.1. Introduction 

Most of the arid and semi-arid regions in the world do not have access to potable water. This 

problem will worsen due to increasing global water demand for both personal and industrial use, 

a growing global population, and desertification of fertile areas through over-farming and climate 
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change, eventually leading to a projected water deficit of almost 2000 billion m3 by 2030.183-184 In 

areas with relative humidity (RH) below ca. 30%, water harvesting relies on capital- and energy-

intensive processes, such as dewing or sea-water desalination supplemented with a complex 

distribution infrastructure of pipelines.185-186 Atmospheric water capture (AWC) offers an 

alternative solution given that the atmosphere holds nearly 1.3 × 1016 L of water–a value 

representing ca. 0.3% of the global fresh water supply.187-188 However, performing direct water 

capture from the atmosphere in areas with low RH (<30%) in an energy-efficient manner requires 

new sorbent materials. The ideal AWC sorbent material requires physical properties such as large 

gravimetric capacities, steep water uptake characteristics in a narrow RH range, and complete 

water release with minimal temperature swings over thousands of cycles.  

Metal-organic frameworks (MOFs) fulfill many, if not all of these requirements. MOFs are 

crystalline coordination lattices consisting of multitopic organic linkers and inorganic polynuclear 

clusters forming highly ordered 2D and 3D structures.189 One class of MOFs that is attractive for 

AWC applications feature coordinatively unsaturated open metal sites that serve as nucleation sites 

for water adsorption.63 Recently, Dincă and coworkers190-192 demonstrated that the M2Cl2(BTDD) 

(M = Co, Ni; H2BTDD = bis(1H-1,2,3-triazolo[4,5-b],[4′,5′-i])dibenzo[1,4]dioxin) family of 

MOFs, which feature hexagonal pores decorated with open metal sites, are particularly well-suited 

for direct water capture from simulated atmosphere. In particular, the Ni analog exhibits an 

exceptional gravimetric water uptake capacity of 1.07 g.g-1 at a relative humidity (RH) of 35%. 

The energy efficiency of water capture and release from Ni2Cl2(BTDD) was optimized by 

matching the pore size to the critical diameter for water capillary condensation and minimizing 

adsorption/desorption hysteresis.193-194 While more expensive compared to other sorbents, such as 

silica gel and zeolites, MOFs are topologically diverse with tunable properties, making them 

ideally suited for water-capture applications.72 

Despite its superior water uptake performance, scaling-up the manufacturing of Ni2Cl2(BTDD) 

remains prohibitively expensive due to long reaction times and excess use of solvents required for 

precursor dilution in the reaction mixture. For example, the synthesis of 1 g of Ni2Cl2(BTDD) 

requires dissolving 1.808 g of NiCl2·6H2O and 0.912 g of the organic ligand H2BTDD in a solvent 

mixture comprising 800 mL of N,N-dimethylformamide (N,N-DMF), 800 mL of methanol 

(CH3OH), and 512 mL of aqueous hydrochloric acid (HCl, 37 wt.%), followed by heating at 100 
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°C for 48 hours in a batch reactor to generate crystalline solids with ca. 75% yield. Slow 

crystallization times coupled with high solvent-to-solid ratios severely limit productivity, and this 

problem is exacerbated during scale-up due to the inherent challenges associated with increasing 

the size of batch reactors.90 These inefficiencies result in higher costs and considerable capital and 

operating expenditures to produce the quantities needed for industrial AWC applications.25, 64  It 

is therefore imperative to identify approaches that minimize synthesis costs through reduced use 

of solvents, increasing yields, and increasing process productivity for all MOFs, and for 

Ni2Cl2(BTDD) in particular.  

The use of flow chemistry to achieve product intensification by improving heat and mass transfer, 

decreasing the use of solvents, and improving scalability through parallelization has transformed 

many disciplines, including polymer chemistry,26 organic synthesis,27-29 and photochemistry.30 

Numerous studies over the past decade have demonstrated the feasibility of synthesizing MOFs in 

flow,17, 195-202 however, the influence of synthetic parameters on product crystallinity and scale-up 

strategies for high-throughput manufacturing by considering the transport processes have not been 

explored thoroughly. Here, we investigate the use of flow reactors for the accelerated synthesis of 

Ni2Cl2(BTDD) under mild solvothermal conditions. Specifically, we use a biphasic liquid-liquid 

slug flow pattern to perform continuous microbatch MOF crystallization resulting in drastic 

increases in manufacturing productivity compared to batch processes. Computational fluid 

dynamics (CFD) calculations were used to quantitate productivity enhancements in the flow 

reactor based on improved heat-transfer rates, larger surface-area to volume ratios, and effective 

residence times. This information was used to model a scale-up scenario for producing 1 kg of 

Ni2Cl2(BTDD) per month, providing estimates for supply-chain logistics and equipment sizing. 

This work demonstrates synthesis in flow enables manufacturing MOFs for AWC with 

significantly reduced materials costs and increased productivity compared to batch. 

5.2. Results and Discussion 

Continuous MOF crystallization studies were performed in a flow reactor shown schematically in 

Figure 5-1. The injection module consists of a syringe pump and positive displacement piston 

pump for introducing the precursor mixture and silicone oil, respectively. The reactor module is 

composed of PTFE tubing held together using an aluminum core and jacket that is inserted into an 

electrically heated furnace allowing for nearly isothermal operation with fast heat transfer. A back-
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pressure regulator maintains the reactor operating pressure at a value higher than the bubble-point 

pressure of the reaction mixture. The MOF precursor mixture is injected into a continuous stream 

of silicone oil using a T-junction forming a segmented biphasic slug flow. Silicone oil was used 

because it preferentially wets the hydrophobic surface of the PTFE tubing, thereby producing a 

continuous phase for the MOF precursor mixture to travel as discrete, uniformly spaced droplets 

within the tube. In our flow reactor, the slug generation process is associated with the dynamic 

pressure profile existing at the T-junction when two immiscible fluids are simultaneously 

introduced in the stream. When the stream of first phase is flowing through the junction, the flow 

of the second phase is obstructed due to immiscibility of the two phases, resulting in pressure build 

up. When the pressure reaches a critical point, the first phase is driven back from the T-junction 

shearing off the droplet into the stream, generating a slug. This alternated cyclic build-up and 

release of pressure is responsible for the segmentation of the liquids allowing reproducible slug 

lengths.97, 120 

Each slug is equivalent to a well-mixed micro-batch reactor, where the interfacial properties 

between the two phases, such as surface tension and viscosity, control the shape and fluid dynamic 

properties of the droplet. Accordingly, in order to maintain a stable biphasic slug flow, the surface 

tension between the precursor and continuous phase should be lower than the surface tension 

between precursor and walls of reactor tubing.65 Within each droplet, complete mixing of reagents 

is achieved through chaotic advection, where repeated folding and stretching of fluid layers 

accelerates diffusive mixing.98, 203 Importantly, compartmentalizing the MOF precursor in 

microliter volume droplets results in high surface area to volume (SA/V) ratios, which translates 

to shorter diffusion length scales for heat and mass transport processes. The slugs undergo a step-

function change from room temperature to reaction set-point temperature upon entering the heated 

reaction zone. Precise temperature control is critical for manipulating the kinetics of nucleation, 

short-range crystalline ordering, and crystal growth.99 Consequently, the flow system affords rapid 

mixing of reagents, near perfect step changes in temperature profiles, and precise control of 

residence times, all critical elements to accelerate nucleation and crystallization events.32, 65 

Importantly, this flow reactor setup supports a wide operational window to control the steady-state 

evolution of the product crystallinity by varying reaction conditions, including residence time 

(minutes to days) and temperature (up to 250 °C at a working pressure of 25 atm). Additional 

details pertaining to flow reactor components, operational windows, volumetric flow rates, and 
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residence times are summarized in Figure 5-5 and Figure 5-6 as well as Table 5-1 and Table 5-2 

of the Supporting Information (SI).  

 

Figure 5-1 Schematic for the modular flow synthesis platform. Inset picture with red boundaries 

illustrates the phenomenological model of crystallization using a biphasic slug flow generated 

from two immiscible fluids in a T-junction.  

Unlike batch reactors that intrinsically operate in a transient mode, flow reactors allow 

investigating processes at steady-state with precise control over temperature and residence time.25 

These features enable performing time-resolved crystallization studies in a single experimental 

run. Figure 5-2 shows a map of the Ni2Cl2(BTDD) synthesis space where the effects of changing 

solvent ratio, residence time, and temperature on product crystallinity were investigated. The 

relative crystallinity (RC), determined from a ratio of intensity contributions originating from the 

crystalline phase calculated using an iterative background correction method to the total intensity 

from the PXRD patterns (Equation 5-1 and Figure 5-7 provide additional details), was used to 

define the amount of crystalline product per experiment.140 Accordingly, a value of 100% RC 

corresponded to the highest yield of crystalline Ni2Cl2(BTDD), a value of >80% RC was classified 



135 
 

as “crystalline”, a value in the 30% ≤ RC ≤ 80% range was classified as “semi-crystalline”, and 

RC values < 30% were classified as “amorphous”. Residence time and reaction temperature were 

varied in a range of 15-240 min and 120-150 °C, respectively, based on synthesis parameters 

previously reported in the literature. 12, 17, 24, 195-197, 202, 204 Optimal Ni2Cl2(BTDD) crystallinity 

values were obtained for a reaction temperature of 140 °C and residence times between 30 and 60 

min (Figure 5-2a). Temperatures above 150 °C resulted in linker degradation, while reactions 

below 120 °C failed to crystallize the MOF in the specified range of residence times. Note that 

residence times greater than 240 min were not investigated as they resulted in a lower process 

productivity (by a factor of 4 compared to flow conditions optimized at 60 min), making it 

unattractive compared to the batch process.  

Flow reactors can usually operate at higher concentrations provided reagents remain in solution–

an advantage in the current scenario for using concentrated precursor mixture to increase 

productivity while maintaining similar yields.110-111 Figure 5-2b plots the results of varying the 

volumetric ratio of solvents (CH3OH and HCl normalized to DMF) at 140 °C with a residence 

time of 60 min. Solvent composition was optimized starting from the recipe used in batch (1:1:0.64 

volumetric ratio for DMF, CH3OH and HCl) and lowering HCl content by 10%, 40%, and 60% 

and CH3OH by 25% and 50%. Interestingly, the solvent composition used in batch synthesis 

(labelled ‘Batch Optimized’ in Figure 5-2b) resulted in amorphous residue in flow synthesis. The 

highest amount of crystalline solids in flow reactor was obtained with a volumetric ratio of 

DMF:CH3OH:HCl = 1:0.5:0.38 (labelled ‘Flow Optimized’ in Figure 5-2b). These values 

represent a decrease in CH3OH and HCl volume by 50% and 40%, respectively, compared to the 

optimized batch composition. Additionally, we performed three batch syntheses at 100°C, 120°C, 

and 140°C with a crystallization time of 48 hours using the ‘flow optimized’ starting composition. 

These results are compared to the samples synthesized in flow reactor under optimal conditions 

(140°C, 1 h) using PXRD, N2 adsorption, and water-uptake measurements (Figure 5-8 and Table 

5-5). The BET surface area for batch samples steadily increased from 1795 m2/g to 1944 m2/g, as 

a function of reaction temperature (100°C to 140°C), while the gravimetric water uptake capacity 

steadily increased from 0.91 g/g to 0.98 g/g at 92% RH. The corresponding % RC values (Table 

5-5) confirm an increase in crystallinity with higher temperature for batch samples, while flow 

synthesized samples exhibited the highest crystallinity of all synthetic conditions. Importantly, no 

solids are formed in batch syntheses after 1 h of crystallization. Taken together, these data 
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demonstrate that the flow system can access unique synthetic conditions leading to Ni2Cl2(BTDD) 

with a higher surface area and water-uptake, accompanied by a simultaneous reduction of solvents 

used and a lower residence time. We therefore conclude that the flow synthesis of Ni2Cl2(BTDD) 

is advantageous in every aspect compared to batch synthesis. 

In deprotonation modulation, the amount of modulator (HCl) has to be tuned in the reaction 

mixture based on the synthesis route and reaction conditions such as temperature, and residence 

time. Under identical solvothermal conditions, reducing the amount of modulator (HCl) 

accelerates the MOF formation process leading to a product with lower crystallinity, while an 

increase in modulator lowers crystallization rates of MOF thereby requiring longer residence times 

for crystal growth. Owing to small system dimensions and large surface-area to volume ratio in 

flow reactor that leads to fast heat transfer, the heating profiles achieved are different compared to 

the batch reactor, which typically sees large gradients in heat and mass transfer. This is the primary 

reason for batch and flow syntheses exhibiting different reaction conditions (temperature, time, 

and composition) that are optimal to synthesize crystalline product. The amount of DMF could not 

be changed as it was maintained at the solubility limit of the H2BTDD ligand in the precursor 

mixture. The metal salt and the ligand had a molar ratio of 2.2 (to keep a 10% stoichiometric metal 

excess) in all synthetic conditions explored in the design space. The yield obtained in batch and 

flow syntheses were ~75% and ~80% respectively (Table 5-6) and are calculated based on the 

conversion of the limiting reagent (H2BTDD ligand) into Ni2Cl2(BTDD). The maximum 

productivity achieved in the batch synthesis was 0.245 𝑘𝑔𝑀𝑂𝐹 𝑚−3𝑑𝑎𝑦−1 while flow synthesis 

resulted in 0.765 𝑘𝑔𝑀𝑂𝐹 𝑚−3𝑑𝑎𝑦−1, representing a 3-fold productivity increase (Table 5-7). Flow 

synthesis productivity slightly decreases to 0.509 𝑘𝑔𝑀𝑂𝐹 𝑚−3𝑑𝑎𝑦−1 if we take into account the 

silicone oil along with reaction mixture in our calculation. The standard engineering productivities 

based on reactor volume rather than volume of reaction mixture translates to 0.0643 

𝑘𝑔𝑀𝑂𝐹 𝑚−3𝑑𝑎𝑦−1 for batch and 12.24 𝑘𝑔𝑀𝑂𝐹 𝑚−3𝑑𝑎𝑦−1for flow, representing a two order of 

magnitude (~190 times) higher productivity achieved in flow (Table 5-7). 

 



137 
 

 

Figure 5-2 Map of synthesis space investigated for Ni2Cl2(BTDD) using flow synthesis varying 

(a) reaction temperature and residence time; and (b) volumetric ratios of Methanol:DMF and 

HCl:DMF solvents at a fixed temperature of 140 °C and 60 min residence time. Labels represent 

relative crystallinity in percentages (% RC), which were quantified by the intensity contribution 

in powder X-ray diffraction (PXRD) patterns originating from crystalline phase in the samples. 

The metal:ligand (M:L) molar ratio was maintained at 2.2 in all cases. 

Samples synthesized in flow at optimal reaction conditions were characterized using powder X-

Ray diffraction (PXRD), N2 adsorption, scanning electron microscopy (SEM), transmission 

electron microscopy (TEM), and water uptake measurements, and were compared with samples 

synthesized in batch. Figure 3a compares the reflections from PXRD patterns for Ni2Cl2(BTDD) 

synthesized in flow and batch along with simulated pattern from the computational model, 

confirming the single-phase nature of the flow synthesized microcrystalline powder sample.  The 

permanent porosity of activated samples synthesized using batch and flow method was studied 

using N2 adsorption isotherms at 77 K (Figure 5-3b). The activated samples exhibit a Type IV 

isotherm, as is expected for mesoporous materials. To satisfy the first criteria of the BET 

equation114, isotherm data was fit to the 0.05-0.15 P/Po range, yielding values of 1837 m2.g-1 and 

2157 m2.g-1 for batch and flow samples, respectively. Water vapor adsorption isotherms were 

measured at 298 K for the activated samples (Figure 5-3c). Both batch and flow samples exhibit 

Type IV isotherms with a steep uptake step at approximately 0.28 P/Po, which is equivalent to 28% 
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RH. At 92% RH, the total water uptake for batch and flow samples is 1.06 g.g-1 and 1.14 g.g-1 

respectively. Ni2Cl2(BTDD) crystallizes in the 𝑅3̅𝑚 space group (trigonal crystal system) with an 

olive green needle-shaped morphology of microcrystals confirmed by the SEM image in Figure 5-

3d, identical to previously reported structure.205-206 Samples synthesized in batch and flow are 

compared in Figure 5-9 using high-magnification SEM images, while Figure 5-10 and Figure 5-

11 provide high-resolution TEM images. Synthesis of Ni2Cl2(BTDD) in flow maintains similar 

crystallinity, pore size, and water-uptake characteristics compared to batch synthesis, while 

reducing volume of solvents used in the precursor mixture and improved productivity of the 

process.   

 

Figure 5-3 Characterization of Ni2Cl2(BTDD) synthesized at optimal flow reaction conditions 

using (a) PXRD patterns, (b) N2 adsorption isotherm at 77 K, (c) water vapor adsorption isotherm 

at 298 K, and (d) SEM image. 
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Although a large number of studies exist on novel MOF structures and their potential applications, 

there is a paucity of reports on the scale-up of MOF syntheses.12, 24, 40, 207 The key translation piece 

for the use of MOFs in revolutionary technology platforms is the ability to manufacture at desired 

scale, purity and satisfy the market price requirements.17 The design of scaled-up flow reactors as 

a manufacturing system involves appropriate sizing of reactor equipment (such as pumps, reactor 

tubing configuration, heating furnace and sample collection strategy) and lowering crystallization 

time by optimization of synthetic conditions for higher throughput.208 Although parallelization 

offers a simple method of linear productivity scale-up by increasing the number of reactors, it 

requires a complex network of fluid flow distribution and control devices.33 Alternatively, 

throughput can be increased by enlarging the inner diameter (ID) of the reactor tubing, which 

results in quadratic dependence on volumetric flow rate (𝑄 ∝ 𝑑2). An increase in tube ID by a 

factor of 4, from 1/16 inch (0.158 cm) to 1/4 inch (0.635 cm), increases the productivity by a factor 

of 16, assuming the yields are constant. However, the downside to this approach is the reduction 

in surface-area to volume ratio (𝑆𝐴
𝑉⁄ ∝ 𝑑−1) of the tubing, which could decrease the efficiency 

of heat transfer processes.12, 24, 120 From an operational standpoint, the propensity for 

hydrodynamic failure due to clogging of synthesized solids in the tube is indirectly proportional 

to the tube ID.64 Accordingly, we modeled a scale-up scheme by enlarging the tube ID using the 

COMSOL Multiphysics® platform to compute variation in heat transfer rates and growth of 

thermal boundary layers as a function of tube ID. The reactor is modelled as a 2D axisymmetric 

geometry and a coupled heat transfer and fluid flow problem is solved under non-isothermal 

interface. Axial temperature profiles for different tube IDs as a function of the precursor position 

from reactor inlet as it traverses the heated reaction zone are shown in Figure 5-4a, while gradients 

in temperature near the entrance region of reaction zone and evolution of thermal boundary layers 

as a function of tube ID are illustrated in Figure 5-4b. The variation in heat transfer rates induces 

deviation in effective residence time (τeff.), which is defined as the ratio of time spent by precursor 

at setpoint temperature in the reaction zone to the desired residence time. It was found that tube 

IDs below 3/8 inch have >90% τeff, while further increasing the tube ID results in poorer heat and 

mass transfer characteristics compared to those typically seen in batch reactor (Figure 5-14). Thus, 

owing to short diffusion length scales and high SA/V for tube IDs below 3/8 inch (0.952 cm), the 

fluid exhibits a near step-function change in the temperature from room temperature to the reaction 

temperature. The reactor tubing was modeled with uniform wall temperatures to characterize 
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developing thermal boundary layers radially inward to the tube axis. The boundary layer thickness 

increases along the length of the tube and gradually fills the entire flow section. The distance from 

inlet to the region of boundary layer convergence is defined as thermal entrance length (LT), 

beyond which there is no radial gradient in temperature.209-210 The LT for a 1/16 inch reactor is 2.1 

cm, while a 1 inch reactor has LT of ⁓5200 cm–a three order of magnitude increase when operated 

at same reaction conditions (140 °C and 60 min res time). Owing to small system dimensions in 

case of 1/16 inch (radius of 0.079 cm), boundary layers quickly develop resulting in fast heat 

transfer characteristics and a high τeff. Details on meshing sequence and modelling parameters are 

summarized in Figure 5-12 and Figure 5-13, and Table 5-2.  

Tradeoffs associated with enlarging reactor tubes for higher production rate while losing benefits 

of small system dimension in the flow reactor must be judiciously considered before scaling-up 

the system.211 Computing MOF production rates and consumption of reagents with an increase in 

the tube ID is important from a standpoint of logistical planning while operating in a continuous 

manufacturing environment. A target scenario for synthesizing 1 kg of Ni2Cl2(BTDD) per month 

with continuous operation was evaluated and presented in Figure 5-15 and Table 5-3; additional 

assumptions are described in section 3 of the Supporting Information. Based on our heat transfer 

models, in order to maintain favorable heat and mass transfer characteristics, the reactor 

configuration must have a maximum ID of 3/8 inch. However, this configuration can only achieve 

~0.21 kgMOF per month, while the reactor with 1/16 inch ID used in the current study synthesizes 

~0.00587 kgMOF per month, two orders of magnitude lower. A resourceful strategy in this case 

would be using a combinatorial approach of increasing tube ID to an extent where heat transfer 

characteristics are retained, and parallelization of such reactor units, ensuring higher production 

rates. Estimates presented in Figure 5-15a require using 5 identical reactor units of 3/8 inch ID 

operated in parallel to achieve the target production scenario of 1 kg of Ni2Cl2(BTDD) per month. 

Traditional batch synthesis procedure employs 1000 mL glass bottle, producing 260 mg of 

Ni2Cl2(BTDD) from 528 mL of reaction mixture heated at 100 oC for 48 h. Scaling-up the synthesis 

to manufacture 1 kg of Ni2Cl2(BTDD) would involve using ca. 3847 bottles of 1000 mL capacity, 

each containing ca. 528 mL of reaction mixture. From an operational standpoint, replacing 3847 

bottles of 1 L capacity with one large volume reactor vessel, for example 3500 L vessel with ~58% 

of its volume filled would be ideal, however it may require re-optimization of reaction conditions 

due to their poor translation with change in batch reactor volume.24 Section 5.4.2 in SI provides 
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additional details on production scenarios. The flexibility and modular configuration of flow 

reactors opens pathways for cost-efficient and industrial scale manufacturing of novel MOFs. 

 

 

Figure 5-4 (a) Axial temperature profile along the length of reactor tube plotted against position 

of the precursor slug from reactor inlet. (b) Three dimensional (3D) slice plots at the entrance 

region of flow reactor showing both the temperature gradient and the growth of thermal boundary 
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layers in the heated reaction zone as a function of tube ID. Outer diameter and tube wall is held at 

140 oC and fluid flow has linear velocity of 13.4 cm/min to achieve residence time of 60 min (8 m 

reactor tube length). 

 

5.3. Conclusions 

An optimized flow synthesis procedure permits the accelerated manufacturing of Ni2Cl2(BTDD)–

a strong candidate for adsorption-based atmospheric water capture platforms. Process parameters 

such as residence time, reaction temperature, and solvent quantity were optimized by mapping the 

chemical synthesis space of Ni2Cl2(BTDD). Ideal synthesis conditions in flow resulted in reduced 

methanol and hydrochloric acid volumes in the precursor mixture by 50% and 40% respectively, 

while achieving threefold increase in productivity compared to batch synthesis. Tradeoffs 

associated with using larger tube sizes on process productivity and deteriorating heat transfer 

properties were evaluated using a CFD model. These results represent a critical advance towards 

realizing a sustainable and scalable manufacturing route for Ni2Cl2(BTDD) and provide a potential 

blueprint for the production of other azolate-based, water-stable MOFs that may impact 

atmospheric water generation technologies and other applications requiring water stability and 

high porosity. 
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5.4. Supporting Information 

5.4.1. Materials and Methods 

All reagents except H2BTDD ligand are commercially purchased: NiCl2•6H2O (Strem Chemicals), 

HCl (32-35%, BDH – VWR Analytic), Methanol (99.9%, VWR), N,N-dimethylformamide 

(99.8%, Millipore). H2BTDD ligand was synthesized as described in previous literature.191, 212-214 

Reagents for ligand synthesis are summarized: 1-chloro-2,4-dinitrobenzene (99%, TCI), Catechol 
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(99%, Sigma-Aldrich), K2CO3 (99%, Sigma-Aldrich), Sn Powder (150 micron, 99.5%, Sigma-

Aldrich), diethyl ether (99%, Sigma-Aldrich), Trimethylsilyl bromide (97%, Sigma- Aldrich). 

Acetone (ACS grade, Macron Chemical), Fuming HNO3 (90% min, Macron), H2SO4 (95-98%, 

BDH Chemicals), Acetic Acid (ACS grade, VWR BDH Chemicals), NaNO2 (98%, Alfa Aesar), 

Ethanol (200 proof, Koptec), KOH (ACS grade, BDH chemicals), CsF (99%, Beantown 

Chemicals) were used as received. Benzene (ACS grade, EMD) was purged with argon, and 

subjected to three freeze-pump-thaw cycles before bringing into a nitrogen-filled glovebox and 

stored over 3 Å molecular sieves. 

Synthesis of Ni2Cl2(BTDD) in Batch: In a typical synthesis, 228 mg H2BTDD (0.75 mmol) was 

dissolved in 200 mL N,N-Dimethylformamide (DMF) in a 1000 mL Pyrex glass bottle by stirring 

and heating to approximately 100 °C. The clear solution was then cooled to room temperature. In 

a separate 500 mL bottle, 1.9 mmol (2.2 eq.) metal chloride hydrate was dissolved in a solution of 

200 ml methanol and 128 mL of 37 wt. % hydrochloric acid. The clear solutions were added to a 

1000 mL Pyrex glass bottle (~53% filled), capped, and heated to 100 °C in an oven for 48 h. The 

reaction mixtures were removed from the oven and filtered to collect the solids followed by 

washing with DMF and methanol. For approximately 100 mg of Ni2Cl2(BTDD), solvent exchange 

is carried out using 30 mL of DMF thrice and 30 mL of methanol thrice, followed by Soxhlet 

extraction with 100 mL methanol for approximately 48 h. Samples from the batch and flow were 

activated under dynamic vacuum at 100 °C for 24 h.  

Powder X-ray diffraction (PXRD) patterns were recorded with a Bruker D8 Advance II 

diffractometer equipped with a θ/2θ Bragg-Brentano geometry and Ni-filtered CuKα radiation 

(Kα1 = 1.5406 Å, Kα2 = 1.5444 Å, Kα2/Kα1 = 0.5). The tube voltage and current were 40 kV and 

40 mA, respectively. Samples for PXRD were prepared by placing a thin layer of the appropriate 

material on a zero-background silicon crystal plate. Figure 5-7 (a, b) shows the PXRD of the 

synthesized samples with different crystallinity along with background correction scheme used for 

measuring the relative crystallinity. 

Relative Crystallinity (% RC) measurements were calculated using the HighScore Plus analysis 

package from Panlytical. During the course of optimization of synthesis parameters, many reaction 

conditions resulted in a semi-crystalline or an amorphous sample. Given that the material 

crystallinity is an indispensable characteristic, the Equation 5-1 was used to quantify the RC of all 
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synthesized samples. We subtracted the constant background intensity (Iconst.bkgd) from the total 

intensity (Itot) to remove substantial contributions to the signal from amorphous phases found in 

semi-crystalline samples. The intensity contribution from crystalline peaks (Icryst) was calculated 

using the corrected background, which was computed by an iterative method developed by 

Sonneveld et al.140 that takes into account granularity of the background fitting and bending factors 

pertaining to the curvature. 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦 (% 𝑅𝐶) = 100 × (
∑ 𝐼𝑐𝑟𝑦𝑠𝑡.

(∑ 𝐼𝑡𝑜𝑡𝑎𝑙−∑ 𝐼𝑐𝑜𝑛𝑠𝑡.  𝑏𝑘𝑔𝑑)
)    (Equation 5-1) 

A summary of the investigated Ni2Cl2(BTDD) reaction conditions for the rapid optimization of 

synthesis design space (in flow reactor platform) is provided in Table 5-4. Calculations for yield 

and productivity are described in Table 5-5 and Table 5-6. We also used the Caglioti equation to 

fit the FWHM data points obtained for the peaks in the XRD pattern. The Caglioti equation, 

described below (Equation 5-2), establishes a relationship between broadening (B) and the fitting 

parameters W, V, and U that are derived as an instrument response function for X-ray diffraction. 

The curve fit provides Lorentz and Gauss coefficients that account for crystal shape factor K and 

instrument broadening.  

Caglioti equation: 

𝐵2 = (𝑊 + 𝑉𝑡𝑎𝑛𝜃 + 𝑈𝑡𝑎𝑛2𝜃)           (Equation 5-2) 

Nitrogen adsorption isotherms were measured by a volumetric method using a Micromeritics 

ASAP 2020 gas sorption analyzer. A typical sample of ca. 40 mg of metal-organic framework, 

pre-activated at 100°C to remove all residual solvent, was transferred in an Ar filled glovebox to 

a pre-weighed analysis tube. The tube with sample inside was weighed again to determine the mass 

of the sample. The tube was capped with a Micromeritics TranSeal, brought out of the glovebox, 

and transferred to the analysis port of the gas sorption analyzer. Free space correction 

measurements were performed using ultra-high purity He gas (UHP grade 5, 99.999% pure). 

Nitrogen isotherms were measured using UHP grade nitrogen. All nitrogen analyses were 

performed using a liquid nitrogen bath at 77 K. Oil-free vacuum pumps were used to prevent 

contamination of sample or feed gases. 
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Water vapor adsorption and desorption isotherms were measured by a volumetric method using a 

Micromeritics ASAP 2020 gas sorption analyzer with a vapor dose option and a heated manifold. 

A typical sample of ca. 40 mg of metal-organic framework, pre-activated at 100°C to remove all 

residual solvent, was transferred in an Ar filled glovebox to a pre-weighed analysis tube. The tube 

with sample inside was weighed again to determine the mass of the sample. The tube was capped 

with a Micromeritics TranSeal, brought out of the glovebox, and transferred to the analysis port of 

the gas sorption analyzer. Free space correction measurements were performed using ultra-high 

purity He gas (UHP grade 5, 99.999% pure). Water vapor adsorption isotherms were measured 

using Milli-Q water. The water was degassed on the ASAP 2020 manifold prior to measurement. 

All water analyses were performed using water-bath held at constant temperature with a 

recirculating chiller. The manifold was held 10 °C above the temperature of the sample water bath, 

and the vapor dosing tube was held 15 °C above the temperature of the sample water bath. Oil-

free vacuum pumps were used to prevent contamination of sample or feed gases. 

Scanning Electron Microscopy (SEM) images were acquired using Zeiss Merlin High-resolution 

SEM. Double coated conductive carbon tape was glued to an aluminum sample mount (or stubs, 

12.7 mm diameter) to minimize charging of non-conductive MOF sample and acquire high-

resolution images. Small amount of sample was transferred to the mount using a spatula and excess 

sample was dusted off using compressed air blown for a few seconds. Sample mounts were then 

sputter coated with an ultra-thin layer (~10 nm) of Au/Pd (Gold and Platinum electrode), to 

improve resolution of edge features on the sample, reduce charging and acquire high quality 

images of poorly conducting samples. The SEM was operated at a working distance of 4.9 mm, 

probe current of 100 pA and acceleration voltage of 2 kV. Images were acquired for both batch 

and flow synthesized samples at three different magnifications (8 kX, 20 kX and 60 kX). Figure 

5-8 shows SEM images comparing batch and flow-synthesized samples. 

Transmission Electron Microscopy (TEM) images were acquired using FEI Tecnai Multipurpose 

Digital TEM. MOF sample was added to a glass vial containing acetone and shaken to obtain a 

well-dispersed suspension. A drop or two of this suspension was added to the copper grid (5-6 nm 

thick and 3.05 mm wide) with a thin film of pure carbon deposited on one side (CF200-CU from 

Electron Microscopy Sciences). After the evaporation of acetone, the grid was placed on the 

sample holder and inserted in the beam column. The chamber was evacuated at 3.2e-7 torr before 
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the electron gun was switched on and aligned for acquiring high-resolution images. The TEM was 

operated at 120 kV and corrected for image aberrations using stigmator in condenser/objective 

lens. Figure 5-10 and Figure 5-11 show a comparison of TEM images acquired for MOF samples 

in batch and flow mode.  

5.4.2. Synthesis Scale-up 

Scale-up calculations are presented for the scenarios associated with the enlargement of the reactor 

tube inner diameter (ID) as a strategy to achieve higher throughput. COMSOL Multiphysics 

platform was used to calculate changes in heat transfer and flow dynamics associated with increase 

in the ID of the tubing. The reactor tubing was modeled as a 2D axisymmetric geometry with 

varying diameters from 1/16 in (0.159 cm) to 2 in (5.08 cm), and a constant length of 8 m in the 

crystallizer (heated reaction zone of the tubing). To achieve a residence time of 60 min, a linear 

velocity of 13.4 cm/min and total flow rate of 0.267 mL/min was used. A coupled heat transfer 

and fluid flow problem is solved using the nonisothermal flow interface. Laminar Flow (SPF) and 

Heat Transfer in Fluids (HT) modules are employed and boundary conditions at the inlet, outlet, 

for fluid flow and heat transfer are specified. All cases engaged physics-controlled meshing 

sequence, which ensures there were no void regions in the computational domain or overlap in 

neighboring elements. The meshing sequence also resulted in low computational time and cost, 

while maintaining sufficient resolution with desired accuracy. Axisymmetric models with single 

phase flow regime cannot be used to investigate true temperature profile of reagents in biphasic 

slug flows. Thermal properties of individual components such as tube wall, the silicone oil phase, 

and the dispersed MOF precursor phase must be considered in the model and are analogous to 

electrical resistances in a circuit. Concerning reaction driven crystallization processes, reaction 

rate (r), and reaction enthalpy (∆HR) must be considered in the model, which strongly influence 

local temperature of reagents as they traverse along the heated reaction zone.34, 215 Another 

important parameter to be considered for reactor design is the adiabatic temperature rise (∆Tad), 

which is the maximum temperature rise in the flow reactor without any heat transfer.33, 204  It takes 

into account reaction enthalpy, initial concentration of reagents, conversion of reagent in the 

reaction, specific heat capacity of reagents. These parameters could significantly change based on 

the reaction probed in flow synthesis. Table 5-2 provides physiochemical properties of the 

continuous phase used for modelling and Figure 5-12 illustrates variation in meshing sequence 
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associated with changes in the reactor tube ID. Figure 5-13 is a 2D plot visualizing evolution of 

thermal boundary layers in radial direction–outer diameter to tube axis, for different tube IDs. 

Scaling-up the flow reactor platform would require appropriate sizing of pumping equipment, 

sample containers and associated components–Figure 5-13 provides estimated flow rates used to 

achieve a residence time of 60 min (in a reactor tubing of 8 m) with different tube IDs. It is also 

essential to calculate the consumption of reagents while scaling-up the flow reactor platform; the 

data helps plan the logistics for executing a target production rate in a continuous manufacturing 

environment (for example, to manufacture 1 kg of MOF per month; a month is 30 days). 

Volumetric flow rates of Oil:Precursor are in a 1:2 ratio, leading to a precursor flow rate of 0.187 

mL/min in a 1/16 in reactor tubing to achieve 60 min residence time. Figure 5-14 and Table 5-3 

shows multiple scale-up scenarios for different reactor IDs. All calculated values were based on a 

constant yield of 80% and a productivity of 0.765 kgMOF m-3day-1 (kg of MOF synthesized per 

m3 of precursor mixture per day). Using a parallelization scheme, we estimated the required 

numbers of parallel reactors with identical configurations to achieve the target production rate of 

1 kg of MOF synthesized per month. Based on the batch synthesis procedure described in section 

2, we would synthesize 260 mg of Ni2Cl2(BTDD) from 528 mL of reaction mixture heated at 100 
oC in a 1000 mL glass bottle for 48 h (a productivity of 0.245 kgMOF m-3day-1). In order to generate 

1 kg of Ni2Cl2(BTDD) in batch, we would need ~3,847 glass bottles of 1000 mL capacity, each 

containing 528 mL of reaction mixture. Using a larger volume batch reactor could require re-

optimization of synthesis conditions and may result in diminished yields.24 

For evaluating engineering productivities based on the volume of reactor vessel, we present the 

following analysis comparing batch and flow reactors operated for a period of 1 month (30 days). 

A part of the calculation for production rates from parallelized configurations of flow reactors is 

described in Figure 5-15. One flow reactor of 1/16 inch ID with a 16 mL reactor volume generates 

5.87 g per month and if we operate 6 identical flow reactors, the production rate of Ni2Cl2(BTDD) 

would be 35.253 g per month. On similar lines, one batch reactor with a 1000 mL volume generates 

1.929 g per month when they are renewed every 48 hour for a month; operating 6 identical batch 

reactors results in 11.575 g per month. However, batch reactors need a downtime of ~3-6 h in 

between consecutive runs; assuming a 6 h downtime between runs, each synthesis cycle lasts for 

54 h, producing 1.714 g per month and 6 identical reactors results in 10.288 g per month. We 
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consider 30 days per month for calculations. The resulting productivities based on the amount of 

MOF synthesized per volume of reactor per month are: 

x Flow synthesis: 367.21 𝑘𝑔𝑀𝑂𝐹 𝑚−3𝑚𝑜𝑛𝑡ℎ−1 

x Batch synthesis: 1.929 𝑘𝑔𝑀𝑂𝐹 𝑚−3𝑚𝑜𝑛𝑡ℎ−1 

x Batch synthesis (with downtime): 1.714 𝑘𝑔𝑀𝑂𝐹 𝑚−3𝑚𝑜𝑛𝑡ℎ−1 

It is necessary to correlate the productivities obtained from batch and flow syntheses to the amount 

of MOF required for use in an AWC device, which helps evaluate the efficacy of syntheses routes 

to fulfill real-world demands. For instance, the AWC device presented by Hanikel et al.58 uses Al 

based MOF-303 operating at 10-40% RH and was able to deliver 1.3 L of water per kg of MOF 

for a 24 hour harvesting cycle. MOF-303 has a gravimetric water uptake capacity of 0.3 g/g (g of 

water per g of MOF) at a P/Po of 0.4 and the device used ~430 g of MOF. Replacing MOF-303 

with Ni2Cl2(BTDD) in the device would increase the water delivered per cycle atleast by a factor 

of 2. From the production scenario described in Figure 5-15, operating 5 reactors with a 3/8” ID 

helps achieve a production target of 1 kg Ni2Cl2(BTDD) per month. The MOF produced per month 

would operationalize two water capture devices of the same configuration described by Hanikel et 

al.58 for generating potable water using solar energy. It is worth noting that the water harvesting 

capacity (per capture cycle) of sorbent-based water capture devices is still fairly low compared to 

other atmospheric water capture techniques such as fog capture or dewing, but in arid and semi-

arid areas with RH lower than 60%, sorbent-based water capture is the most efficient route to 

capture water vapor and convert it to potable water. 57, 187, 216   
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Figure 5-5 Continuous flow-reactor setup used for synthesis and optimization. 

 

Figure 5-6 Bubble-point pressures of multiple components calculated by Aspen.  
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Figure 5-7 (a) PXRD patterns of Ni2Cl2(BTDD) obtained at different flow syntheses conditions 

showing varied levels of crystallinity, compared against simulated pattern. (b) Background 

correction scheme used to quantify intensity contributions from crystalline domains in the sample. 
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Figure 5-8 Characterization of Ni2Cl2(BTDD) synthesized at three different batch conditions 

(100°C, 120°C, 140°C at 48 hour) and their comparison with the ‘flow optimized’ condition 

(140°C and 1 hour). The volumetric ratio of “DMF:CH3OH:HCl = 1:0.5:0.38” was used for all 

synthetic conditions which corresponds to the reaction mixture composition optimized in the flow 

reactor. (a) PXRD patterns, (b) N2 adsorption isotherm at 77 K, (c) water vapor adsorption isotherm 

at 298 K, and (d) Batch samples (pre- and post-synthesis) in a 120 mL Pyrex glass bottle.  
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Figure 5-9 SEM images of Ni2Cl2(BTDD) synthesized in batch (a-c) and flow (d-f). 

 

Figure 5-10 TEM images of Ni2Cl2(BTDD) synthesized in batch (a-c) and flow (d-f). 
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Figure 5-11 TEM images of Ni2Cl2(BTDD) synthesized in flow showing a “bouquet of crystals”. 

Higher resolution images (c-d) show needle-like crystal morphology. 
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Figure 5-12 Physics-controlled meshing sequences with different tube diameters to model fluid 

flow and non-isothermal heat transfer using the COMSOL Multiphysics platform. 



155 
 

 

Figure 5-13 2D plots showing the growth of the thermal boundary layers (radially inward toward 

tube axis @r=0) for different tube IDs. Tube wall is held at 140 oC and fluid flow had linear 

velocity of 13.4 cm/min to achieve residence time of 60 min (~ 8 m reactor tube length). 
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Figure 5-14 Variation in precursor flow rate as a function of reactor tube ID. Effective residence 

time (τeff.) decreases with reactor tube ID and is > 90% for tube IDs below 3
8
 inch.  
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Figure 5-15 (a) Production output as a function of reactor tube ID and parallelization scenarios to 

achieve 1 kg of Ni2Cl2(BTDD) per month. We consider 30 days per month for calculations. (b) 

Solid and liquid reagents consumed per month based on the chosen reactor configuration. All cases 

assumed 80% yield and a productivity of 0.765 kgMOF m-3day-1. 
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Table 5-1 Residence time for multiple flow rates in a reactor volume of 16 mL. The reactor tubing 

had an inner diameter of 1/16 in (0.159 cm) with a heated reaction zone length of 8 m. 

Total Flow Rate* (mL/min) Residence 
Time 

Linear 
Velocity 

Total 
Oil:Precursor (1:2) 

Oil Precursor min hour cm/min 
1.067 0.320 0.747 15 0.25 53.870 
0.534 0.160 0.374 30 0.50 26.900 
0.267 0.080 0.187 60 1.00 13.460 
0.134 0.040 0.094 120 2.00 6.730 
0.067 0.020 0.047 240 4.00 3.360 

 

 

Table 5-2 Physiochemical properties of silicone oil (continuous phase) and dimensions of tubing 

used in the reactor for crystallization of Ni2Cl2(BTDD). 

Density of Oil (@ 25 oC) 855 kg/m3 
Kinematic Viscosity Of Oil (@ 25 oC) 1.2E-05 m2/s 

PTFE Tubing (max operating range) 370 psi, 260 oC 

T-joint (max operating range) 225 psi, 130 oC 

PTFE Tubing Dimensions (in) 1/8" OD, 1/16" ID 

 Specific Heat Capacity (Cp) of Oil 2000 J/Kg/K 

Thermal Conductivity (k) of Oil 0.135 W/m/K 
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Table 5-3 Data for Figure 5-15 that evaluates scale-up scenarios by enlarging the reactor inner 

diameter. All the values assume 80% process yield and a productivity of 0.765 kgMOF m-3day-1. 

Flow rates reported are for precursor only (volumetric flow ratio of 1:2 for Oil:Precursor was 

maintained). Changes in the reagents consumption due to variation in the reaction conditions were 

considered in the calculations. Silicone oil is immiscible with the reaction mixture and can be 

reused in the synthesis. 

Tube 

ID 

(in) 

Precursor Flow 

Rate (Q) 
MOF Production DMF HCl CH3OH 

NiCl2.

6H20 

H2BT

DD 

mL / 

min 
mL/day mg/day 

kg/ 

month 

liter/month 

(consumed) 

kg/month 

(consumed) 

0.062 0.2 256.1 195.9 0.01 4.08 1.57 2.03 0.01 0.01 

0.125 0.7 1024.1 783.4 0.02 16.31 6.26 8.15 0.05 0.03 

0.250 2.8 4096.2 3133.6 0.09 65.23 25.05 32.61 0.21 0.11 

0.375 6.4 9216.6 7050.6 0.21 146.76 56.35 73.38 0.47 0.23 

0.500 11.4 16384.9 12534.5 0.38 260.90 100.18 130.45 0.84 0.42 

0.750 25.6 36866.2 28202.6 0.85 587.04 225.42 293.52 1.89 0.95 

Error! Not a valid link. 

 

 

 

 

 

 

 

 

Table 5-4 Summary of Ni2Cl2(BTDD) reaction conditions investigated for rapid optimization of 

synthesis space using the flow reactor platform. Amount of DMF, and molar ratio of metal to 
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ligand (M:L) was constant in all cases. ‘HCl:DMF’ and ‘CH3OH:DMF’ ratios denote the 

volumetric ratio of hydrochloric acid to DMF and methanol to DMF used in the precursor mixture. 

Run # 38, 39 are duplicates of Run # 22 and 23 to show reproducibility. Molar ratio of ‘Acid:Metal’ 

represents moles of HCl to Ni metal in the precursor mixture. 

Run # 

Reaction 
Conditions Volumetric Ratio Molar Ratio Rel. Cryst. 

Res. 
Time 
(min) 

Temp. 
(oC) 

HCl:DM
F 

CH3OH:DM
F M:L Acid:Meta

l % RC 

1 120 120 0.062 1.00 2.2 216.35 32.9 

2 120 130 0.062 1.00 2.2 216.35 10.9 

3 240 130 0.125 1.00 2.2 432.71 0.0 

4 120 120 0.25 1.00 2.2 865.42 9.0 

5 120 140 0.25 1.00 2.2 865.42 0.0 

6 240 140 0.25 1.00 2.2 865.42 0.0 

7 30 150 0.125 1.00 2.2 432.71 26.6 

8 60 140 0.625 1.00 2.2 2163.54 0.0 

9 60 150 0.625 1.00 2.2 2163.54 0.0 

10 120 140 0.625 1.00 2.2 2163.54 0.0 

11 240 120 0.375 0.50 2.2 1298.12 43.0 

12 60 140 0.625 1.00 2.2 2163.54 0.0 

13 30 150 0.625 1.00 2.2 2163.54 0.0 

14 240 120 0.625 1.00 2.2 2163.54 73.0 

15 120 130 0.375 1.00 2.2 1298.12 0.0 

16 60 130 0.375 0.50 2.2 1298.12 0.0 

17 60 120 0.375 0.50 2.2 1298.12 0.0 

18 30 120 0.375 0.50 2.2 1298.12 0.0 

19 30 140 0.375 1.00 2.2 1298.12 58.6 

20 30 145 0.375 1.00 2.2 1298.12 0.0 

21 30 135 0.375 1.00 2.2 1298.12 41.4 

22 30 140 0.375 0.50 2.2 1298.12 85.4 
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23 60 140 0.375 0.50 2.2 1298.12 100.0 

24 120 140 0.375 0.50 2.2 1298.12 33.6 

25 120 140 0.375 0.50 2.2 1298.12 28.0 

26 60 150 0.375 0.50 2.2 1298.12 27.2 

27 30 150 0.375 0.50 2.2 1298.12 34.9 

28 120 120 0.375 0.50 2.2 1298.12 28.3 

29 120 130 0.375 0.50 2.2 1298.12 44.9 

30 30 140 0.375 0.25 2.2 1298.12 66.7 

31 60 140 0.375 0.25 2.2 1298.12 62.9 

32 120 140 0.375 0.25 2.2 1298.12 48.5 

33 30 150 0.375 0.50 2.2 1298.12 22.9 

34 120 120 0.375 0.25 2.2 1298.12 56.0 

35 30 140 0.250 0.25 2.2 865.42 40.6 

36 60 140 0.250 0.25 2.2 865.42 33.1 

37 60 130 0.250 0.25 2.2 865.42 45.8 

38 30 140 0.375 0.50 2.2 1298.12 87.7 

39 60 140 0.375 0.50 2.2 1298.12 100.0 

40 30 130 0.062 0.50 2.2 216.35 45.7 

41 120 150 0.062 0.25 2.2 216.35 0.0 

42 60 135 0.250 0.50 2.2 865.42 47.3 

43 60 145 0.625 0.50 2.2 2163.54 48.6 

44 15 140 0.625 0.25 2.2 2163.54 45.7 

45 120 125 0.375 0.50 2.2 1298.12 0.0 

46 240 150 0.375 0.50 2.2 1298.12 0.0 

47 120 120 0.375 0.50 2.2 1298.12 9.0 

48 30 145 0.375 0.50 2.2 1298.12 41.7 

Batch 2880 100 0.625 1.00 2.2 2163.54 92.7 
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Table 5-5 BET surface areas and corresponding % RC (Relative Crystallinity) for batch and flow 

samples presented in Figure 5-8. 

Sample ID Surface Area (m2/g) % RC 
Batch (100°C 48 h) 1795 ± 18 69.6 
Batch (120°C 48 h) 1871 ± 16 75.3 
Batch (140°C 48 h) 1944 ± 20 78.4 
Flow (140°C 1 h) 2157 ± 17 100 

 

 

Table 5-6 Yields were calculated based on the conversion of the limiting reagent (H2BTDD 

ligand) into Ni2Cl2(BTDD). A factor of 80% is used for mass retained after activation as we expect 

to lose 10-30% of mass (from solids obtained after synthesis) when activated, due to removal of 

water and other solvents from pores of Ni2Cl2(BTDD). 

𝑌𝑖𝑒𝑙𝑑 (%) = ( 𝑆𝑜𝑙𝑖𝑑𝑠 𝑂𝑏𝑡𝑎𝑖𝑛𝑒𝑑 𝑓𝑟𝑜𝑚 𝑆𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠
𝑆𝑜𝑙𝑖𝑑𝑠 𝑂𝑏𝑡𝑎𝑖𝑛𝑒𝑑 𝑓𝑟𝑜𝑚 100% 𝐻2𝐵𝑇𝐷𝐷 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛

) × ( 80
100

) × 100  (Equation 5-3)  

Precursor 

Component 

Molar 

Mass 

Initial Amount in 

Precursor 

Solids Obtained 

for 100% 

H2BTDD  

Conversion to 

Ni2Cl2(BTDD) 

Actual 

Solids 

Obtained 

(non-

activated) 

Yield 

(activated) 

g/mol mg mol mg mg % 

H2BTDD Linker 266.2 51 1.915e-4 86.68 86.25 79.6 

Ni2Cl2(BTDD) MOF 452.5  
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Table 5-7 Process productivity for the batch and flow synthesis of Ni2Cl2(BTDD) using volume 

of reaction mixture.  

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑘𝑔𝑀𝑂𝐹 𝑚−3𝑑𝑎𝑦−1) =
Production Rate ( kg

day)

Precursor Feed Rate (𝑚3
ℎ )×24ℎ

              (Equation 5-4)  

Synthesis 
Route 

Res. 
Time 
(min) 

Flow Rate 
(mL min-1) 

Activated Precursor 
consumed 

per day 
(mL day-1) 

Productivity* 
(mgMOF mL-3day-1) 

or 
(kgMOF m-3day-1) 

Yield  
(%) 

Solids 
Obtained 
(mg day-1) 

Flow 
@140 oC 60 0.178 195.85 256.1 0.765 ~ 80 

Batch 
@100 oC 2880 N/A 64.31 262.5 0.245 ~ 75 

*Productivity was calculated based on Equation 5-4.  

Flow synthesis results in a 3-fold higher productivity compared to batch. 

 

Table 5-8 Process productivity for the batch and flow synthesis of Ni2Cl2(BTDD) using volume 

of reactor.  

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝑅𝑒𝑎𝑐𝑡𝑜𝑟 𝑉𝑜𝑙. (𝑘𝑔𝑀𝑂𝐹 𝑚−3𝑑𝑎𝑦−1) =
Production Rate ( kg

day)

Volume of Reactor
            (Equation 5-5)  

Synthesis 
Route 

Res. 
Time 
(min) 

Flow Rate 
(mL min-1) 

Activated 
Reactor 
Volume 

(mL) 

Productivity** 
(mgMOF mL-3day-1) 

or 
(kgMOF m-3day-1) 

Yield  
(%) 

Solids 
Obtained 
(mg day-1) 

Flow 
@140 oC 60 0.178 195.85 16 12.24 ~ 80 

Batch 
@100 oC 2880 N/A 64.31 1000 0.064 ~ 75 

**Productivity is calculated based on Equation 5-5.  

Flow synthesis results in a 2 order of magnitude (⁓190 times) higher productivity compared to 

batch. 
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6. A Compact Device for Practical Atmospheric Water Harvesting 
 

In this chapter, a novel concept for a compact and affordable sorbent-based atmospheric water 

harvesting (AWH) device is presented. The device is capable of on-demand generation of water 

using low-grade energy such as sunlight and targeted for use by remote communities as well as 

the lucrative outdoor- & adventure-sports market. We rigorously follow the product design 

methodology to develop a theoretical framework and detailed designs aided by computational 

modelling that help evaluate operational feasibility of the device. The MOF (Metal–Organic 

Framework) recently reported by the Dincă group at MIT (Ni2Cl2(BTDD)) and its synthesis 

optimized in our previous study102 has shown unprecedented levels of gravimetric water uptake 

(82% water by wt. below 30% RH), is used for calculating performance metrics of the AWH device 

termed as the ‘MOTTLE’. For reduced manufacturing costs, the MOTTLE uses commercially 

available construction materials such as Aluminum, PMMA, and borosilicate glass, which are 

durable, light-weight and improve overall device productivity owing to better thermal conductivity 

and high IR transmissivity. The device consists of two modules, a moisture battery and an external 

enclosure (or a condenser). The moisture battery functions as a reservoir of water-vapor and is 

judiciously designed to ensure maximum water yield per uptake/release cycle coupled with the 

ability to seamlessly run multiple cycles during day- and night-time operation. The estimated 

productivity (L/kg/day) of our device is similar to the existing bulky prototypes despite being an 

order of magnitude lighter in weight and a smaller footprint (reduced by 5X). We strongly believe 

that a compact design for AWH device coupled with low-cost manufacturing would be key for 

widespread deployment and a successful commercial product. 

 

6.1. Introduction and Motivation 

Most of the arid and semi-arid regions in the world do not have access to potable water. This 

problem will worsen due to increasing global water demand for both personal and industrial use, 

a growing global population, and desertification of fertile areas through over-farming and climate 

change, eventually leading to a projected water deficit of almost 2000 billion m3 by 2030.184, 217 

Our planet does not lack water, however most of the water is either too salty or locked in ice. 

Energy-intensive methods such as desalination produce relatively cheap fresh water, however it 
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requires a distribution infrastructure and a large capital cost.218 Water-vapor in the atmosphere is 

another fresh water resource which holds ~10% of all fresh water in lakes on earth and is 

ubiquitously present across the planet.219 Developing a low-cost and energy-efficient process for 

capture and conversion of water-vapor to potable water would be key in solving water shortages 

faced in arid and semi-arid areas. Current atmospheric water harvesters (AWH) function by 

dewing (chilling air below its dew point) or by distilling water absorbed in concentrated brine, 

both of which are energy-intensive processes and are not viable options for use in remote locations 

with no energy-access.220 For water capture below 50% RH, the AWH should operate with a 

sorbent material that can uptake and release water-vapor with minimum energy requirements and 

powered by abundantly available low-grade energy sources such as sunlight. The ideal AWH 

sorbent material requires physical properties such as large gravimetric capacities, steep water 

uptake characteristics in a narrow RH range, and complete water release with minimal temperature 

swings over thousands of cycles. Metal-organic frameworks (MOFs) fulfill many, if not all of 

these requirements. MOFs are crystalline coordination lattices consisting of multitopic organic 

linkers and inorganic polynuclear clusters forming highly ordered 2D and 3D structures.40 

A handful of recent studies57-58, 221 have presented prototype AWH devices that use MOFs as 

sorbents for water capture and operate using abundantly available solar energy. For instance, 

Hanikel et al.58 used Al based MOF-303 in AWH device operating at 10-40% RH, which was able 

to deliver 1.3 L of water per kg of MOF for a 24-hour harvesting cycle. The productivity of the 

device expressed in terms of L of water per kg of MOF per day was 1.3 L/kg/day. The device was 

bulky (~12 kg) and had a large footprint (110x110x40 cm). The device also used external battery 

power for heating the MOF bed (for quicker regeneration) as well as a fan for faster saturation of 

MOF in order to accommodate multiple water capture cycles for a 24 hour period; these 

operational attributes combined with low water yields make the existing AWH devices unattractive 

for widespread deployment. We present a concept for a compact AWH device that can operate 

seamlessly during day- and night-time, with similar water yields rivaling the bulky counterparts 

described in previous publications. The device can generate water in remote locations on-demand 

using sunlight-during the day and low-grade heat source such as a candle or cigarette lighter during 

night-time. The device weighs ~1.1 kg with a foot-print of Ø11x26 cm (similar to a 1-2 L water 

bottle) and is constructed from commercially available materials such as Aluminum, PMMA, glass 

etc. The device is targeted for use by remote communities as well as the lucrative outdoor- & 
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adventure-sports market, wherein the goal is to ensure fast generation of water using a compact 

‘bottle shaped’ device in areas with no access to potable water. 

Although the field of MOF-based AWH devices is relatively new and in an exploratory phase, two 

major bottlenecks in deployment of these devices are: 1) Low water yield from bulky devices, and 

2) High cost of sorbent. Manufacturing cost of sorbents can be lowered by choosing MOFs whose 

starting materials are low-cost and commercially available. We strongly believe that a compact 

design for AWH device coupled with low cost of manufacturing would be key for widespread 

deployment and a successful commercial product.     

6.2. Results and Discussion  

The overarching goal of this chapter is to present a novel concept for a compact and affordable 

AWH device capable of on-demand generation of water using solar energy in an arid or semi-arid 

environment. Our device uses a coating comprised of MOF along with a binding agent (such as 

Polysiloxane or graphite) as the active material for sorption, hence the device is referred to as the 

‘MOTTLE’ (MOF-based Water Capture Bottle). For the purposes of evaluating performance 

metrics of the MOTTLE, we use the stellar MOF termed Ni2Cl2(BTDD), which delivers a 

gravimetric uptake capacity of 0.82 g/g (g of water per g of MOF) below 30% RH.62 Table 6-1 

summarizes key features of MOTTLE compared to existing AWH devices.  

Table 6-1 Comparing key attributes of existing AWH device and the MOTTLE 

Key Characteristic Previous Prototype57 MOTTLE 

Device Size (cm) 61x61x26 (device) and 91x91x31 (enclosure) Ø11x26 

Approx. device  
weight (kg) ⁓ 12 ⁓ 1.1 

MOF/Binder 
loading 450 g (MOF-303) + 150 g (Graphite) 

174 g 
Ni2Cl2(BTDD) + 58 
g (Siloxane Binder) 

Multiple AWH 
cycles  

(24 hours) 
Yes (Extra battery, heater, fan) Yes 

Water Yield per 
AWH cycle and 

Device Productivity 
0.175 L/kg (MOF-303) and 1.3 L/kg/day 0.82 L/kg  

(Ni2Cl2(BTDD))  

Construction 
Materials PMMA, PS Foam, Wood, Al PMMA, Al, Glass 
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Modularity No Yes (Standalone 
Water Bottle) 

Schematic of the 
Device 

 

 
 

We followed a systematic product design methodology during the course of concept generation, 

detailed design and understanding the value proposition of the product. The following technical 

section is divided into two segments: 1) Device operation during day- and night-time, 2) 

Computational Models, and 3) Device fabrication and assembly. 

6.2.1. Device Operation 

The MOTTLE comprises of two main modules, the moisture battery, which holds the MOF 

coating, and an external case that encloses the battery. The moisture battery comprises of an 

aluminum base-plate with 78 threaded circular holes (2.84 mm ID) which accommodate threaded 

aluminum rods (203 mm long). The Al rods comprise of 1.5 mm thick sorbent coating (MOF + 

binder). The moisture battery is designed to hold 312 cm3 of sorbent, equaling 174 g of MOF along 

with 58 g of binding agent (3:1 ratio by mass). The resulting powder particle density is 0.74 g/cm3 

(Equation 1), which is the ideal value for moisture transfer.219 The geometry of the battery was 

chosen to facilitate max sorbent loading with a large surface-to-volume ratio in order to facilitate 

faster heat and mass transport processes. The Al components in the battery are light-weight, and 

durable with good thermal properties compared to the stainless steel counterparts. The external 

case is made from clear PMMA (Polymethyl methacrylate) which has a high melting point 

(160oC), highly IR transparent, and shatter-resistant.57 The inner diameter of the enclosure holds a 

solar heat pipe (1.5 mm thick borosilicate glass) coated with a solar absorptive layer that ensures 

efficient absorption of incident solar radiation and transfer of heat to the moisture battery, which 

facilitates faster release of moisture accelerating the water-vapor release cycle. The outer walls of 
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the PMMA enclosure act as the condenser and provides surface for heat transfer with the 

surroundings. The enclosure has an annular cavity (460 mL) which stores the condensed water that 

can be collected for use after the release cycle is complete. Figure 6-1 and Figure 6-2 provide 

schematics for the moisture battery and the external case (condenser) module. 

 

𝜌𝑆𝑜𝑟𝑏𝑒𝑛𝑡 =  𝑚𝑠𝑜𝑟𝑏𝑒𝑛𝑡
𝑚𝑀𝑂𝐹
𝜌𝑀𝑂𝐹

+
𝑚𝑏𝑖𝑛𝑑𝑒𝑟
𝜌𝑏𝑖𝑛𝑑𝑒𝑟

= 500 𝑔
375 𝑔

0.7 𝑔.𝑐𝑚−3+ 125 𝑔
0.9 𝑔.𝑐𝑚−3

= 0.741 𝑔. 𝑐𝑚−3  … (Equation 6-1) 

 

 

Figure 6-1 Moisture Battery with sorbent coating 
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Figure 6-2 External case or enclosure (condenser). 

The water harvesting cycle (WHC) for the MOTTLE is similar to the existing sorbent-based AWH 

devices. Figure 6-3 shows the WHC comprising of capture and release cycles. The capture cycle 

starts with exposure of unsaturated MOF battery to ambient air, wherein MOF adsorbs the water-

vapor in the pores. The saturation of the MOF at a given RH can be estimated from the water 

adsorption isotherms; large uptake values at low RH can be achieved in hydrolytically stable 

MOFs with large pore volumes and hydrophilic pore environments.222 The saturated MOF battery 

is inserted into the external case and locked using 8-32 screw threads provided at the bottom of 

the Al base-plate. During day-time operation, exposure to sunlight heats up the battery leading to 

release of water-vapor. The hot humid air is subsequently cooled down when it comes in contact 

with the outer wall of the external case (or condenser module), in our case by ambient cooling, to 

its dew point that results in liquefied water collected in the annular cavity of the external case. The 

collecting cycle (i.e. release of water-vapor and condensation) continues in the MOTTLE until the 

MOF is unsaturated. The unsaturated moisture battery is now unscrewed from the external case 

and exposed to ambient air to saturate it with water-vapor and the next water harvesting cycle 

continues.  
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Figure 6-3 Water harvesting cycle (WHC) composed of water-vapor capture and release cycles. 

Solid arrows indicate saturation of MOF battery and release of vapor when heated, which 

condenses to water collected in the external case. Dotted arrows indicate exposure of unsaturated 

MOF battery to fresh ambient air for adsorbing atmospheric water-vapor. 

Existing AWH devices57, 221 that only rely on sunlight for operation are limited to one WHC per 

day; however these devices can be equipped with a solar panel to power an electric heater, and a 

fan to speed up the cycles that can improve the productivity of the device, but make the overall 

process economically unattractive.62 In order for our MOTTLE to seamlessly continue water 

production during night-time, the WHC can be initiated using low-grade heat sources such as a 

candle or a cigarette lighter which are compact and can be easily carried by the user, unlike a bulky 

solar panel that powers a heater and a fan. During night-time operation of the MOTTLE, the heat 

source is applied to the Al base-plate of the moisture battery which results in temperatures ranging 

from 120°C closer to the base-plate to 60°C at the far end of the battery in 20 min. Additional 

details on the heat-transfer model using a heat-source are provided later in the chapter, while 

modelling heat-transfer using ambient sunlight is no covered in the present work. The external 

heat sources should be carefully chosen to achieve temperatures below 150°C in the battery to 

facilitate faster harvesting cycles without degrading the MOF structure.5 Previous studies57, 219, 221 
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have demonstrated that heating MOFs upto 70°C is sufficient for release of water-vapor. The 

external case made from PMMA (acting as a thermal insulator) is not heated and exposed to 

ambient air (ideally 15°C-30°C), which creates a temperature gradient of > 40°C in the MOTTLE; 

this temperature difference is be sufficient to create high humidity ratio (> 94% RH) required to 

condense large quantities of water. Figure 6-4 illustrates day- and night-time operation of 

MOTTLE using sunlight & external heat sources. 

  
(a)  (b)  

Figure 6-4 (a) Day-time operation of MOTTLE and (b) Night-time operation of MOTTLE 

The compact design of MOTTLE limits the total amount of MOF loading in the battery, which in 

turn reduces the water yield per harvest cycle. However, faster harvest cycles can essentially result 

in a similar or better productivity (liters of water per kg of MOF per day) compared to existing 

AWH prototype devices. Accurate modelling of WHC in a device is complicated as it depends on 

material properties (uptake capacity, pore sizes, adsorption enthalpy, hysteresis etc.) and 

component-level properties (packing porosities, MOF layer thickness, vapor transport, inter/intra-

crystalline diffusivities, thermal conductivity etc.).216 Logan et al.222 evaluated 

adsorption/desorption kinetics for a few water stable MOFs by cycling them from 30-70% RH. 

They found Zr based MOF-808 with an uptake capacity of 0.7 g/g, completes an uptake/release 

cycle in 120 min for a 1 mm layer thickness resulting in a productivity of 8.66 L/kg/day, while a 

2 mm layer thickness of MOF completed the uptake/release cycle in 220 min. We present a case 

below for estimating productivities in our MOTTLE. If we use a 1.5 mm thick MOF-808 coating 
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(~184 g of total MOF loading) and assume 180 min for completing a single uptake/release cycle 

using low grade heat source (not sunlight)–then a continuous operation of 24 h would result in a 

productivity of ~1.04 L/kg/day–fairly close to the values reported by Fathieh et al.57 The efficiency 

of the collection cycle determined in the ratio of mass of collected water to the mass of MOF used 

in the battery is usually dependent on the MOF used and the temperature difference between the 

battery and condenser module. Fathieh et al. reported the collection cycle efficiencies to be above 

75% for MOF-801, MOF-303 and Zeolite 13K, which translates to >75% of the moisture released 

is converted to drinkable water in the condenser. This represents a significant improvement 

achieved by a compact device over its bulky counterparts. If Ni2Cl2(BTDD) is used assuming other 

factors remain the same the productivity is ~1.2 L/kg/day owing higher gravimetric uptake 

capacities and steep uptake at 30% RH.61  

Our design philosophy for the MOTTLE closely follows the recommendations by LaPotin et al.216 

which describe strategies to minimize resistance to heat transfer and improve vapor transport in 

the battery as well as in the internal voids of the device, that help improve productivity parameters. 

Sorption kinetics of the moisture battery depend on intra-crystalline diffusion (within the adsorbent 

crystals) and inter-crystalline diffusion (within the bed/coating). While smaller crystals can lead 

to faster sorption kinetics within the crystals, it inevitably increases the resistance in a packed layer 

at high packing densities. Layer thickness of the sorbent has to be optimized for a given 

MOF/binder as inter- and intra-crystalline vapor transport are interrelated. In our device, for 

Ni2Cl2(BTDD) MOF, a 1 mm layer thickness results in 103 g of MOF loading, while 1.5 mm 

thickness results in 174 g of total loading which significantly improves the water yield per cycle. 

For thickness beyond 2 mm, the total sorbent loading would be >230 g which further improves the 

water yield per cycle (L/kg), however inter-crystalline transport resistance starts to dominate 

leading to longer cycle times thereby reducing the device productivity (L/kg/day). Owing to low 

thermal conductivities exhibited by MOFs (usually 0.4-1 W/(m.K)), increasing the sorbent layer 

thickness inadvertently increases the length of thermal transport thereby delaying the cycle time. 
223 Tradeoffs associated with choosing the specific MOF, coating thickness, & surface area-to-

volume ratio should be judiciously considered in order improve device productivity. 
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6.2.2. Computational Models 

Operational feasibility of the MOTTLE was evaluated using CFD (SOLIDWORKS) and heat-

transfer (COMSOL) models to refine the concept before prototyping and real-world tests. Flow 

simulation package in SOLIDWORKS characterizes fluid flow patterns in internal voids as well 

as over external features, which help understand vapor transport during release cycle in the device 

cavities and pressure/velocity gradients in the moisture battery that is exposed to ambient air 

during saturation.   

 
 

(a) (b)  
Figure 6-5 (a) Pressure gradients over moisture battery when exposed to ambient air (6 mph wind 

speed) at 50% RH and 298 K. (b) Cross-section of MOTTLE showing velocity field in cavities, 

when water-vapor is released at 40 mg/s.  

 

During the saturation phase, the moisture battery has to be disassembled from the device and 

exposed to ambient air. Figure 6-5a illustrates pressure gradients over the moisture battery when 

exposed to ambient air at 6 mph wind speed conditions, 298 K and 50% RH, which constitute 
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pleasant weather conditions. No significant pressure drop is predicted around the Al rods, thus 

ensuring easy access of ambient air to the MOF coating. In our MOTTLE, a total loading of 174 

g of Ni2Cl2(BTDD) MOF (1.5 mm thick coating), would require 355 L of air at 50% RH for 

complete saturation; hence its necessary to allow easy access of air to all Al rods for quicker 

saturation. During the release cycle, water-vapor should be quickly transported to the outer walls 

of the external case without any stagnation zones; Figure 6-5b illustrate velocity fields existing in 

the internal cavities of the MOTTLE during the release cycle. The water-vapor release rate 

considered in the model was 40 mg/s (144 mL per hour), which represents the time taken for 

completing one release cycle. The region adjacent to the bottom of the battery sees lower velocities 

during the earlier stages of release cycle, however no stagnation zones exist in the internal cavities 

except in the region adjoining the bottle cap.  

It is crucial to model the temperature distribution achieved in a MOF coated Al rod (as a function 

of the rod length), using off-grid heat sources such as a candle or cigarette lighter during night-

time operation. This data helps us understand the operational feasibility of the device when using 

low-grade and compact heat sources. Models to evaluate radiation heat transfer using sunlight are 

not considered in the current work. We assume a simplified model of the moisture battery, wherein 

we consider one MOF coated Al rod that is heated using a cigarette lighter (Figure 6-6), while 

thermal properties for materials are provided in Table 6-2. The heat flux from a cigarette lighter 

is estimated to be 63 kW/m2, which is applied at the bottom of the base-plate.224 We can 

approximate the base-plate as a collector of heat, which is then transferred to the individual rods; 

the heating power available per rod is calculated to be ~5 W (Equation 6-2). The Al rod is modeled 

as a 2D axisymmetric geometry and solved using ‘heat transfer in solids’ module in COMSOL. A 

convective heat loss boundary condition (h = 5 W/(m2.K)) is applied for the outer edges of the 

MOF coating, while the heat input is applied to the base of the rod. Figure 6-7 shows temperature 

distribution in the rod using a 3D slice-plot. Temperatures in the range of 59°C-120°C are achieved 

and sufficient for quick release of water-vapor.221 We determined that it took ~15 min for 

temperature to equilibrate in the rod based on the time-dependent studies conducted. Shorter the 

time taken to reach set-point temperatures, quicker is the water-vapor release cycle that helps 

improve device productivity parameters.  
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Figure 6-6 A simplified heat transfer model for estimating temperature distribution in the MOF 

coated Al rod 

 

Table 6-2 Thermal properties for Al and MOF/Binder coating used in the model. 

Material Heat Capacity (Cp) Thermal Conductivity Density 

Aluminum 900 J/(kg.K) 238 W/(m.K) 2700 kg/m3 

MOF + Binder 850 J/(kg.K) 0.5 W/(m.K) 1100 kg/m3 

 

Calculation for power input (W) available per Al rod  

𝑃𝑜𝑤𝑒𝑟𝑅𝑜𝑑 = 𝐴𝑟𝑒𝑎𝐵𝑎𝑠𝑒−𝑃𝑙𝑎𝑡𝑒×(𝐻𝑒𝑎𝑡 𝑓𝑙𝑢𝑥)
# 𝑜𝑓 𝑟𝑜𝑑𝑠

  … (Equation 6-2) 
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Figure 6-7 3D slice-plot showing temperature distribution in an Al rod with 1.5 mm MOF coating 

6.2.3. Device Fabrication and Assembly 

In order to fulfill the vision of a lost-cost and sturdy device, the MOTTLE uses commercially 

available construction materials such as Aluminum, PMMA, and borosilicate glass, which are 

durable and improve performance parameters such as better thermal conductivity, improved mass 

transport, and high IR transmissivity. The external case made from PMMA has a 1.5 mm uniform 

thickness and can be injection molded by 3rd party bottle manufacturers. The cap enclosing the 

case is also made from PMMA with SP400 finish and L-8 thread specification (ASTM D2911), 

offering a leak-proof configuration to prevent loss of water-vapor escaping the device during 

release cycle. The bottom part of the external case has 8-32 thread specified wherein the moisture 

battery can be inserted and locked by screwing into the case. The inner wall of the external case 

has a solar heat pipe (1.5 mm thick, 190 mm long borosilicate glass), whose inner diameter is 

coated with a solar absorptive paint (Pyromark 2500) which absorbs incident solar energy and 

efficiently transfers it to the moisture battery during the day-time water-vapor release cycles. Solar 

heat tubes are commonly used in solar water-heaters and often result in temperature ranges of 

55°C-90°C on a clear day.225 The heat pipe is locked in place using a compression gasket located 

at the bottom of the external case. The external case has an inclined roof (30°) connected to Ø45 

mm opening that leads to the annular cavity (460 mL), where condensed water is collected. This 
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design ensures efficient transport of water-vapor released by the MOF layers that are located on 

the outer periphery of the battery.  

The moisture battery functions as a reservoir for storing water-vapor into the porous sorbent and 

releases the vapor when sorbent is heated. The skeletal framework of the battery is made from 

low-cost 6061 Al alloy which is widely used to make light-weight & durable components that can 

be easily machined. Al also offers high thermal conductivity (205 W/(m.K)) resulting in fast heat 

transfer that accelerates the water-vapor release cycles improving overall device productivity 

(L/kg/day). The inner diameter (Ø90 mm) of the base-plate is 13 mm thick and has 8-32 threads 

(8 mm of threaded length) machined on the circumference that locks the battery into the external 

case. The base-plate has 78 threaded holes (4-40 threads, 8 mm deep) which can accommodate 

Ø2.84 mm Al rods (203 mm long). The base-plate has a 5 mm thick flange of Ø110 mm, on top 

of which a high temperature gasket can be inserted. The gasket sits at the interface between 

external case and the battery, preventing any damage to the PMMA case during high temperature 

exposure of the base-plate. The MIT central machine shop would be employed to machine the 

base-plate, while threaded Al rods and gasket are commercially available. The sorbent coating 

process will be developed based on existing studies56, 226 and implemented for the MOTTLE. The 

base-plate with the threaded rods will be dip-coated using a slurry of MOF and the binding agent, 

followed by heating it at 120°C for 2 h to remove water and the volatile contents of the binder. 

The process will be repeated 3 times to get a 1.5mm thick coating on the Al rods. The threads 

provide additional support for the coating and act as fins to increase the rate of heat transfer during 

the release cycle. 
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7. Conclusions and Outlook 
7.1. Conclusions 

This thesis focuses on developing a continuous flow reactor platform for energy- and cost-efficient 

synthesis of porous materials (MOFs and Zeolites), which have been demonstrated for use in 

numerous applications such as atmospheric water capture, catalysis, gas storage, carbon capture, 

separation, ion exchange, sensors etc. Although flow reactors were used for accelerated synthesis 

of MOFs over the past decade, most of these studies employ a PTFE or a steel tubing immersed in 

an oil bath (or a sand bath) that is heated using a hot plate as the heated reaction zone. These setups 

are relatively easy to setup for a laboratory-scale synthesis, however they suffer from large 

gradients in temperature distribution in the bath, which could affect crystallization reactions along 

with the physicochemical properties of the synthesized product. Moreover, scaling-up the flow 

reactor by enlargement of the tube ID or via parallelization of reactors cannot be achieved using a 

temperature bath for a pilot-plant scale or industrial scale manufacturing. The flow reactor 

platform presented in this work is designed to offer precise control of temperature, pressure along 

with the capability to process reaction mixtures with a wide range of pH, viscosity, and density. 

Traditionally used batch reactors for solvothermal synthesis of MOFs suffer from intrinsic 

inefficacies related to poor heat and mass transfer, which affect their scalability and product 

quality. The reactor is compact and can be easily scaled-up based on the desired production target 

for a specific MOF or a zeolite. The use of commercially available bulk materials such as 

Aluminum, PTFE tubing and high-temperature insulation ensured low cost for building the reactor. 

The flow reactor helped with process intensification of MOF synthesis along with fast screening 

of the chemical reaction space parameters, thereby lowering the time required for optimization of 

synthesis, lower use of solvents and improved process productivity. 

 

My work began with exploring the synthesis pathways for Zr-based MOFs, such as MOF-808 in 

the continuous flow reactor. MOF-808 has demonstrated to have an outstanding hydrothermal and 

chemical stability with a potential for post-synthetic modification, thereby making it a promising 

candidate for use in catalysis, adsorption, separation, drug delivery and others. MOF-808 features 

coordinatively unsaturated open metal sites at the Zr-oxo cluster (SBU) and large cavities ~18.4 Å 

along with the BET surface area of 2000 m2/g – all the necessary aspects for their use in 
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applications such as methane-to-methanol conversion, broad-spectrum heavy metal trap among 

others. The batch synthesis for MOF-808 involves heating the reaction mixture at 130 °C for 48 h 

leading to lower process productivities. Critical process parameters such as residence time, linker 

concentration and volumetric ratios of modulator and solvent were rapidly screened to map the 

chemical design space of MOF-808 and their influence on product attributes such as crystallinity 

and surface area. Optimized synthetic conditions in flow used concentrated reaction mixtures that 

led a reduction in the use of DMF by ~84% and formic acid by ~67% on volumetric basis – 

highlighting the direct benefits of flow synthesis in lowering reagent costs and a greener process. 

Highly crystalline monodisperse MOF-808 nanoparticles were synthesized in a residence time of 

5 min in flow compared to 48 h in batch, resulting in a productivity of 95,155 kg·m-3·day-1, which 

represents a record-high two order of magnitude increase than batch (335.5 kg·m-3·day-1). The 

interplay between factors such as the amount of modulator, reagent concentrations, and reaction 

conditions significantly affect nucleation and crystal growth rates, and should be judiciously 

balanced to generate desired product attributes. We also report one of the first comprehensive 

techno-economic analysis (TEA) to evaluate cost drivers and energy and mass balances involving 

lab-scale synthesis of MOFs. Under a continuous production environment, solvent costs dominate 

the synthesis costs and a further reduction in cost structure can be achieved by minimizing the use 

of solvents or employing an efficient solvent recycling strategy. Minimum cost of manufacturing 

MOF-808 under a laboratory-demonstrated flow synthesis route was $3/g, an order of magnitude 

lower compared to a handful of commercial MOFs priced upwards of $30/g. The methodology 

used in the TEA is generally valid for other MOFs and highlights avenues for critical assessment 

and optimization of synthesis routes to manufacture MOFs at low-cost, enabling their widespread 

use in revolutionary technologies. 

Following the optimization of MOF-808 in the flow reactor, it was necessary to understand the 

kinetics of crystallization that would help in achieving tailored physicochemical properties of the 

MOF for real-world applications. The use of microfluidic flow reactors offers the ability to explore 

a wide range of synthetic parameters in a short amount of time with minimal consumption of 

reagents making them ideal to extract kinetic information. We developed a rapid sampler module 

in-house that is attached to the reactor outlet facilitating easy collection of large number of samples 

by quenching the reactions at any residence time. The rate constants for nucleation 𝑘𝑁 and growth 

𝑘𝐺  were obtained by non-linear fitting of crystallization curves with the Gualtieri model, which is 
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well suited for evaluating solution-mediated transformation reactions. The crystallization curves 

monitor evolution of crystallinity with time and are generated by integration of peak area 

corresponding to Bragg reflections from (400). The values for rate constants both 𝑘𝑁 and 𝑘𝐺  

increased by more than 5-fold with temperature (110 °C to 150 °C) and with linker concentration 

in the reaction mixture (1X to 3X). For all reaction conditions explored, 𝑘𝑁 < 𝑘𝐺  implying that 

the nucleation process is slower than crystal growth and the rate-limiting step. The nucleation sites 

in the reaction mixture are not directly visible in the diffraction experiments and are estimated by 

the Gualtieri model by defining the probability of nucleation 𝑃𝑁 (total number of nuclei N present 

at time t). Activation energies for nucleation 𝐸𝐴(𝑁) and growth 𝐸𝐴(𝐺) determined from Arrhenius 

plots were 64.7 ± 4 𝑘𝐽. 𝑚𝑜𝑙−1 and 59.2 ± 5 𝑘𝐽. 𝑚𝑜𝑙−1 respectively, while the activation energy 

calculated from the Avrami-Erofeev model using the overall rate constant 𝑘 was 57.3 ±

4 𝑘𝐽. 𝑚𝑜𝑙−1 which is in close agreement with the Gualtieri model. My work provides the first 

account for the use of flow rates in the reactor as a simpler tool for tuning the crystal sizes of MOFs 

with a narrow distribution. Average crystal sizes of ~105 nm were achieved in a 5 mL reactor, 

~140 nm in a 9 mL reactor, and ~180 nm in a 16 mL reactor. For a constant residence time across 

all reactor configurations, an increase in the flow rate enhances flow-mediated transport of 

precursor species to the nucleation sites, thereby accelerating the crystal growth, accompanied by 

a simultaneous reduction in the nucleation rate due to faster consumption of reagents–the 

phenomenon responsible for CSD trends seen in our flow reactor. The results presented in this 

work allow for a better understanding of nucleation and crystal growth kinetics of self-assembled 

porous frameworks along with additional degrees of control offered by flow reactors to synthesize 

MOFs with desired physiochemical properties for real-world applications. 

Building on the process intensification achieved in the flow reactor, we then focused on using the 

reactor platform to address imminent challenges such as global shortage of clean drinking water. 

In dry climates (RH<50%), atmospheric water capture (AWC) offers an alternative solution given 

that the atmosphere holds nearly 1.3 × 1016 L of water: a value representing ca. 0.3% of the global 

fresh water supply. The ideal AWC sorbent material must have large gravimetric capacities, steep 

water uptake characteristics in a narrow RH range, and complete water release with minimal 

temperature swings over thousands of cycles. Among a wide list of sorbent materials, the 

Ni2Cl2(BTDD) MOF has shown optimal water sorption performance under low relative humidity 

conditions, but its potentially high production costs, stemming in part from its lengthy multiday 
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batch synthesis, has hindered widespread implementation. We developed a continuous 

manufacturing process for Ni2Cl2(BTDD) that can achieve higher yields, reduce solvent use (by 

50% on volumetric basis), and drastically faster crystallization times (1 hour) in comparison to the 

batch process (48 hour) – leading to a 3-fold increase in process productivity (kgMOF/m3/day). We 

developed CFD models to evaluate trade-offs associated with the enlargement of reactor tubes for 

higher production rate while losing the benefits of small system dimensions in the flow reactor 

must be judiciously considered before scale-up of the system. A target scenario for synthesizing 1 

kg of Ni2Cl2(BTDD) per month with continuous operation was assessed. The heat transfer models 

suggested the use of 5 identical reactors of 3/8” ID operated in parallel to achieve the production 

target. The traditional batch synthesis procedure employs a 1000 mL glass bottle, producing 260 

mg of Ni2Cl2(BTDD) from 528 mL of reaction mixture heated at 100 °C for 48 h. A scale-up of 

the synthesis to manufacture 1 kg of Ni2Cl2(BTDD) would involve the usage of ca. 3847 bottles 

of 1000 mL capacity, each containing ca. 528 mL of reaction mixture. From an operational 

standpoint, replacing 3847 bottles of 1 L capacity with one large volume reactor vessel, for 

example, a 3500 L vessel with ∼58% of its volume filled would be ideal; however, it may require 

re-optimization of reaction conditions due to their poor translation with change in batch reactor 

volume. This work adds critical facets to the growing body of research suggesting that the synthesis 

of MOFs in flow reactors offers unique opportunities to reduce production costs and offers easier 

pathways for scaling-up the manufacturing of MOFs. 

7.2. Outlook and Future Work 

Continuous flow reactors have been emerging as new paradigm for high-throughput synthesis of 

ordered porous materials. As demonstrated by this work, the flow platform is promising for large-

scale production of MOFs, which would enable their use in industrial applications. Current global 

market size of MOFs is ~$70 million as of 2019 and is expected to grow at 34% CAGR until 2024 

(~$410 million). There are ca. ~10’s of MOFs which exhibit excellent hydrothermal and chemical 

stability under desired operational conditions, which would be outstanding candidates for 

applications such as high API loading in drug delivery devices, CO2 separation and storage, low 

pressure CH4 storage in automotive applications, energy-efficient heat pumps, harvesting fresh 

drinking water from atmosphere and others. A handful of MOFs are commercially available with 

a quoted market price of >$30/g, while any successful application would require MOF prices to 

be lower than $0.2/g. Based on our techno-economic model, ~80-85% of the synthesis cost 
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originate from the raw materials such as solvents, and organic linkers, while ~15% of the cost 

originates form energy & equipment cost. We have successfully synthesized and optimized a few 

industrially relevant MOFs (MOF-808, Ni2Cl2(BTDD), HKUST-1, MFU-4l, V-MIL-101, and 

MIL-100 (Fe)), resulting in reduced amount of solvents, with improved yield, shorter 

crystallization times and improved process productivity. We firmly believe that the use of flow-

reactors for scaled-up production of promising MOF candidates would lead to reduced synthesis 

costs aiding their quicker adoption in industrial applications. The key translation piece for the use 

of MOFs in revolutionary industrial applications is the ability to manufacture at desired scale, 

purity and satisfy the market price requirements. 

 

Figure 7-1 The current landscape for MOF-based industrial applications and the immense 

potential for widespread deployment of MOFs with reduced synthesis costs.  

7.2.1. Future Work 

Building upon this thesis, the future work can be divided into three main parts.  
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x Automation of the reactor platform: The laboratory-scale flow reactor developed in this 

thesis is a semi-automated platform which can be used as a ‘proof of concept’ to develop 

a fully automated bench-top version in the future. The functional blocks of the automated 

platform are highlighted in Figure 2-11. The automated version could also incorporate 

machine learning and AI modules, which can substantially reduce the necessary 

information gathering and the manual effort required from the operator to synthesize a 

specific MOF/zeolite. The platform would comprise of reagents preloaded into cartridge 

or vessels, connected to compact reactors for crystallization. The product can be separated 

from supernatant downstream followed by solvent exchange and activation. The robotic 

platform for flow synthesis of organic compounds developed by Jensen and co-workers28, 

227 could serve as a conceptual model for our automated platform. We can think of our 

platform being analogous to an automatic espresso machine that can customize the size of 

the beverage, the coffee beans used, and the type of drink (cortado, latte, americano, 

macchiato) among others. The automation of the platform is more of an engineering or a 

product design challenge as it involves integration of the robotic and electronic components 

(previously developed) into the existing flow platform. 

x Scaling-up of the flow reactor: Although the progress in using flow reactors for process 

intensification of MOF synthesis is exciting, the full potential of the continuous flow 

reactors can be realized upon their successful scale-up for industrial scale production. 

There are a few examples of scaling-up the flow reactors for improved process productivity 

of the liquid phase reactions in the pharmaceutical industry,211 however, there are no case-

studies for using flow reactors to perform solid forming reactions. The issue of solids 

(formed during crystallization reactions) clogging the tubes of the flow reactor is one of 

the most common reasons why scaling-up of the PFR and their implementation for 

industrial scale production has been slow. The lab-scale flow reactor (1/16” tube ID) did 

not suffer from any clogging issues during MOF crystallization; it is often hard to predict 

if a scaled-up flow system (upto ½” tube ID) would suffer from any hydrodynamic failure 

owing to clogging of solids. For zeolite synthesis, many of the gels injected into the reactor 

did clog the tubes irrespective of a single-phase flow or a biphasic slug-flow regime. Most 

industrial crystallization processes employ CSTRs and batch reactors for large-scale 

production (metric tons scale) of solid forming reactions. 
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x Compact device for AWC (MOTTLE): The novel design presented in this thesis for a 

compact sorbent-based AWC device needs to validated for its real-world performance. The 

current design can be further refined using computational models for evaluating the 

productivity using only sunlight as a heat source for regeneration. The prototypes can be 

built relatively easily and tested in a lab environment using off-grid heat sources (candle, 

cigarette lighter or something similar). Testing for the device performance in sunlight can 

be accomplished on campus especially on the rooftops of #3 or #66 along with sensors for 

measuring temperature, RH, water generated, solar insolation among others. The optimized 

device could cost in a range of $50–$80 per unit and can be attractive for the 

outdoors/recreational market along with communities living in remote areas with no easy 

access to drinking water supply.  
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