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1. Introduction  

1.1. Air Pollution  

 

Breathing air that presents different pollutants has been shown to have many side effects 

on human health. The consequences could be dangerous depending on the 

concentration and the type of contaminants.1 Around the world, health and environmental 

departments have expressed that air pollution is a public health problem. The World 

Health Organization (WHO) (2019) defined that nearly 90% of the world’s population lives 

in areas where air quality levels exceed WHO limits. Around the world, almost 3.8 million 

people die yearly because of household air pollution and another 4.8 million from 

exposure to air ambient with important levels of gases or particles.2–4 

 

It is recorded that more time is spent inside closed environments, houses, apartments, 

cars, and restaurants, so living conditions in interior areas are relevant.5,6 It should be 

mentioned that WHO (2019) declares clean air as a basic need for the health and well-

being of human beings. Air pollution is a result of a mixture of different chemicals such as 

carbon monoxide (CO), carbon dioxide (CO2), ozone (O3), nitrogen dioxide (NO2), sulfur 

dioxide (SO2), particulate matter (PM), and volatile organic compounds (VOCs).7–9 VOCs 

are emitted into the atmosphere by several sources. Depending on the specific 

compounds, an environmental impact and toxic effects can be defined. These compounds 

can be found in ambient air and are known to play an important role in indoor air 

pollution.10,11  
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1.1.1. Organic Volatile Compounds (VOCs)  

 

VOCs are a large group of organic chemicals that readily evaporate at room temperature 

due to their high vapor pressure of over 133.3 Pa.12 The VOCs are a group of pollutants 

produced by different human activities or anthropogenic sources; emissions from 

petroleum industries, gas stations, cars, and energy plants are based on hydrocarbons. 

In indoor environments, the emissions from household products, paints, varnishes, and 

waxes all contain organic solvents, as do many cleaning items, in some cases of 

electronics, where VOCs are one of the common ingredients. When these organic 

compounds are emitted into the environment, they form smog.13–15  

 

Several VOCs are considered toxic, depending on concentration, contact time, and age 

of the person, which can increase the risk of affecting public health. The adverse effects 

of VOCs on health include irritation of the skin and eyes; also, the respiratory system 

presents affectations as asthma, in some cases, cardiovascular disease, and, depending 

on the pollutant, a probability of cancer.16 For example, benzene and toluene are 

significant pollutants easily found indoors. Benzene is carcinogenic to humans; the risk 

of leukemia is presented if contact with this pollutant is regular 17. Toluene is used as a 

solvent; the main form of toluene is introduced to the body by inhalation; the exposure 

carries out affectations in different systems of the body, especially the reproductive 

system.18,19  
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VOCs not only present affectations on human health but are also precursors of pollutants; 

they react with NOx in the presence of solar light to form tropospheric O3, a secondary 

pollutant. 20 In indoor environments, different VOCs can be observed; Huang et al. (2021) 

analyzed indoor-outdoor air pollution in 8 houses; higher indoor pollutants were limonene 

(31.5 μg m-3), followed by toluene (20.4 μg m-3) and formaldehyde (11.7 μg m-3). 

Meanwhile, under outdoor conditions, toluene was the most abundant VOC species (20.5 

μg m-3). 21 The removal of VOCs is necessary because environmental affections and toxic 

effects can occur even at low concentrations.22 

 

1.2. Adsorption as Technology for Indoor Air Purification 

 

The research and development of techniques for removing VOCs in indoor environments 

have gained interest due to the environmental and public health problems they 

represent.23 VOC removal techniques can be described as destructive or recovery 

processes. Photocatalysis and catalytic oxidation correspond to destructive techniques. 

Meanwhile, recovery techniques include membrane separation, condensation, 

absorption, and adsorption.24  

 

The most used technique for VOC removal is adsorption, a process in which the 

molecules of the substance of interest are retained on the surface of a material known as 

an adsorbent.25 Although adsorption becomes relevant due to lower energy consumption 

and low operating costs, the materials used must have a high capacity to remove the 

contaminant and stability.5 Adsorption onto activated carbon (AC) is the most widely used 
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contaminant gas removal technique. Its low cost and high regeneration capacity are two 

characteristics of great importance.26 Zeolites are another material used for gas 

adsorption; the microporous mineral structure is appropriate to trap gases within small 

channels. There are about 300 types of zeolites, 40 of them are natural, and the rest are 

synthetic.28 However, new materials has been developed increasing surface area than 

CA and Zeolites.29  

 

1.3. Metal-Organic Frameworks (MOFs) 

 

Metal-organic frameworks have recently become popular because of their features and 

wide applications. The expression MOF was first introduced by Omar Yaghi in 1995 when 

he synthesized a copper-4,4’-bipyridyl complex that exhibits metal-organic interactions.30 

MOFs  are a class of materials composed of metal ions or clusters (titanium, zinc, 

chromium, lead, scandium, and vanadium ions have been used) linked by organic ligands 

to form porous and crystalline structures (Fig. 1).31,32  

 

Metal-organic frameworks represent a new stage of development of porous materials in 

which the pore size and the active site structure can be modified within wide limits.33,34 

MOF presents a uniform pore distribution, with a pore diameter of 0.5 to 10 nm. In addition 

to being lightweight materials, they are also characterized by a high specific surface area. 

On average, they exhibit values ranging from 1500 to 4000 m2 g-1, although some can 

reach 10000 m2 g-1.35 
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Fig. 1. MOF structures with their corresponding organic linkers and metallic clusters.36 

 

Overall, MOFs are a rapidly developing class of materials with a wide range of potential 

applications in different fields; numerous studies on the development of MOFs have been 

conducted because of their ideal properties in the fields of gas adsorption for the storage 

of fuel gases37,38 as well as in the area of gas separation as an adsorbent material.39,40 A 

diverse variety of MOFs have demonstrated an affinity to adsorb or separate gaseous 

mixtures of VOCs and CO2, attributed to the strong interaction between the sites of the 

unsaturated metal and electron donation.41,42 In this sense, MIL-101, MIL-53, and CPM-

5 were tested for VOCs adsorption; MIL-101(Cr) showed a much higher adsorption 

capacity (2115 mg g-1 and 2060 mg g-1) for both toluene and isobutanol compared to MIL-

53 (730 mg g-1, 730, and 643 mg g-1) and CPM-5 (338 mg g-1 and 569 mg g-1). 43 
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1.3.1. MIL-101(Cr) 

 

Many research groups have adopted a short acronym to identify their materials, which 

generally refers to the institute where the materials were created, such as MIL-101(Cr) 

for Matériaux Institut Lavoisier. MIL-101(Cr) presents an MTN zeolite topology with the 

empirical formula [Cr3(O)X(BDC)3(H2O)2]*nH2On (BDC=benzene-1,4-dicarboxylate, X = 

OH or F, n is ~25), also the structure presented two types of inner cages (2.9 and 3.4 nm) 

with two windows (1.2 and 1.6 nm) (Fig. 2), and BET surface area higher than 3000 m2 

g-1.44 

 

Fig. 2. Structure of MIL-101(Cr) 45. 

 

Among all the applications, MIL-101(Cr) is a suitable adsorbent of indoor air toxic 

pollutants like volatile organic compounds (VOCs). The π-π interactions and cation-π 

interactions between MOF-VOC are stronger than C-π and O-π interactions from carbon-

VOC or zeolite-VOC, respectively. 42,46 MIL-101(Cr) has been compared with other MOFs 
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to remove toluene from closed areas; it presented higher capacity adsorption at 30% 

relative humidity (RH). 43 

 

The conventional synthesis of MIL-101(Cr) consists of the reaction of terephthalic acid 

(H2BDC) (166 mg, 1 mmol) with chromium (III) nitrate nonahydrate (400 mg, 1 mmol), 

hydrofluoric acid (0.2 ml, 1 mmol), and H2O (4.8 mL, 265 mmol), for 8 hours at 220 °C 47. 

In conjunction with growing alarms and worries about minimizing the influence on the 

environment of chemicals and hazardous substances, there has been a change in 

conventional synthesis to eco-friendly methods. 48 

 

Recently, several methods have been tried to synthesize HF-free MIL-101(Cr), taking a 

count of different less corrosive and toxic modulators used to improve nuclei formation 

and modified crystal growth.49 Instead of commercial H2BDC, several studies propose 

using poly(ethylene terephthalate) (PET), which contains H2BDC within its structure. MIL-

47, MIL-53 (Cr), MIL-53 (Al), MIL-53 (Ga), and MIL-101(Cr) have been synthesized using 

PET as a precursor of H2BDC; the PXRD pattern of the MOFs matches the simulated 

pattern. Even though this process offers an economically attractive strategy for 

eliminating waste PET streams while making value-added materials, the change in 

commercial organic ligand increases the amount of the modulator (HF or HCl).50 A 

different MOF, UiO-66(Zr), was obtained using waste PET bottles as a source of an 

organic linker. As a result, UiO-66(Zr) (BDC-derived PET) presented a low BET surface 

area (814 m2 g-1) compared with conventional synthesis (1171 m2 g-1).51 Another study 

was elaborated by Zhou et al. (2019); they used formic acid and acetone as solvents in 
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the depolymerization reaction of PET. The MOF revealed high thermal and hydrothermal 

stability in the air but continued using a commercial ligand. Although several studies 

manifest that a change in conventional synthesis offers a sustainable version of MOF, the 

environmental impact is rarely evaluated.52 

 

1.4. Adsorption Isotherms 

 

Adsorption isotherms are commonly used to analyze adsorption processes to express 

equilibrium data at constant temperature and relate the equilibrium adsorption capacity 

(qe) to the equilibrium adsorbate concentration (Ce).53 Adsorption isotherms are essential 

for designing continuous and batch adsorption systems; the shape of such isotherms 

holds much information regarding the adsorption process’s nature.  

 

The simplest form of an adsorption isotherm is a linear’equation (Henry’s isotherm), a 

mathematical model that describes the adsorption of gas molecules onto a solid surface 

at low pressures. Specifically, the Henry isotherm describes the linear relationship 

between the amount of gas adsorbed on the surface and the gas pressure in the 

surrounding environment. Henry’s model approximates the data trend only at low solute 

concentrations such that all adsorbate molecules are separated from their closest 

molecules. Hence, it shows monolayer adsorption at initially low adsorbate 

concentrations.54 55 Thus, Henry´s model is related to the following linear expression: 

 

𝑞𝑒 =  𝐾𝑒
𝐻𝐶𝑒   Eq. 1 
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Where qe is the amount of the adsorbate at equilibrium per gram of adsorbent (mg g-1), 

𝐾𝑒
𝐻 is Henry’s adsorption constant, and Ce is the equilibrium concentration of the 

adsorbate in the solution. 

 

The Langmuir isotherm is another model generally used to describe adsorption 

equilibrium; the model describes gas-solid interaction based on kinetic principles. 56 The 

Langmuir model applies to homogeneous adsorption, where the adsorption of adsorbate 

molecules onto the surface has equal sorption activation energy.57 The following equation 

represents the non-linear form of Langmuir isotherm:  

 

𝑞𝑒 =  
𝑞𝑚𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
   Eq. 2 

Where qm is the theoretical monolayer saturation capacity, and KL (L g-1) is the Langmuir 

equilibrium constant.  

 

A critical consideration of the Langmuir isotherm is the separation factor, or equilibrium 

parameter (RL):  

𝑅𝐿 =  
1

1+𝐾𝐿𝐶0
   Eq. 3 

Where C0 is the initial concentration of adsorbate (mg L-1). If RL <1, the adsorption is 

favorable, near 0 indicates that adsorption is irreversible; meanwhile, RL = 1 suggests 

that the adsorption isotherm is linear, and finally, RL > 1 corresponds to unfavorable 

adsorption. 57 
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The Freundlich model is the most significant multisite adsorption isotherm for 

heterogeneous surfaces; this model also considers the exponential distribution of active 

sites and their energies. 56,57 The non-linear form of the Freundlich isotherm is as follows: 

 

𝑞𝑒 =  𝐾𝐹𝐶𝑒

1

𝑛
  Eq. 4 

Where is 𝐾𝐹 (L g-1) is the adsorption capacity or Freundlich constant and 
1

𝑛
 is the 

adsorption intensity; 0<
1

𝑛
 < 1 the adsorption is assumed favorable, meanwhile 

1

𝑛
 >1 is 

considered unfavorable and is irreversible at 
1

𝑛
  = 1. 

 

1.5. Adsorption Kinetics 

 

Adsorption kinetics describes the amount of adsorbate retained on the adsorbent over 

time; the study provides information on the adsorbent’s performance and the mass 

transfer mechanisms. The adsorption kinetic is essential for the design of adsorption 

systems.58 Generally, the adsorption rate considers three stages carried out 

simultaneously: external diffusion, internal diffusion, and adsorption on active sites 

(Fig.3).59 
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Fig. 3. Adsorption steps 1) external diffusion, 2) internal diffusion, and 3) adsorption on 

active site.58 

 

Internal diffusion is related to the transport of adsorbate molecules inside the porous 

structure of the adsorbent. When the pores of the adsorbent are sufficiently large, the 

adsorbate molecules can diffuse freely within the material until they reach the adsorption 

sites. However, when the pores are small, the adsorbate molecules may experience 

resistance to their movement due to the narrow pore size, resulting in slower internal 

diffusion.60 On the other hand, external diffusion refers to the transport of adsorbate 

molecules from the bulk gas phase to the surface of the adsorbent. This process occurs 

when the adsorbate molecules must travel through the thick gas layer surrounding the 

adsorbent particles before reaching the adsorption sites on the surface.61 

 

The main difference between internal and external diffusion is the location of the mass 

transfer process. Internal diffusion occurs within the porous structure of the adsorbent, 

while external diffusion occurs in the surrounding gas phase. Both internal and external 



 
21 

 

diffusion can be rate-limiting steps in the overall adsorption process, depending on the 

specific conditions of the system.61 

 

Active sites in adsorption refer to specific regions or sites on the surface of a solid material 

responsible for the adsorption of molecules or particles. These sites typically have a 

particular geometry or arrangement of atoms that enable them to interact with the 

adsorbate in a specific way and are often chemically active.59 

 

A kinetic model in adsorption is a mathematical representation of the adsorption process 

that describes the rate at which adsorbate molecules or particles are adsorbed onto an 

adsorbent material.61,62 Different factors that can affect the adsorption kinetics include the 

size and shape of the adsorbate molecules, the pore size and structure of the adsorbent 

material, and the temperature and pressure of the adsorption system. Kinetic models can 

be used to investigate the effects of these factors on the adsorption behavior and to 

identify optimal conditions for adsorption.63 

 

Various adsorption kinetic models have been applied to describe gas adsorption into solid 

adsorbents, such as the pseudo-first-order (PFO) model, the pseudo-second-order (PSO) 

model, and Elovich´s model.61 According to the PFO model, the rate of change in the 

adsorption of adsorbate at a specific reaction time is directly proportional to the difference 

in concentration and rate at which the adsorbate is adsorbed.64 The linearized equation 

of the PFO model is described as follows: 
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ln(𝑞𝑒 − 𝑞𝑡) = ln 𝑞𝑒 − 𝑘1𝑡  Eq. 5 

Where 𝑞𝑡 is the adsorption capacity of the adsorbent at time t (mg g-1), 𝑘1 is the rate 

constant for PFO adsorption model (min-1). 

 

PSO model (Eq. 6) describes that the rate of solute adsorption is proportional to the 

number of available sites on the adsorbent. The reaction rate is proportional to the 

quantity of solute on the surface of the adsorbent, and the driving force (qe-qt) is 

dependent and related to the number of active sites on the adsorbent. 65 

 

𝑡

𝑞𝑡
=  

1

𝑘2𝑞𝑒
2 +  

1

𝑞𝑒
(𝑡)   Eq. 6 

Where 𝑞𝑡 is the adsorption capacity of the adsorbent at time t (mg g-1), 𝑘2 is the rate 

constant for PSO adsorption model (g mg-1 min-1). 

 

Elovich´s model is an empirical model without definite physical meanings that describes 

the PSO kinetic further, assuming that the sorbent surface is energetically 

heterogeneous. 66 Eq. 7 describes Elovich´s model: 

 

𝑞𝑡 =
1

𝛽
ln(𝛼𝛽) + 

1

𝛽
ln (𝑡)  Eq. 7 

Where 𝛼 is considered the initial rate of adsorption (mg g-1 min-1), β is the desorption 

constant (g mg-1), and 𝑞𝑡 is the adsorption capacity of the adsorbent at time t (mg g-1). 
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1.6. Breakthrough Curve 

 

A breakthrough curve can be used to characterize the performance of types of materials 

used in separation processes.67 In general, breakthrough curves are generated by 

measuring the concentration of the substance in the feed stream, the effluent stream, and 

potentially other points in the process, at various time intervals. 68,69 Various breakthrough 

curve models have been applied to describe adsorption process into solid adsorbents, 

such as Thomas and Yoon Nelson model.  

 

The Thomas model is a widely used empirical model assuming that the adsorption 

process is governed by the equilibrium between the solute concentration in the bulk fluid 

and the concentration on the adsorbent surface. The adsorption model takes into account 

negligible axial dispersion since the rate driving force obeys the second order reversible 

reaction kinetics.69 The Thomas model equation is typically represented as: 

 

𝐶𝑡

𝐶𝑜
=  

1

1+exp((
𝑘𝑇ℎ

𝑄
)(𝑞𝑇ℎ𝑚−𝐶𝑜𝑄𝑡))

    Eq. 8 

Where 
𝐶𝑡

𝐶𝑜
 is the dimensionless concentration ratio, 𝑘𝑇ℎ is the adsorption rate constant of 

Thomas model (mL min-1 g-1), 𝑄 is the volumetric flow rate (mL min-1), 𝑚 is the adsorbent 

mass (g), 𝐶𝑜 (mg L-1) represents the inlet concentration, and 𝑞𝑇ℎ (mg g-1) represents the 

adsorption capacity. 
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The Yoon-Nelson model assumes that the adsorption process is governed by a 

combination of external mass transfer limitations and internal pore diffusion limitations 

within the adsorbent.69 Yoon-Nelson model can be used to estimate the breakthrough 

time, or the point at which the concentration of the solute in the effluent stream first 

exceeds a predetermined threshold value. Yoon-Nelson data model is obtained by 

following equation: 

 

𝐶𝑡

𝐶𝑂
=

1

1+ 𝑒𝐾𝑌𝑁(𝜏−𝑡)   Eq. 9 

 

Where 𝐾𝑌𝑁 (mL min−1) is the rate constant and 𝜏 is the time required for 50% adsorbate 

breakthrough. 

 

1.7. Green Chemistry Principles 

 

IUPAC has defined Green Chemistry as “The invention, design, and application of 

chemical products and processes to reduce or to eliminate the use and generation of 

hazardous substances” 70. The Green Chemistry concept involves the product and 

process design with the aim of less use and generation of hazardous materials 71; on the 

contrary, it seeks to prevail in the application of renewable materials and green energy 72; 

in that sense, twelve principles are established (Fig. 4).  
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Fig. 4. Twelve principles of green chemistry. 

 

Green chemistry principles are guidelines and concepts that promote the design of 

chemical products and processes that are environmentally friendly, sustainable, and safe 

for human health. 71,73 

 

The 12 principles of green chemistry are as follows: 

1st Principle Prevention: It is better to prevent than to treat or eliminate residues after 

being synthesized. 

Green 
Chemistry 
Principles 
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2nd Principle Atomic Economy: The synthesis routes must be designed to maximize the 

incorporation of the raw material in the final product. 

3rd Principle of Less Hazardous Chemical Synthesis: Whenever possible, the 

synthesis routes must be designed to use and generate substances with little or no toxic 

impact on the population’s health and the environment. 

4th Principle Design of safe chemical products: Chemical products must be designed 

to preserve their efficiency in their application while reducing their toxicity. 

5th Principle Solvents and Safe Auxiliaries: The use of auxiliary substances should be 

minimized whenever possible and in the same way innocuous. 

6th Principle Design for energy efficiency: The energy requirements of the chemical 

process must be considered due to their economic and environmental impacts and 

minimized, seeking to be at environmental conditions of temperature and pressure. 

7th Principle Use of renewable raw materials: Priority should be given to using them as 

long as they are technically and economically feasible. 

8th Principle Reduction in the use of derivatives: The use of derivatives in the chemical 

process as blocking groups, protection/deprotection, or modification of chemical or 

physical processes should be avoided as much as possible because it requires additional 

reagents that can generate waste. 

9th Principle Use of catalysis: Catalytic reagents are superior to stoichiometric reagents. 

10th Principle Design for degradation: The synthesized chemical products, once their 

function is finished, must decompose into innocuous products and not persist in the 

environment. 
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11th Principle Real-time monitoring: Analysis methodologies must be sensitive enough 

to monitor and control the process under continuous conditions to avoid forming 

unwanted substances. 

12th Safer Chemistry Principle for accident prevention: Substances and their 

chemical form used in processes must be selected to minimize the potential for chemical 

accidents, including explosions or fires. 

 

Generally, the green synthesis of MOFs relies on non-toxic reactants, a non-toxic solvent, 

mild conditions, and fewer byproducts.74 However, only a few studies present the 

evaluation of green chemistry for MOF synthesis, and researchers only focus on change 

the solvent that use in the synthesis. For example, toxic DMF was replaced by cyrene, a 

biobased solvent from waste cellulose, in synthesizing HKUST-1, ZIF-8, and UiO-66; 

MOFs exhibited similar XRD patterns compared to MOF conventional production with 

DMF but presented lower BET surface area (ZIF-8 and UiO-66).75  

 

Although the change of toxic solvents by eco-solvent has been carried out, the 

environmental impact quantification was not observed. In this sense, the transition from 

qualitative to quantitative assessments has been a critical advancement in green 

chemistry and green synthesis of metal-organic frameworks. 76 
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1.8. Life Cycle Assessment 

 

Life Cycle Assessment (LCA) is another way to measure the environmental impact of 

material production. LCA is essential from a sustainability viewpoint since it considers a 

product or service’s complete life cycle and the requirements to manufacture it, avoiding 

local improvements from simply moving the environmental impact elsewhere. 77 

 

The ISO 14040 standard outlines the LCA approach into four phases: aim and scope 

definition, inventory analysis, impact assessment, and interpretation. 78 The product or 

process under research and the study’s objective are mentioned in the goal and scope 

specification. 79 For example, other adsorbents, such as activated carbon, presented LCA 

to evaluate the principal contributor to environmental damage; as a result, the use of 

reactants has a mainly negative effect. 77,80 

 

Similar studies of LCA of MOF synthesis presented that a low solvent consumption 

compared with the conventional procedure can reduce the impact on environmental 

indicators. For example, four different routes synthesized CPO-27-Ni; the significant 

environmental impacts of the MOF procedure are observed in the synthesis and cleaning 

stage; the reduce of organic solvents can decrease near 1100 kg CO2 eq in climate 

change category indicator.81 Meanwhile, the DUT-4 scenario avoiding DMF decreased to 

near 90% environmental impacts, although the adsorption capacity of the material was 

lower than conventional synthesis. 82  
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The Green Chemistry Principle 4, applied to MOF production, explains that chemical 

modifications to MOF procedure should be designed to preserve the efficacy of function 

while reducing toxicity.83,84 To the best of our knowledge, no study about using the LCA 

of MIL-101(Cr) synthesis exists. 

 

1.9. Economic Assessment of MOF Production 

 

Manufacturing a novel green product depends on a deep perception of its economic and 

environmental effects. 85 Therefore, financial performance is one of the most crucial 

aspects in designing chemical processes such as adsorption. 86  

 

Monte Carlo (MC) simulations have been employed to perform the economic assessment 

of a material or process by simulating the product’s financial performance under various 

scenarios and assumptions. MC simulation is a computational technique that models and 

analyzes complex systems or processes through random sampling and probability theory. 

87,88  

 

The following steps can be followed to perform an MC simulation: 

1. Define the key variables: Identify the key variables that will affect the financial 

performance of the new material product. These variables may include the raw 

materials price, production costs, electricity value, equipment cost, and product 

lifespan. 
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2. Determine the probability distributions: Assign a probability distribution (normal, 

triangular, exponential, or uniform) to each variable that reflects the range of 

possible values and the likelihood of each value occurring.  

3. Generate random samples: Use a random number generator to generate many 

random samples for each variable based on the assigned probability distribution. 

4. Calculate the economic performance: Use a financial model to calculate the 

product cost. 

5. Analyze the results: Analyze the distribution of the financial metrics across all the 

random samples to estimate the range of possible outcomes and the probability of 

achieving certain levels of financial performance. This analysis can identify the key 

drivers of financial performance, assess the risk of the investment, and make 

informed decisions about the viability of the new material product. 

 

As a MOF procedure cost, MC simulation can be a valuable tool for evaluating the 

economic value of a new material product, allowing researchers to estimate the 

probability of achieving various levels of financial performance and identify the key factors 

that drive that performance. 89 

 

1.10. Immobilization of MOF 

 

The immobilization of Metal-Organic Frameworks (MOFs) involves attaching or bonding 

these porous materials onto a solid support or substrate, such as a polymer, ceramic, or 

metal surface, to enhance their stability and durability under various conditions. 
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Furthermore, producing MOF materials in powders that present particle sizes between 

100 nm and 50 mm can produce high-pressure drops, obstruction, and high fouling when 

used in columns packed at an industrial scale. 90 For this reason, it is relevant that powder-

adsorbent materials can be immobilized. The choice of immobilization method depends 

on the specific application; for example, MOF materials have been processed in pellets, 

fibers, spheres, and monoliths, but they continue to present challenges due to adsorption 

efficiency.91 

 

1.10.1. Pellets 

 

One of the most frequent methods for structuring powder materials is to shape MOF into 

pellets. Pellets are made by applying pressure to a powdered substance with or without 

a binder. Exists two ways to obtain MOF-pellets: tableting or extrusion.92 First, the powder 

adsorbent is exposed to precise mechanical pressure using a laboratory press; when 

pellets are formed via tableting, the tablet may be crushed and sieved to a specified size 

in some circumstances.93 Meanwhile, extrusion of pellets involves the fabrication of a 

paste consisting of a solvent, either a binder or not. Finally, to obtain the pellet, the paste 

is extruded via a die (Fig 5).  

 

Mechanical or hydraulic pressure and the binder chosen are essential to present a 

suitable structure. With increased pelletization pressure, mechanical stress can affect 

crystallinity, but hydraulic pressure can give mechanical strength while reducing surface 

area.95 In the case of binder, has been utilized polymers (e.g., polyvinyl alcohol, 
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polyvinylchloride, methylcellulose, polystyrene, polyvinyl formal, cellulose-acetate, 

polyetherimide) and minerals (e.g., kaolinite, bentonite, silica). A low binder loading is 

sought to form MOF pellets to avoid reducing the MOF powder properties but enough to 

provide mechanical strength.96,97 

 

 

Fig. 5. Methods to form pellets (a) tableting and (b) extrusion. 94 

 

1.10.2. Spheres 

 

Spheres is other form of MOF can be immobilized; the phase inversion method can be 

applied to obtain these structures. The novel technique prepared MOF composite spheres 

using a single orifice spinneret and a polymer as the binder (Fig 6). An advantage of these 

methods is that the dimensions of composite spheres can be controlled.  



 
33 

 

 

Fig. 6. Phase inversion process to form MOF/Polymer spheres. 98 

 

The dispersion process is a method to obtain MOF spheres; a single-step technique to 

produce composite structures with micrometer-sized particles. In this process, a 

monomer is dissolved in a solvent, the prepared polymer is insoluble, and polymer 

particles begin to shape and stabilize as the reaction progresses. 99 The continuous flow 

spray drying process was used to prepare spherical Zr-MOF microbeads. This method 

converts a flow of liquid (solution, suspension, or emulsion) into dried powder using a hot 

gas, which evaporates the solvent. 100 Recently, the spray-granulation method was used 

to prepare the CPO-27-Ni sphere, which implies using a pump to feed a slurry through a 

spray nozzle and using air as an atomizing agent. 101 

 

1.10.3. Monoliths 

 

A monolith is a single-piece construction with porous material channels forming a 

continuous network. Monoliths have unique properties, such as high flow rate tolerance 
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and a wide range of surface chemistries, which make them useful for applications. In this 

sense, the monolithic structure represents an economical and viable alternative to 

immobilizing a MOF powder. 102,103 

 

One of the processes for producing MOF-monoliths is the conventional extrusion process; 

compared with other shaping methodologies, extrusion is a high-efficiency, continuous, 

and low-cost shaping technology. 104 The materials used in the MOF-monolith production 

process involve MOF, binders, and plasticizers (Fig. 7). In extrusion paste, a binding 

agent is necessary to ensure that the monolithic structure is mechanically stable. 105 MIL-

101(Cr) and Cu3(BTC)2 are MOFs immobilized by the conventional extrusion process.  

 

Fig. 7. Paste extrusion technique to obtain MOF-monoliths. 105 

 

Growing MOF crystals into hollow structures is another approach to shaping MOF. An 

example of increasing MOF crystals in cordierite monolith was carried out by Lawson et 

al. (2017) using MOF-74(Ni) and UTSA-16 (Co); in this case, the amount of MOF was 

near 76% and 80%, respectively, but the total specific area was lower 20% and 30% 

compared with MOF powder (Fig. 8).106  
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Fig. 8. MOF’s growth in a monolith.107,106 

 

Also, MOF-monoliths can be formed by a mechanical procedure which is a process where 

a loose material becomes more cohesive as the applied pressure rises. MOF-177 

monoliths with varying densities were formed from powdered bulk samples. A known 

amount of MOF (50–100 mg) was placed in a cylindrical die, then sealed with a stainless-

steel dowel. After the assembly, the material was manually compressed until a density 

was achieved; the force required was estimated between 0-10 ton cm-2, and no organic 

solvent or water was used. 108  

 

It's relevant to analyze the differences between powder and monolith samples first to 

confirm the immobilization of MOF into monolith structure and to demonstrate the 

formation of the MOF in the case of the growth of MOF material. 109 Frequently, in 

monoliths, the porosity of the adsorbent structure is linked to the total pore volume. 

Porosity is high in adsorbent monoliths with large total pore volumes.110 Even though 

MOF-monolith presents a values reduction in textural properties compared to MOF 
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powder. Also, it is relevant that the material structure obtained shows mechanical stability 

due to different applications like adsorption, storage, or catalysis. The binder effect is also 

visible in mechanical properties; a high amount of bentonite clay in MOF-monolith 

represents a fracture-resistant monolithic form.105 MOF-monoliths have been evaluated 

for greenhouse gas capture, such as CO2; Lawson et al. (2017) presented coated MOF 

monolith; it showed a CO2 adsorption capacity of 2.5 and 1.6 mmol g-1 at 1 bar and room 

temperature, respectively, the amount of MOF was about 76 wt% and 80 wt%. 106  

 

1.10.4. 3D printed Monoliths 

 

Additive manufacturing can be applied to produce complex structures such as lattices 

and porous scaffolds; in this sense, the three-dimensional (3D) printing technique has 

been used to build various high-resolution architectures from digital models. Moreover, 

3D printing has different applications, like extruding other materials into shapes for 

biomedicine, reactors, and environmental processes. As a result, it appears to be a 

promising method for immobilizing MOF powders into monoliths. One of the first studies 

that applied 3D technology was developed by Thakkar et al. (2017), which used a 3D 

printing technique to immobilize MOF-74(Ni) and UTSA-16(Co).111 The paste composition 

consisted of 80%-85% MOF, 10-15% bentonite, and 5% PVA as a plasticizer (Fig. 9). The 

paste was located in a syringe and extruded from a nozzle. As a result, MOF-monoliths 

structures presented a 1.5 cm height and 1.5 cm diameter with some reduction in the 

specific surface areas compared with MOF powder. 
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Fig. 9. 3D-Printing of a MOF-monolith using a paste based on a binder and 
plasticizer.111 

 

N2 physisorption measurements are commonly carried out to evaluate the textural 

properties of the MOF-monoliths and compare them with the MOF powders. MOF-74(Ni) 

monolith exhibited a reduction in the surface area by near of 38% compared to MOF-

74(Ni) powder (1180 m2/g), which can be a consequence of the presence of additives in 

the paste; the pore structure of MOF-monolith was similar to the MOF powder with pores 

in the range of 1-4 nm. Similarly, in the study presented by Lefevere et al. (2019) was 

observed a decrease near 20% in pore volume and surface area.112 In the case of the 

investigation of Bible et al. (2018), conventional filament ABS was combined with ZIF-8 

and HKUST-1 to produce MOF filament. The surface areas of the MOF-filaments were 

reduced at 435 and 329 m2/g for ABS-ZIF-8 and ABS-HKUST-1 filaments, respectively, 

compared to surface areas of pure MOF powders, ZIF-8 (1446 m2/g), and HKUST-1 (776 

m2/g). 113 
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Another essential characteristic is mechanical stability; in the study carried out by Kreider 

et al. (2018) about ABS‐MOF filaments, the incorporation of MOF-5 into the polymer 

reinforces the mechanical properties of the composite compared to pure polymer. The 

amount of MOF in a paste contributes to the mechanical stability of the monolith; Thakkar 

et al. (2017) established that the maximum MOF content they could use was 80-85% wt., 

elevated ratios caused the monoliths did not present enough mechanical strength.111 

 

.  
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2. Literature Review 

 

VOCs are a prime environmental problem, with increasing air pollution leading to lung 

and heart-related issues.114 The conventional adsorbents for removing air pollutants are 

activated carbon and zeolites.115 Even though the pore characteristics (diameter and 

geometry) that zeolites and activated carbon present are unsuitable for the adsorption of 

different VOCs.116 Therefore, it’s necessary to create materials that present better 

characteristics (pore size, surface area, and host/guest interactions) for VOC adsorption. 

On the other hand, MOFs are a recent class of porous materials with large pore sizes and 

uniform structures. Several of these structures have been applied to air purification; 

examples are MIL-101(Cr), MIL-53, MIL-125, CPM-5, MOF-177, and UIO-66. 117–119 

 

The studies using MOF to remove VOCs from the air have increased in the last decade. 

Among the different types of MOF, MIL-101(Cr) shows essential properties for removing 

polluting gases from the air, such as high specific area and active metal sites available 

for adsorption. 26,120,121 Zhao et al. (2011) compared carbon materials, zeolites, and MIL-

101(Cr) in the adsorption of benzene in the air.122 The MOF sample showed an extra-

large surface area (BET 3054 m2 g-1) and large pore volume (2.01 cm3 g-1). Meanwhile, 

π-π interaction can be formed by benzene molecules and benzene rings in the linker for 

the MIL-101(Cr) when benzene is adsorbed, which is stronger than the C-π and O-π 

interactions between benzene molecules and carbon materials or zeolites, which 

improved adsorption capacity of benzene in MIL-101(Cr). Yang et al. (2011) showed the 

effective adsorption of VOCs on MIL-101(Cr) and the influence of VOC molecular size 
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and shape on adsorption capacity. The BET method (3980 m2 g-1) and Langmuir method 

(5870 m2 g-1) found the specific surface area. The total pore volume was estimated to be 

1.85 cm3 g-1.120 On the other hand, the authors assumed that the quick diffusion of 

benzene and toluene into the pores of MIL-101(Cr) could be attributed to their smaller 

molecular sizes compared with the molecular sizes of acetone, ethylbenzene, and 

xylenes. They concluded that a pore-filling mechanism carries out the adsorption of VOCs 

by MIL-101(Cr). Also, the interaction between the organic linker in the MOF structure and 

toluene positively impacts adsorption capacity.43 

 

The conventional synthesis was proposed by Ferey et al. (2005) using no-green reagents 

like hydrofluoric acid (HF), 1-4 benzene dicarboxylate (H2BDC), and chromium nitrate 

(Cr(NO3)3).123 After that, several researchers evaluated the modification of the 

conventional synthesis of MIL-101(Cr) on its physicochemical characteristics. Zhao et al. 

(2011) synthesized MIL-101(Cr), the MOF exhibited a high surface area of 4443 m2 g-1, 

and its adsorption capacity of benzene was twice the value for zeolites (silicalite-1 and 

SBA-15), and 3-5 times higher than that of activated carbons (Ajax and ACF) under similar 

conditions.124  

 

Instead of commercial BDC, several studies propose using poly(ethylene terephthalate) 

(PET), which contains BDC within its structure. Lo et al. (2016) presented PET as an 

initial precursor instead of terephthalic acid for synthesizing five MOFs based on 

terephthalate, within which MIL-101(Cr) is located.50 This process offers an economically 

attractive strategy for eliminating waste PET while making value-added materials; 
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however, chromium nitrate and HF use persists. The literature search showed that there 

is no completely sustainable synthesis of MIL-101(Cr); it is intended to develop a 

synthesis using PET and without adding HF like modulator. No green metrics or LCA of 

MIL-101(Cr) synthesis was found. 

 

To select a sustainable adsorbent, it’s necessary to provide the cost of MOF synthesis 

routes. For example, Luo et al. (2021) applied Monte Carlo simulation to evaluate 

simulated production cost distributions for UiO-66-NH2. 125 The economic analysis of the 

UiO-66-NH2 production determined that an aqueous solution-based system is more 

economically feasible than the conventional solvothermal system. However, although the 

economic assessment was applied to select an ideal adsorbent, it is essential to get the 

point of view into the material’s application, sustainable and economic impact. In this 

sense, no studies about a techno-economical environmental assessment of MIL-101(Cr) 

were observed in the literature.  

 

Another important aspect of an ideal adsorbent material is that it must be immobilized into 

a stable structure for continuous adsorption processes. Therefore, a group of researchers 

investigated the fabrication of various adsorbent monoliths using the 3D printing 

technique and its subsequent use for removing air pollutants. The results revealed that 

the monoliths still have their physical properties, mechanical integrity, and similar 

adsorption capacities to the powder form. 126–128 In the studies about manufacturing 

monoliths through the 3D printing technique, the effect of mixture composition MOF-

binder on the properties of the monolith is evaluated. An example of that is the research 



 
42 

 

of Lefevere et al. (2019) applied additive manufacturing to the synthesis of ZIF-8 

monoliths for the adsorption of n-butanol from the air.129 To observe the effect of binder, 

they formed two monoliths: one with 80 wt% ZIF-8 and 20 wt% bentonite and the other 

with 66.7 wt % ZIF-8, 16.7 wt% bentonite, and 16.7 wt% methylcellulose. The ZIF-8-

bentonite presented a saturation capacity of about 90% of the pure ZIF-8 powder. 

However, for the second monolith, the saturation capacity dropped to around 70% 

compared to the pure powder; the authors expressed that the decrease in saturation 

corresponds to the total amount of organic e inorganic binder present in the sample. 

Based on the literature reviewed, it was observed that MIL-101(Cr) monoliths obtained by 

3D technology had not been obtained. 

 

This work evaluates the economic and environmental impact of MIL-101(Cr) synthesis for 

toluene adsorption in indoor conditions, avoiding less corrosive materials and using 

residues of PET to obtain MOF material. Moreover, the immobilization of MOF in a 

monolith using 3D printing technology was analyzed in continuous adsorption processes.   
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3. General Objective 

 

To synthesize and evaluate the use of MIL-101(Cr) monolith developed by 3D printing 

and green chemistry principles to reduce toluene in closed environments. 

 

4. Specific Objectives 

 

a) To develop a green MIL-101(Cr) synthesis and replace HF as a modulator with 

HNO3, CH3COOH, or H2O. 

b) To develop a techno-economic environmental assessment of MIL-101(Cr) 

synthesis.  

c) To obtain the toluene isotherms and kinetics onto MIL-101(Cr). 

d) To obtain a printable mixture of MOF-binder to 3D printed MIL-101(Cr) monolith. 

e) To characterize MIL-101(Cr) monolith and compare its physicochemical 

properties with the MOF powder material. 

f) To get breakthrough curves of toluene using MIL-101(Cr) powder and monolith. 

 

5. Hypothesis 

 

From a green synthesis and additive manufacturing based on 3D printing, a MIL-101(Cr) 

monolith can be obtained to remove toluene as a model molecule of VOCs. 
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6. Scientific Contribution  

 

The results of this research will present a synthesis of MIL-101(Cr) that contributes to the 

3rd, 5th, and 7th principles of green chemistry, using PET residues and less toxic 

modulators such as HNO3 and CH3COOH instead of HF. Additionally, a methodology to 

analyze the techno-economic environmental impact of a MOF will be presented. In 

addition, this study will provide a method of obtaining a 3D-printed monolith that can 

remove VOCs in indoor environments.
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7. Materials and Methods 

 

7.1 MIL-101(Cr) Synthesis 

 

The MIL-101(Cr) synthesis was carried out with variations as described by Alivand et 

al.130 A mix of HBDC (2 g) and Cr(NO3)3·9H2O (4 g) was dissolved in DI water (48 mL) 

using sonication for 30 min; in the case of modulator used HNO3 (10 mmol), CH3COOH 

(10 mmol) and without any substance. The reaction was carried out in a Teflon autoclave 

at 215 °C for 8 h. After cooling, the product was treated with hot DMF, ethanol, and water 

in a recirculation system for 4 h, and one sample only was treated with hot ethanol and 

water. Finally, the green powder was separated by centrifugation and drying at 110°C for 

12 h. 

 

To obtain MIL-101(Cr) from PET, bottles were recollected, washed, and cut into small 

PET flakes. 2 g of PET flakes, 4 g of Cr(NO3)3·9H2O, and 48 mL of DI water were 

ultrasonically mixed for 30 min. The same reaction conditions, modulators, and type of 

purification were applied as in the previous synthesis. Finally, the resulting green solid 

was dried in an oven at 110 °C overnight to obtain MIL-101(Cr). All syntheses are 

resumed in Table 1. To evaluate the BDC obtained from PET, the same reaction of MIL-

101(Cr) production was applied without metallic salt and modulator; after that, the white 

product was washed with hot ethanol and dried at 100°C overnight.  
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Table 1. Synthesis of MIL-101(Cr) 

MIL-101(Cr) Modulator Source 
BDC 

Purification  

M-1 H2O H2BDC-C EtOH- H2O 

M-2 H2O H2BDC-C DMF-EtOH- H2O 

M-3 CH3COOH H2BDC-C DMF-EtOH-H2O 

M-4 HNO3 H2BDC-C DMF-EtOH- H2O 

M-5 HNO3 H2BDC-PET DMF-EtOH-H2O 

M-6 CH3COOH H2BDC-PET DMF-EtOH-H2O 

M-7 H2O H2BDC-PET EtOH-H2O 

 

7.2 MIL-101(Cr)-Monoliths 

 

The 3D-printed MIL-101(Cr) monoliths were fabricated following two paste solution-base 

procedures. Briefly, 2 g of carboxymethyl cellulose (CMC) was dissolved in 100 mL for 

24 h to obtain the organic binder; the paste a solution was prepared by dissolving MIL-

101(Cr) green powders (95%wt) and CMC (5%), a small quantify of deionized water was 

added to obtain an extrudable paste. The second solution was obtained using a mix of 

95%wt MIL-101(Cr) powders and 5%wt kaolin clay. To get a homogenous solution, 1.25 

mL of deionized water and ethylene glycol was added to 1 gr of the mix before described. 

Finally, both pastes were mixed at 2500 rpm for 10 minutes using an IKA RW20 mixer.  

 

Monolith dimensions were designed using Fusion 360 software: a diameter of 1.8 cm and 

1 cm of height. The monolith model was saved as an STL file and exported to CURA 

software: monolith configuration was a honeycomb with 35% infill, 5 mm s-1 of velocity 
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printing, and 3 mm of layer height. After being printed, the monolith was dried at ambient 

temperature and then moved to an oven at 45°C overnight.  

 

7.3 Characterization  

 

Different techniques evaluated MOF physical and chemical characterizations; Scanning 

electron microscopy (SEM) images were obtained using a JEOL JSM-6490LV 

microscope with acceleration voltage from 0.3 to 30 kV and a thermionic electron gun 

with W filament. The functional groups of MIL-101(Cr) were analyzed by Fourier transform 

infrared spectrometer (FTIR, Alpha II) equipped with a diamond ATR accessory, the 

spectra from 4000 to 400 cm-1 with a spectral resolution of 2 cm-1 (Bruker, Germany). The 

BET surface area (SBET) and pore volume (Vpore) of MIL-101(Cr) products were obtained 

from the N2 adsorption isotherm at 77 K using a Micromeritics ASAP 2020 after out-

gassing the material at 150 °C for 8 h under vacuum.  

 

Powder X-ray diffraction (PXRD) patterns of green MOF powder were collected in Bragg-

Brentano geometry with Cu-Kα radiation (λ = 1.541830 Å) in an Ultima IV diffractometer. 

The powder patterns were recorded from 3 to 40° (2θ) in 0.02° steps and 10° min-1 scan 

speed. In addition, 1H and 13C nuclear magnetic resonance (NMR) spectroscopy was 

applied at 25 ± 0.5 °C using a Bruker Avance-400 spectrometer operating at 400.01 and 

100 MHz, respectively. The X-ray photoelectron spectroscopy (XPS) characterization of 

MIL-101(Cr) samples was performed in a Thermo-Scientific, K-Alpha spectrometer with 

monochromatized AlKα radiation (E = 1.5 keV). Accordingly, the C1s, O1s, and Cr2p 
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spectra were recorded to elucidate the chemical state of elements in M4 and M8. These 

spectra were deconvoluted and fitted using a Gaussian approach in the PeakFitV4.12 

software. For rheology characterization of MIL-101(Cr) paste, the experimental conditions 

were 25°C in a dual 40 mm Peltier plate; the apparent viscosity was determined as a 

function of shear rate at a constant frequency 6.283 rad s-1. For analysis of stepped 

deformation, measurements were measured in oscillatory mode using an angular 

frequency of 0.1 rad s-1. 

 

7.4 Adsorption Isotherms  

 

The experiments were carried out at 3, 5, 7, 8, and 10 ppm of toluene, and 0.25 g L-1 

adsorbent doses were used; the experiment was carried out at room temperature. The 

powder materials were put on 20 mL vials with glass wool after a volume of VOC was 

injected, and the vial was kept for 2 h to ensure equilibrium.  

 

The samples were tested for toluene concentration using gas chromatography during the 

adsorption experiments. To test the concentration of VOC, each sample was injected into 

a Shimadzu Nexis GC-2030 gas chromatograph with a flame ionization detector (FID). 

The capillary column was a Shimadzu SH-Rxi-5ms (15 m x 0.25 mm inner diameter x 

0.25 m film thickness). The column, injector, and detector temperatures were set to 70, 

200, and 250°C, respectively. Helium was used as the carrier gas, with a flow rate of 0.7 

mL/min and a pressure of 54 kPa. With split radio 1.0, the injection volume was 0.5 mL, 
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which took 2.5 minutes. The experiments were realized in triplicate. The adsorption 

capacity was calculated using the following equation: 

𝑞 =
(Co−𝐶)V

m
   Eq. 10 

Where q represents the adsorption capacity (mg g-1), Co represents the VOC initial 

concentration (mg m-3), C represents the VOC concentration over time (mg m-3), V 

represents the volume (m3), and m represents the adsorbent mass (g).  

 

7.5 Adsorption Kinetics 

 

The adsorption kinetics experiments were carried out at 2 ppm of toluene. 40 mg of 

adsorbent powder material was used, and the experiment was conducted at room 

temperature. After a volume of VOC was injected, the powder materials were put on 20 

mL vials with glass wool. The same chromatography conditions described before were 

used to evaluate the adsorption kinetics. The experiments were realized in triplicate, and 

every 2 min sample was injected to evaluate the concentration. The adsorption capacity 

was calculated using Eq. 10. The PFO and PSO models were fitted to the experimental 

data.  

 

7.6 Adsorption in Dynamic Systems 

 

The adsorption of toluene in the vapor phase was studied using liquid toluene from J.T 

Baker company. The initial and final concentrations of the vapors generated were 

determined using a photo ionization 0.4 detector (photo check tiger). For adsorption 
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experiments, a MOF powder material (0.37 g) was packed inside a polypropylene column 

with a volume of 22.9 cm3, the height and diameter of column were 9 cm and 1.8 cm, 

respectively. The initial concentration was 250 ppm and the feed flow 250 mL min-1. The 

concentration of VOC was generated by inlet air through a saturator containing VOC 

placed in a refrigerant bath at 15 ºC. This temperature was maintained constant 

recirculating water with the help of a peristaltic pump and a thermostatic bath; the effluent 

was diluted with air choosing the required air flow rate to get 250 ppm of VOC. Flow rate 

of the column vapor inlet was controlled with a mass flow controller and the adsorption 

temperature was 40º C. The graphical representation of the outlet concentration of VOC 

versus time is the breakthrough curve and the VOC adsorption capacity (mg VOC g-1 

MOF powder) was obtained by numerical integration of the breakthrough curves using 

the following equation:  

𝑞𝑡 =  
𝑄𝑀𝑇

𝑊𝑚𝑉
(𝐶0 ∗  𝑡𝑠 −  ∫ 𝐶𝑑𝑡

𝑡

0

) Eq. (11) 

where qt is the adsorption capacity (mg g-1), Wm is the mass of monolith (mg), C0 and C 

represents the VOC initial concentration and the concentration over time (mg m-3) 

respectively, Ts is the time (min), V is the volume of solution (mL mmol-1), MT is the 

molecular weight of toluene (mg mmol-1).  

 

7.7 Principles of Green Chemistry 

 

DOZN™ 2.0 was applied to evaluate the impact of MIL-101(Cr) production considering 

time, synthesis steps, solvents, and waste generation. The values (temperature, time, 

and solvent exchange step) used in the DOZNTM 2.0 tool to obtain the green score are 
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obtained from the synthesis routes. The properties of chemicals were recollected using 

the UN’s Globally Harmonized System of Classification and Labelling of Chemicals 

(GHS). Millipore Sigma established and tested the green evaluator software based on the 

12 Green Chemistry Principles and the equations that were previously published. 131 

DOZNTM 2.0 does not include the initial materials’ life cycle impacts but contemplates the 

materials’ risk of use and profitable consumption.  

 

7.8 Life Cycle Assessment for MIL-101(Cr) Powders  

 

7.8.1. Goal and Scope  

 

The LCA of the MOF synthesis was performed following ISO 14044.132 Five steps are 

included in the system boundaries to synthesize MIL-101(Cr): PET cleaning, ultrasonic 

mixing, hydrothermal reaction, solvent exchange, and drying. The environmental impacts 

related to the construction laboratory were not assessed to preserve consistency with 

prior LCA studies on the manufacture of adsorbent materials on a laboratory scale. 82,125 

 

Each of the different MIL-101(Cr) synthesis strategies was considered as a study 

scenario: 

• Scenarios M1, M2, M3, and M4: include the stages of mixing, hydrothermal reaction, 

solvent exchange, and drying. 
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• Scenarios M5, M6, and M7: consider PET cleaning, ultrasonic mixing, hydrothermal 

reaction, solvent exchange, and drying.  

According to prior LCA studies on the manufacturing of adsorbent materials (activated 

carbon, MOF-74, and DUT-4),133–135 the functional unit (FU) was set as 1 g of MIL-101(Cr) 

manufactured on a laboratory scale. Fig. 10 shows the system boundaries of MIL-101(Cr) 

production. 

 
Fig. 10. System boundaries to produce MIL-101(Cr). 

 

The information on the life cycle inventory (LCI) of chemical precursors and energy used 

in the MIL-101(Cr) production scenarios was obtained from the laboratory data, analytical 

procedures, and material-energy balances.  

The production of energy and chemical reagents needed to synthesize MIL-101(Cr) was 

considered inside the system boundaries (Fig. 10). The LCI for these resources was taken 

from the Ecoinvent v3.3 database. However, the life cycle impact data for Chromium 

Nitrate Nonahydrate (Cr(NO3)3 9H2O) is unavailable in the Econivent v3.6 database. 

Therefore, the production of the metal precursor was included in the process description 
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to calculate their life cycle impact data. Fig. 11 describes the reaction steps to obtain the 

Cr(NO3)3 9H2O. A description of process and energy requirements for Cr(NO3)3 9H2O is 

described in Appendix A. 

 
Fig. 11. Process to obtain Cr (NO3)3 9H2O. 

 

The MIL-101(Cr) synthesis required energy at every production stage; in this sense, the 

power necessary was obtained by energy balance. On the other hand, PET cleaning did 

not involve input energy due to the drying of PET flasks was an environmental 

temperature.  

The energy balance corresponding to ultrasonic mixing was evaluated with Eq. 12. 

Specific energy (Es) wasted in the stage of ultrasonic was calculated by the potence (P) 

of the equipment, time (t), volume (V), and concentration of total solids (Ts0).  

𝐸𝑠 =  
𝑃 𝑡

𝑉 𝑇𝑠𝑜
   Eq. 12 
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The energy balance in the autoclave was evaluated using Eq. 13 as in previous reports82. 

The first part of the equation (m1 ∫ Cp𝑚𝑖𝑥dT)
Tw

Te
 related to sensible heat was evaluated 

with mass fraction, boiling point, and specific heat capacity of each chemical reactant 

involved in the synthesis. The two following terms (m2 ∫ Cptf dT
Tw

Te
,  m3 ∫ Cpss dT)

Tw

Te
 

corresponding to Teflon and stainless steel (autoclave) heating were obtained based on 

their specific heat capacity.  

𝐸 = 𝑚1 ∫ 𝐶𝑝𝑚𝑖𝑥𝑑𝑇
𝑇𝑤

𝑇𝑒
+ 𝑚2 ∫ 𝐶𝑝𝑡𝑓 𝑑𝑇

𝑇𝑤

𝑇𝑒
+   𝑚3 ∫ 𝐶𝑝𝑠𝑠 𝑑𝑇

𝑇𝑤

𝑇𝑒
   Eq. 13 

 

Table 2 resumed the variables and values used in the hydrothermal synthesis of MIL-

101(Cr) energy balance. 

Table 2: Value of each variable and parameters used for the energy balance in the 
solvothermal reactor. 

Variable Description/unit Value 

m1 Fluid mass (g) 52.5 

m2 Stainless steel mass of autoclave (g) 4600 

m3 Teflon liner mass of autoclave (g) 403 

Tw Work temperature (ºC) 215 

Te Environmental temperature (ºC) 25 

Cpmix Fluid specific heat (J g-1·K-1) 3.83 

Cpss Stainless steel specific heat (J g-1·K-1) 0.5 

Cptf Teflon liner specific heat (J g-1·K-1) 1.0 
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The centrifugation stage considers the cleaning using all solvents in some syntheses (M2-

M6), another only ethanol and water (M1 and M7). The rotational kinetic energy equation 

Eq. 14 calculated the energy needed in the present centrifugation stage: 

𝐸𝑐𝑟 =
1

2
∗ 𝑚 ∗ 𝑟2 ∗ (2𝜋𝑓)² ∗ 𝑓𝑟   Eq. 14 

 

Where r is the rotor radius (0.068 m), f is the frequency (166.667 s-1), m is the mass to 

centrifuge (51-53 g), and fr is the friction factor (1.45). The wastewater due to the cleaning 

stage was discarded according to our laboratory's hazardous waste management 

program. Therefore, the environmental impacts of the final disposal of this waste were 

not considered in the LCI, as reported by previous reports. 136 

 

After separation, the energy necessary to evaluate solvent exchange was obtained by the 

following equations.  

  Eq.15 

𝑄 = 𝑈𝐴 ∫ 𝑑𝑇
80°𝐶

25°𝐶
   Eq.16 

𝐸𝑠𝑒 =  ∆𝐻 + 𝑄   Eq.17 

Where m is the mass (g), Cpmix is specific heat capacity (J g-1 °K-1), U is the heat 

coefficient of transfer Pyrex glass (11.6 W m-2 °K-1), and A is the flask area (0.001 m2). 

∆𝐻 = 𝑚 ∫ 𝐶𝑝𝑚𝑖𝑥𝑑𝑇
80 °𝐶

25°𝐶
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The energy required (Eq. 18) in the drying stage was obtained by calculating the heat 

energy needed to remove the solvent per unit mass of MIL-101(Cr). The energy balance 

for this stage was taken by previous reports like Sepúlveda-Cervantes et al. 27 

 

𝑞𝑇

𝑚𝑠
= 𝐶𝑝𝑠(𝑇𝑠𝑏 − 𝑇𝑠𝑎) + 𝑋𝑎𝐶𝑝𝐿(𝑇𝑣 − 𝑇𝑠𝑎) + (𝑋𝑎 − 𝑋𝑏)𝜆 + 𝑋𝑏𝐶𝑝𝐿(𝑇𝑠𝑏 − 𝑇𝑣) + (𝑋𝑎 − 𝑋𝑏)𝐶𝑝𝑉(𝑇𝑣𝑎 − 𝑇𝑣) Eq. 18 

 

Where qT/ms is the amount of heat transferred per unit mass of solids (J g-1), Cps, CpL, and 

CpV are the solid-specific heat, the liquid-specific heat, and the steam-specific heat, 

respectively (J g-1·K-1). Tsb and Tsa are the final temperatures of the solids and the feed 

temperature, respectively (K). Xa and Xb are dry solids' initial and final mass per unit. Tv 

y Tva is the vaporization temperature and the final vapor temperature (K), and λ is the 

latent heat of vaporization (J g-1). 

The LCI was carried out following an attributional approach. This viewpoint attempts to 

measure the environmental consequences of the manufacturing process. It is focused on 

assessing the emission of products, and resource flows as it passes through their life 

cycle, using representative average data for all processes and input and output flows. To 

evaluate the LCA, the software SimaPro 7.3.3; the LCA was used to take a count of the 

ReCiPe 2016 method, considering midpoint and endpoint indicators. 137,138 

7.9 Economic Assessment  

 

The lab-scale synthesis cost of producing 1 g of MIL-101(Cr) powder was divided into 

capital (CC) and operation costs (OC) (Eq. 19).  
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𝑆𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠 𝐶𝑜𝑠𝑡 𝑀𝐼𝐿 − 101(𝐶𝑟) = 𝑂𝐶 + 𝐶𝐶  Eq. 19 

 

7.9.1. Capital Cost 

 

According to previous similar research reports, construction and equipment procurement 

are included in capital costs; laboratory construction was not included in capital costs due 

to regional variability. As a Mexican Norm regulates, the equipment's usefulness was 

determined as five years. 139 Some assumptions must be applied because the focus is a 

lab-scale production of MIL-101(Cr); the laboratory equipment, such as an oven or 

reactor, was analyzed at a laboratory scale, meaning a small capacity. The cost of 

equipment needed for MOF production is observed in Appendix B.   

 

7.9.2. Operation Cost 

 

The energy, raw materials, and chemical reagent requirements for MIL-101(Cr) synthesis 

are included in the operation cost. A list of chemical suppliers was registered and 

compiled to determine a raw material distribution; the cost of chemicals was obtained in 

kg and g; the price data were gathered from several chemical suppliers' internet pages 

such as Molbase.com or Mexican suppliers (CTRscientific.com). The raw material cost 

distribution (triangular, exponential, and normal) was analyzed by MINITAB 19™. The 

energy consumed in MIL-101(Cr) was obtained from inventory data for each scenario 

(M1-M7). The electricity cost was considered in the north of Mexico as 0.047 USD        

kWh-1. 
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The mean cost of synthesis routes was obtained using a Monte Carlo simulation. Every 

variable was introduced with its defined distribution; the simulation was carried out in 

30,000 trials, showing the probability cost of production of 1 g of MIL-101(Cr). 

 

Finally, A Monte Carlo simulation (30,000 trials) was carried out to show the probability 

cost distributions of the synthesized 1 g of MIL-101(Cr). Simular™ software was applied 

to account for the variability associated with the market cost of raw materials price and 

equipment cost; every variable was introduced with its defined distribution. 

 

7.10 Selection of ideal MIL-101(Cr) Scenario 

 

TOPSIS (Technique for Order of Preference by Similarity to Ideal Solution) method has 

been applied to select the ideal adsorbent based on some criteria.140 In the present study, 

there are seven alternative scenarios (i=1,2…,7) of MIL-101(Cr) production. Each 

scenario was evaluated in three criteria: environmental impact, synthesis cost, and VOC 

adsorption capacity (j=1,2,3). The TOPSIS method was applied to determine the ideal 

MIL-101(Cr) scenario choice; the process can be explained in the following steps. 140–142 

Step 1: Determine the normalized performance ratings. The vector normalization process 

creates a comparison across attributes easier with dimensionless units. 

𝑟𝑖𝑗(𝑥) =  
𝑥𝑖𝑗

√∑ 𝑥𝑖𝑗
27

𝑖=1

   Eq. 20 
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Step 2: Obtain the weighted normalized decision matrix. The related weight of each 

criterion (environmental impact, synthesis cost, and toluene adsorption capacity) equals 

one (w=1).  

𝑣𝑖𝑗=𝑟𝑖𝑗(𝑥) ∗ 𝑤𝑗  Eq. 21 

Step 3: Find positive and negative ideal solutions. The PIS (positive ideal solution) and 

the NIS (negative ideal solution) are determined by the criteria; for example, PIS for 

environmental impact was related to the minor negative effect of MIL-101(Cr). Meanwhile, 

PIS for adsorption capacity was obtained for the higher value of toluene adsorption 

capacity presented by the particular scenario. PIS and NIS were detected using the 

following equations.  

𝑃𝐼𝑆 =  𝐴+ =  {𝑣1
+(𝑥), … , 𝑣7

+(𝑥)} =  {(
𝑚𝑎𝑥𝑣𝑖𝑗(𝑥)

𝑖
|𝑗 ∈ 𝐽1) , (

𝑚𝑖𝑛𝑣𝑖𝑗(𝑥)

𝑖
|𝑗 ∈ 𝐽2)}  Eq. 22 

𝑁𝐼𝑆 =  𝐴− =  {𝑣1
−(𝑥), … , 𝑣7

−(𝑥)} =  {(
𝑚𝑖𝑛𝑣𝑖𝑗(𝑥)

𝑖
|𝑗 ∈ 𝐽1) , (

𝑚𝑎𝑥𝑣𝑖𝑗(𝑥)

𝑖
|𝑗 ∈ 𝐽2)}  Eq. 23 

Step 4: Evaluate the separation values. The distance of each scenario rating from the PIS 

and NIS is obtained by applying the Euclidean distance theory. Eq. 24 and Eq. 25 

describe the process of obtaining the positive (𝐸𝐷𝑘
+) and negative (𝐸𝐷𝑘

−) separation 

values.  

𝐸𝐷𝑘
+ =  √∑ [𝑣𝑖𝑗(𝑥) −  𝑣𝑖

+(𝑥)]
27

𝑖=1     Eq. (24) 

𝐸𝐷𝑘
− =  √∑ [𝑣𝑖𝑗(𝑥) −  𝑣𝑖

−(𝑥)]
27

𝑖=1     Eq. (25) 
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Step 5: Calculate the overall preference score. The overall preference score (𝐶𝐾) for each 

scenario is obtained as shown in Eq. 2. Scenarios are ranked based on higher 𝐶𝐾 values. 

The best MIL-101(Cr) scenario is ubicated near 1; the worst scenario is near 0. 

𝐶𝐾 =  
𝐸𝐷𝑘

+

𝐸𝐷𝑘
++ 𝐸𝐷𝑘

−   Eq. 26 

 

7.11 Disposal of the generated waste 

 

Wastes generated during the development of this project were disposed of based on the 

current Safety and Environment Regulations of the Faculty of Chemical Sciences of the 

UANL.  
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8. Results and Discussion 

 
8.1 BDC-PET Characterization 

 

The same conditions of MIL-101(Cr) production were used to evaluate if BDC derived 

from PET was correctly obtained, avoiding modulator use. PXRD of BDC obtained from 

PET and from Sigma Aldrich are shown in Fig. 12. Similar reflections at 2θ = 17.34°, 

25.14°, and 27.95° were detected in BDC-PET and BDC-Sigma Aldrich.  

 
Fig. 12. PXRD pattern of BDC Sigma Aldrich and BDC-PET. 

 
To determine the hydrolysis of PET flakes into BDC, the white material obtained was 

analyzed by NMR analysis; in this sense, both BDC, commercial and PET, were mixed 

using dimethyl sulfoxide-d6 (DMSO-d6). The 1H and 13C NMR spectra of the organic 

ligands are also shown in Fig.14. In the 1H MNR spectrum, the BDC-PET present two 

intense resonance signals at 8.10 ppm and 13.33 ppm, and the same characteristic 

signals were found in commercial BDC, 1H chemical shift corresponded well to the 
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resonance signal of H atoms on the aromatic ring of the BDC linker (Fig. 13a). Meanwhile, 

13C NMR spectrum of both BDC materials presents comparable patterns (Fig. 13b). 

 

 
Fig. 13. a) 1H NMR and b) 13C NMR of BDC Sigma Aldrich and BDC derived PET. 

 

8.2 MOF Characterization  

8.2.1.  X-Ray Diffraction (XRD) 
 

The synthesized samples of MIL-101(Cr) was analyzed by XRD to verify its identity. The 

powder X-ray diffractograms of the MIL-101(Cr) samples matched to XRD patterns of 

simulated MIL-101(Cr) obtained from the Cambridge Structure Database (CSD), 

validating the similarity of the crystalline structure of MOF material (Fig. 14a and 14b). 

The diffraction peaks are coherent with previously reports of standard MIL-101(Cr). In 

fact, M2, M3, and M4 present a comparable intensity of the peaks, meanwhile the others 

MOF sample showed a weaker peak intensity, conceivably by residual impurities onto the 

MOF structure. M1 and M7 did not use DMF in the purification process; also, M5, M6, 

and M7, obtained BDC as organic linker for the synthesis from PET flasks, thus, the 

hydrolyzation reaction could be incomplete at the reaction time.  

 

b a 
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Fig. 14. a) PXRD patterns of MIL-101(Cr) M1-M4 and b) PXRD patterns MIL-101(Cr) 

M5-M7. 

 

Furthermore, the particle size can be related to the broad Bragg reflections. In this sense, 

M5, M6, and M7 presents a smaller particle size (broader Bragg reflections) than first 

samples of MIL-101(Cr). 

 

8.2.2. FT-IR spectra 

 

The functional groups of MIL-101(Cr) surface were determined by FT-IR (Fig. 15). The 

characteristic peak at 570 cm-1 corresponding to the Cr-O vibration is observed, which 

indicates a connection between Cr and the carboxyl groups of the organic ligand. While 

the peaks between 600 and 1600 cm-1 are attributed to terephthalic acid and its aromatic 

rings; the peaks at 750, 880, 1016, and 1150 cm-1 correspond to the C-H vibration. The 

peak located near 1400 cm-1 is due to the symmetric O-C-O strain. The band indicated at 

the wavelength of 1517 cm-1 is related to the C=C tension. The peaks observed at values 

a b 
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of 1623 and 3400 cm-1 are characteristic of water molecules adsorbed inside the MOF. 

The results shown in the FTIR analysis are consistent with data already published.143  

 
Fig. 15. FTIR spectra of MIL-101(Cr) samples. 

 

8.2.3. XPS Analysis  
 

The chemical state of Cr, O, and C present on M4 and M7 samples were analyzed by 

XPS. The emissions related to C and O are identified in Fig. 16a and Fig. 16b; the signals 

are attributed to the BDC ligand; a small peak observed of N is associated with DMF 

solvent. Moreover, we can also detect two signals related to Cr, according to Cr2p spectra 

obtained from these samples, appear at 577.2 and 587 eV, corresponding to core 

emissions from Cr2p3/2 and Cr2p1/2 states, which agree with those expected for Cr(III) 

linked to carboxylate moieties at BDC units.144  
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Fig. 16. Survey XPS spectra recorded for: (a) M4 and (b) M7. Cr2p spectra of samples: 

(c) M4 and (d) M7. 

 

Meanwhile, the C1s and O1s spectra measured for the MOF sample are observed in 

Fig.17. The C1s spectra present four peaks at value of 284.6, 286.3-286.7, 288.5, and 

291.5-291.4 eV attributed to photoelectrons emitted from C in C-C/C-H, C-O, O-C-O, and 

O=C-O bonds, respectively (see Fig. 17a and 17b).145,146 

 
Fig. 17. C1s XPS spectra obtained for: (a) M4 and (b) M7; O1s XPS spectra for: (c) M4 

and (d) M7. 
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Moreover, three peaks in the O1s spectra can be identified related to O in O-Cr, O-C-O, 

and O=C-O at 530.3-529.9, 531.8-531.6 and 533.5-533.1 eV,146 (see Fig. 17c and 17d) 

These results are congruent with those obtained from FTIR measures and assure the 

formation of MIL-101(Cr) structure from either BDC reagent or PET molecules. 

 

8.2.4. Textural properties 
 

The textural properties of MOFs refer to the physical properties that describe the internal 

structure and surface area of the material. N2 adsorption isotherm was used to obtain the 

BET surface area (SBET) and pore volume (Vpore) of MIL-101(Cr) (Table 3). M4 presented 

a higher specific surface area (3432 m2 g-1) compared with the other routes of synthesis 

presented in this work and similar values than previously reported.147,148  

 
Table 3. Textural properties of MIL-101(Cr) M1-M7 and compared with previously 

reported. 
 

MOF 
MIL-101(Cr) 

BET Surface Area  
(m2 g-1) 

Pore Size  
(nm) 

Pore Volume  
(cm3 g-1) 

M1 1782 2.93 1.01 

M2 3053 2.07 1.57 

M3 3072 2.24 1.54 

M4 3432 2.44 1.67 

M5 1791 3.26 1.46 

M6 1385 6.47 1.24 

M7 1852 3.18 1.04 

MIL-101(Cr)149 2052 1.84 0.94 

MIL-101(Cr)150 2397 1.34 1.13 

MIL-101(Cr)151 4100  2.00 
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M2, M3, and M4 present similar values of specific surface area; in this sense, the use of 

DMF helps to eliminate the particulate of the organic linker that does not react and block 

the pores of MIL-101(Cr). Meanwhile, M1 presents a lower value than the other three 

MOFs; only hot ethanol and water were applied in the purification process.  

 

Comparing the green materials, M5 to M7, the last one presented a higher value of BET 

surface area of 1852 m2 g-1, which was slightly lower than the previous report using waste 

PET bottles as a source of organic ligand,152 is comparable to free-modulator 

hydrothermal synthesis. The textural properties differences between MIL-101(Cr) 

samples were expected because the use of acidic modulators enhances the porosity of 

MIL-101(Cr) and for an extra step of purification with DMF. 153 

 

8.2.5. Scanning electron microscopy (SEM) 

 

Scanning electron microscopy (SEM) is one of the most widely used techniques to 

characterize MOF. The SEM images of all routes of MIL-101(Cr) synthesis were used to 

observe the morphology of MIL-101(Cr) (Fig. 18-Fig. 19). Although M1, M2, M3, and M4 

(Fig. 18) only had the characteristic octahedral morphology previously reported,154,155 

while M5, M6, and M7 (Fig. 19) presented irregular morphology and agglomeration of 

crystals. 
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M1 

 

M2 

 
M3 

 

M4 

 
 

Fig. 18. SEM images of the MIL-101(Cr) M1 to M4. 
 

The use of HNO3 as a modulator helps obtain regular shape crystals without 

aggregation due to the moderate speed of nucleation; moreover, PET flasks directly 

affect the morphology of MOF. 
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M6 

 
M7 

 
 

Fig. 19. Sem images of the MIL-101(Cr) M5 to M7. 
 

8.3 Green Metrics  

 

The transition from qualitative to quantitative assessments based on quantifiable 

parameters has been a critical advancement in green chemistry. 76 This study applied the 

DOZN™ tool to evaluate the compliance with 12 green chemistry principles (GCP) of 

each MIL-101(Cr) synthesis. Table 4 resumes all output data of the software, expressed 
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as an adverse effect in percentage in every GCP. As the derivatives were indeterminate, 

GCP 8 (reduced derivatives) was not applicable to all synthesis; meanwhile, no significant 

differences were found in the GCP 9 (catalysis) and GCP 11 (real-time analysis for 

pollution prevention). In red are shown the higher impacts derived from the synthesis 

routes; in green, the lowest effect is observed. A significant part of the impacts is listed in 

M2, M3, and M4; the principal reason is the use of DMF in the purification process and 

apply a modulator like HNO3 and CH3COOH.  

 

Table 4. Output data for the evaluation of green chemistry. 
 

 Impact (%) 

GCP (Green Chemistry 
Principles) 

M1 M2 M3 M4 M5 M6 M7 

1. Prevention 7.7 16.6 15.9 15.9 11.2 14.4 6.1 

2. Atom Economy 10.3 14.5 14.6 14.6 13.8 13.1 8.1 

3.Less Hazardous Chemical 
Synthesis 

8.8 12.4 12.4 26.9 11.8 11.2 7.0 

4. Designing Safer Chemicals 11.7 11.7 11.7 18.4 11.7 11.7 11.7 

5. Safer Solvents and Auxiliaries 0.0 19.6 17.3 17.7 16.5 15.7 0.0 

6. Design for Energy Efficiency 11.9 13.8 14.2 14.2 13.3 12.7 9.3 

7. Use of Renewable 
Feedstocks 

10.3 14.5 14.6 14.6 13.8 13.1 8.1 

8.Reduce Derivatives n/a n/a n/a n/a n/a n/a n/a 

9. Catalysis 12.5 12.5 12.5 12.5 12.5 12.5 12.5 

10. Design for Degradation 9.8 13.7 13.3 13.3 13.3 13.3 10.3 

11. Real-time analysis for 
Pollution Prevention 

12.5 12.5 12.5 12.5 12.5 12.5 12.5 

12. Inherently Safer Chemistry 
for Accident Prevention 

9.5 13.4 13.4 21.2 12.7 12.1 7.5 
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According to GCP 1 (waste prevention), it is desirable to avoid generating waste than to 

clear it up after it has occurred. 71,156 Due to its severity, the use of DMF solvent is the 

primary contributor to waste in MOF synthesis. Avoiding the use of DMF, a reduction of 

60% of environmental impacts in M7 synthesis is reached where contrasted with with the 

impacts of the M3 synthesis (higher value). This result is an indication of the improvement 

of the MIL-101(Cr) synthesis in the framework of the Green Chemistry Principle 1.  

 

The Atom Economy concept of the GCP 2 includes making the most effective use of raw 

materials so that the material (MOF) contains the maximum number of atoms from the 

reactants. 72 In this regard, the extra washing step with DMF in the purification process of 

M3 and M4 contributed to the loss of the powder product, thus, M3 and M4 presented 

significant impacts due to their low mass of MOF powder (1.9 g and 1.828 g) compared 

with the mass of M7 product (2.4 g). 

 

The GCP 3 (less hazardous chemical synthesis) prioritizes the production of non-toxic 

compounds for the environment and public health. 157,158 The data on the harmful effects 

of each raw material is found in the Material Safety Data Sheet and input data of DOZN™. 

In the procedure of M4, the use of a toxic solvent (DMF) and corrosive compound (HNO3) 

presented the major hazard score (Category 4) due to the high acute aquatic toxicity of 

both substances (<1.00 mg L-1). In the case of M7, the elimination of hazardous 

compounds from the synthesis process resulted in a reduction of environmental impacts, 

with a decrease of 74% compared to the M4 synthesis.  
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The GCP 4 (designing safer chemicals) focuses on how MOF products should be planned 

to reduce their toxicity and preserve their original purpose 73; analysis of the toxicity of 

raw materials and products is required to receive a score on GCP 4. LD50 (lethal dose 

for 50% of mice) of MIL-101(Cr) was utilized due to the lack of information regarding MIL-

101(Cr) humans’ toxicity. The GHS classification of M1-M7 synthesis corresponds to 

group 4 (B score = 1) because this value exceeds 2000 mg/kg body weight [113]. Thus, 

the 20% additional impact of the M4 synthesis is due to the toxicity levels of the raw 

materials. 

 

Focusing on greener solvents is the most active area of study in green chemistry; the 

GCP that presented the more difference in impact derived from MIL-101(Cr) production 

is the GCP 5 (Safer Solvents and Auxiliaries). Furthermore, many conventional solvents 

present effects on health and the environment159,160. DMF is classified as probably 

carcinogenic to humans in the 2A group of IARC (International Agency for Research on 

Cancer) 161; also, the use of HNO3 like modulator presents an impact on this GCP due to 

its harmful characteristic74. The non-use of solvents or modulators reduced to 0% the 

effect of M1 and M7 in GCP 5.  

 

The synthesis of MIL-101(Cr) needs high-temperature values for crystallization (220 °C) 

and purification (80°-100°C), causing a negative effect in the GCP 6 (design for energy 

efficiency), which focuses on minimizing the energy requirements71,73. In this regard, M8 

and M1 presented lower impact due to the less purification step. The GCP 7 (use of 

renewable feedstocks) prioritizes using renewable raw materials or feedstocks above 
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depletion.156 DOZN™ refers to renewable material as a "biobased product", which means 

a product composed, in whole or in significant part, of biological products, not the case of 

PET. The difference in this impact was determined by the lower mass of raw materials 

and the greater mass obtained in M7 compared with other syntheses.  

 

M7 presents eight green flags, meaning that in 8 GCP shows the lower impact; 

meanwhile, M4 presents a higher negative effect in 6 GCP. The total environmental score 

(Fig. 20) can be used for comparison between all synthesis routes; as a previous analysis, 

the higher impact (54) is observed in M4; basically, the first four routes present higher 

values than the last synthesis. M7 shows the lowest value of 34; in this sense, applying 

DOZN™ analysis, M7 can be considering the synthesis with minor impacts.  

 

Fig. 20. Total environmental score of different routes of MIL-101(Cr). 
 

The 12 Green Chemistry Principles are categorized into three major groups: Enhanced 

Energy Efficiency (GCP 6), Reduced Human and Environmental Hazards (GCP 3, GCP 
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4, GCP 5, GCP 10, and GCP 12), and Improved Resource Use (GCP 1, GCP 2, GCP 7, 

GCP 8, GCP 9, and GCP 11). Fig. 21 presents the comparison of M7 (lowest impact) and 

M4 (highest impact).  

 

Fig. 21. Groups of impact into environmental score for M4 and M7. 
 

The Reduced Human and Environmental Hazards score for M7 and M4 was 39 and 141, 

respectively. In the case of the Increased Energy Efficiency category, M7 achieved a 

lower environmental score (1446) compared with M4 (2250) due to the high yield and 

fewer stages for the solvent exchange process. At the last category, Improved Resource, 

M4 presented a value of 112; meanwhile, M7 showed a 38-score value. Finally, DOZN™ 

provides an aggregate score that resumed all impacts; in this sense, M4 and M7 exhibited 

58 and 30, respectively. Based on the results, avoiding HNO3 as a modulator, using non-

toxic solvents, and applying PET as a source of organic linker reduced nearly 50% of the 

impact on the 12 GCP. 
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As commented before, green chemistry focuses on the change of conventional solvents 

for less toxic solvents; similarities are presented between the green assessment 

conducted using DOZN™ software and other previously reported methodologies. For 

example, Venturi et al. (2020) 162 showed an environmental assessment of solvents to 

produce UiO-66. The solvents' greenness was based on the physicochemical properties 

and toxicity of reagents and products; a color classification of solvents was obtained and 

evaluated in the synthesis of MOF powder. Although the results showed a green 

assessment, they were purely descriptive and only considered solvents. In another study, 

Eftahia et al. (2020) 163 applied a green metric based on 12 GCP to determine sorbent's 

green assessment; the classification depended on how principles were achieved. 

However, the metric only considers if the sorbent compliance or not the green chemistry 

guides; even though it is essential to establish a qualitative metric, it is more pertinent to 

evaluate the range of green materials based on quantitative metrics 164 as presented 

using DOZN™.  

 

8.4 Life cycle assessment of MIL-101(Cr) 

 

8.4.1 Life Cycle Inventory  

 

LCA is an alternative to verify material production's greenness. Usually, LCA is 

considered the best method for quantifying the effects of a process and considers the 

entire life cycle of the product, including the extraction of raw materials and energy 

needed to obtain the outcomes. 27 
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The inventory data recompiled in the MIL-101(Cr) production are observed in Table 5. 

The energy needed to synthetize 1 g of MOF powder varies between 116.07 and 123.30 

Wh. A major part of power consumption was wasted in the hydrothermal synthesis stage 

(68%-72%), next the solvent exchange stage represented around a 25-29%, the drying 

stage wasted 2.1-2.9% of total energy, and finally, less than 0.1% is consumed in the 

ultrasonic mixing stage. Pioquinto et al. (2021) studied a DUT-4 production on a 

laboratory scale; the scenario with higher power consumption was observed in the 

synthesis stage (74%), although the DUT-4 temperature reaction (120° C) was lower than 

MIL-101(Cr) (215° C), the percentage of power used in synthesis stage is similar to the 

actual study.  

 

In terms of raw materials, M1-M4 syntheses required a significant amount of organic linker 

(0.83–0.91 g) to produce 1g of MIL-101(Cr) powder. In contrast, M5-M7 scenarios utilized 

PET waste as a source of H2BDC, thereby eliminating the need for a commercial organic 

linker. The chromium nitrate mass observed was higher in M4 and M5 (2.19 g and 2.11 

g); finally, DI water presented mean values of 23.93±1.90 mL. The use of DMF, ethanol, 

and water in the solvent exchange stage was higher in M4 (54.70 mL) than the mean 

observed in all other scenarios (DMF 49.41±5.64, ethanol 48.76±5.69, and water 

48.76±5.69 mL). The cleaner MOF production searches for the absence of toxic solvents 

165 and the minimization of reagents and auxiliaries, 166 in this sense, M7 used fewer raw 

materials to produce MIL-101(Cr) with similar characteristics compared with scenario M4 

(see Section 8.2). 
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Table 5 Inventory data for MIL-101(Cr) production. 

Inputs  
(Value/UF) 

Synthesis   

M1 M2 M3 M4 M5 M6 M7 

Electricity Stage 
(Wh)        

Ultrasonic Mixing 0.03 0.03 0.02 0.03 0.03 0.03 0.03 

Hydrothermal 
Reaction  84.13 84.13 84.17 84.13 84.14 84.14 84.19 
Solvent 
Exchange 30.16 29.96 30.33 36.24 30.40 30.34 29.36 

Drying 2.53 2.88 2.97 2.90 2.58 2.90 1.48 
Chemicals 
Reagents        

H2BDC (g) 0.87 0.83 0.87 0.91    

PET (g)     0.83 0.79 0.83 
Nitrate 
Chromium (g) 2.11 1.99 2.11 2.19 2.00 1.90 1.67 

Water DI (mL) 25.26 23.88 25.26 26.25 24.00 22.86 20 

Nitric Acid (mL)    0.24 0.22   

Acetic Acid (mL)   0.23   0.21  

DMF (mL)  49.75 52.63 54.70 50.00 40.00  

Ethanol (mL) 52.63 49.75 52.63 54.70 50.00 40.00 41.67 

Water (mL) 52.63 49.75 52.63 54.70 50.00 40.00 41.67 
 

FU: Functional Unit 
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8.4.2 Environmental impacts of MIL-101(Cr) production  

 

The endpoint indicator ReCiPe single score (related to FU in each scenario) is shown in 

Fig. 22. In terms of endpoint Single Score, the environmental impact indicators with more 

contribution in all scenarios of MIL-101(Cr) are climate change, fossil depletion, 

particulate matter formation, and metal depletion.  

 

Fig. 22. Environmental impact of MIL-101(Cr) production. 
 

The main impact observed on the three first indicators is related to the use of DMF in the 

solvent exchange stage; 48.76-54.70 mL of solvent was necessary to remove the 

unreacted H2BDC in the synthesis stage. However, the use of DMF added a negative 

environmental impact on MOF production. The negative effect on metal depletion is 

directly attributed to chromium nitrate nonahydrate manufacturing. Scenario M4 

presented a higher environmental impact (42.62 mPt); meanwhile, the difference between 
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scenarios M3, M5, M2, and M6 was depreciable (± 0.92 mPt). Minor impacts were 

observed in M1 (17.9 mPt) and M7 (14.68 mPt); in this sense, the no use of DMF reduced 

the environmental impacts compared to the remaining scenarios.  

 

The characterization of the indicators of environmental impact for each scenario using the 

endpoint ReCiPe related to 1 g of MIL-101(Cr) are analyzed in Fig. 23. As observed 

before, climate change indicator showed more negative affectation. However, previous 

reports made by Grande et al. (2018) and Pioquinto et al. (2021) expressed that 

decreasing the amount of solvents reduced the effect of climate change environmental 

impact. 81,82 Fig. 23a presents that the major impact related to climate change indicator is 

DMF manufacture. M4, M3, M5, M2, M6, and M7 showed 0.18, 0.17, 0.16, 0.16, 0.15, 

and 0.13 kg CO2 eq, respectively, corresponding to DMF production. Meanwhile, no effect 

was presented in M1 and M7 because no DMF solvent was applied. In this sense, M7 

reduces 66% of the impact on climate change compared to M4 (from 0.34 to 0.11 kg CO2 

eq). The main climate change impact in M7 was observed in the electricity needed to 

carry out the hydrothermal reaction (6.6 ×102 kg CO2 eq).  

 

Fossil depletion is the second most representative MIL-101(Cr) production indicator (Fig. 

22), and the results are closely related to the climate change indicator (Figure 23b). Near 

to 67% of the impact observed in scenarios M2-M6 was related to solvent production. In 

this sense, DMF manufacture resulted in the activity with the most incidence (8.2-9.4×10-

2 kg oil eq) in fossil depletion, followed by electricity consumption in solvent exchange 

(1.8×10-2 kg oil eq) and hydrothermal synthesis (1.32×10-2 kg oil eq).  
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Fig. 23. Environmental impact indicators of each scenario of MIL-101(Cr) production  
a) climate change, b) fossil depletion, c) particulate matter formation, and d) metal 

depletion. 
 

On the other hand, the negative sources observed in M1 and M7 were in electricity 

production used in the hydrothermal reaction stage (0.011 kg oil eq), drying (3.37×10-4 

and 1.97×10-4 kg oil eq), ultrasonic mixing (5.96×10-3 kg oil eq), and solvent exchange 

a b 

c d 
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(1.2×10-2 and 8.1×10-3 kg oil eq). Additionally, metallic salt and ethanol production 

presented 8.02×10-2 and 6.36×10-3 kg oil eq for M1 and M7, respectively. 

 

Another indicator evaluated was particulate matter formation (Figure 23c). The air 

emissions responsible for particulate formation come mainly from DMF production in M2-

M6 (3.03×10-4 - 3.48×10-4 kg PM10 eq); the main contributors to this indicator are sulfur 

dioxide (39%), PM2.5 (32%), and nitrogen oxides (17%). In addition, the total energy 

necessary for MIL-101 (Cr) production added near of 30% of the total impact on 

particulate matter formation. Finally, as described before, chromium (III) nitrate 

nonahydrate impacts in the metal depletion category (Fig 23d): 99% of impact into this 

environmental category was due to metal salt in M7 and M1; additionally, DMF only is 

related to 6-7% of effects in the metal depletion category. 

 

Similar studies of LCA of MOF production exhibit that a significant decrease in solvent 

consumption can reduce the impact of climate change, fossil depletion, and particulate 

matter production indicators; in this sense, the greenness scenario decreases 66% of the 

adverse effects observed in M4. Pioquinto-García et al., (2021) presented a scenario of 

DUT-4 avoiding DMF solvent; as a result, a reduction of 90% impacts was achieved, 

although the adsorption capacity of the material was lower than conventional synthesis.  

 

The Green Chemistry Principle 4, applied to MOF production, explains that chemical 

modifications to MOF procedure should be designed to preserve the efficacy of function 

while reducing toxicity 156,165. As presented before, all MIL-101 (Cr) showed a similar 
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adsorption capacity, but the M7 procedure eliminates toxic solvent and reduces the 

energy used in the cleaning step; as a result, the product still exhibits the desired function 

with less environmental impact.  

 

8.5 Economic Assessment 
 

The potential of a novel green material must be evaluated, along with its economic 

performance, according to certain current criteria for assessing MOF synthesis. These 

criteria focus on environmental issues or a specific application and the product's entire 

cost. 168 The manufacturing cost distributions of MIL-101(Cr) at a laboratory scale were 

evaluated using Monte Carlo simulation. The variability of chemicals market price, 

electricity cost, and equipment acquisition were related in Appendix B.  

 

The results of simulated production cost distributions for MIL-101(Cr) scenarios are 

observed in Fig. 24. M4 presented the highest mean production cost ($6.56 g-1, ±1.48), 

and a major part of the results (90%) are from $4.34 g-1 to $8.50 g-1. The synthesis cost 

of routes M3, M5, M2, M6, and M7 are $6.42 g-1 (±1.43), $6.26 g-1 (± 1.36), $6.24 g-1 

(±1.35), $6.11 g-1 (±1.29), and $5.62 g-1 respectively. Meanwhile, M1 presented a mean 

synthesis cost of $5.25 g-1 (±0.88), and M7 has the lowest average production cost ($4.28 

g-1, ±0.70), with 90% of outcomes from $3.18 g-1 to $5.17 g-1. Monte Carlo simulations 

indicate that avoiding the use of an organic solvent (DMF) reduced the economic 
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Fig. 24. Total cost production of MIL-101(Cr) scenarios. 
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impact of MOF production; M1 and M7 presented the lower cost values; meanwhile, the 

synthesis applied DMF in the exchange solvent process (M2, M3, M4, M5, M6, and M7) 

exhibited cost from $6.11 g-1 to $6.56 g-1.  

 

The total cost of producing 1 g of MIL-101(Cr) was divided into capital and operating costs 

(see Eq. 1). About 50% of the total synthesis cost corresponded to equipment acquisition, 

categorized into the operating cost. At a laboratory scale, the value of producing material 

can be up to 1000 times in comparison with an industrial process 169,170, increasing the 

amount of material produced can reduce the cost of capital cost for example, in a scaled-

up production of UiO-66, the equipment cost showed a 20% of the total value of MOF 

manufacture.171 The operating cost includes the raw chemicals for MOF synthesis (metal 

salt, DI water, and organic linker), solvents (DMF, ethanol, and water), and energy 

consumption. Especially the use of organic solvent significantly impacted the total cost. 

The Monte Carlo simulation indicates that the no use of DMF reduced the economic 

impact of synthesis. M1 and M7 presented the lower cost values (USD 5.25 g-1 and USD 

4.26 g-1); meanwhile, the routes that used DMF in the purification process (M2, M3, M4, 

M5, and M6) exhibited cost from USD 6.11 g-1 to USD 6.56 g-1, the amount used was 

about 49.75 mL-54.7 mL, corresponding about 30-35% of the total cost (USD 1.8 g-1-USD 

1.96 g-1). In similar research, the economic feasibility of different UiO- 66-NH2 production; 

50% of the synthesis cost corresponded to solvents (DMF and methanol).171 In addition, 

40% of the total cost of MOF Mg2(dobdc) production corresponds to solvents.172 In our 

study, not using DMF solvent at the laboratory scale could reduce 35% of the synthesis 
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cost of M7 compared with the higher cost value (M4). In the case of electricity, nearly 3% 

of the total value of 1 g MIL-101(Cr) manufacture corresponded to the energy cost (USD 

0.14-0.16 g-1); the price of electricity was calculated using the Mexican rate (north), based 

on 0.047 USD kWh-1. M7 production is favorably significantly increased at the lab scale 

from operating and capital costs. 

 

Even though MOF has been studied and applied recently, only a few industries 

commercialize the MIL-101(Cr). Depending on the physicochemical properties of MOF 

powder and the commercial brand, the cost of MIL-101(Cr) varies between USD 315-880 

g-1.173,174 Although in this study, the cost related to lab construction, management, labor, 

equipment maintenance, and taxes did not account for; the value obtained by M7 (USD 

4.28 g-1), avoiding the use of DMF and H2BDC could reduce the impact cost of commercial 

value. For example, PET flakes used in the M7 scenario as an organic linker instead of 

H2BDC could promote an eco-design or recycling cost subsidy 175. 

 

8.6 Adsorption MIL-101(Cr) powders 

 

8.6.1 Adsorption Kinetics  

 

Adsorption kinetics is the study of how adsorption occurs over time, including the rate at 

process it happens. The adsorption kinetics experiments of toluene onto MIL-101(Cr) 

powders (M1-M7) were performed using 40 mg of each adsorbent in a headspace vial 

(20 mL) under laboratory conditions and 2 ppm initial concentration of the VOC. The 
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kinetic adsorption of the MIL-101(Cr) materials took around 20 min to reach equilibrium 

(Fig. 25). The adsorption capacity of M5-M7 samples was comparable to that of M1-M4, 

indicating that PET waste did not compromise the performance of the material at low 

toluene concentrations. 

 

Fig. 25. Adsorption kinetics of M1-M7.  

 

The PFO and PSO kinetic models were used to fit the experimental data of the MIL-101 

(Cr) powder material (Appendix C). The parameters of the models and the experimental 

fit error are shown in Table 6. The PFO model correlation coefficients (R2) were higher 

than those presented by the PSO model. On the other hand, the theoretical adsorption 

capacity of the adsorbent at equilibrium (qe) using the PFO model was near to the 

experimental values; experimental data of qe for M7 was 40.34 mmol g-1; meanwhile 

simulation model observed 40.34 mmol g-1. Although the PSO model presented high 

correlation coefficients, the PFO coefficients were closer to 1; only M3-PFO showed a 

lower value of R2 compared with the PFO kinect model (0.89<0.95). PSO model was 
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more suitable for describing the toluene adsorption process at 2 ppm toluene 

concentration; this meant physical adsorption played a significant role in the toluene 

adsorption processes. 

Table 6. Parameters for PFO and PSO kinetic models. 

Scenario PFO PSO 

 qe (mmol g-1) k1 (min-1) R2 qe (mmol g-1) k2 (g mg-1min-1) R2 

M1 42.01 ± 1.18 0.28 0.97 52.3 ± 3.7 0.00543 0.93 

M2 41.87 ± 0.60 0.51 0.97 47.41 ± 1.51 0.01481 0.94 

M3 42.53 ± 0.18 2.51 0.89 43.40 ± 0.19 0.07912 0.95 

M4 43.06 ± 0.11 0.89 0.86 44.03 ± 0.25 0.08464 0.84 

M5 43.31 ± 0.27 0.08 0.96 43.31 ± 0.27 0.08643 0.96 

M6 42.01 ± 0.19 0.70 0.30 42.72 ± 0.71 0.09713 0.16 

M7 40.34 ± 0.11 5.63 0.99 40.60 ± 0.09 0.25167 0.99 

 

8.6.2 Adsorption Isotherms 

 

Adsorption isotherm is a graphical representation of the relationship between the 

adsorption capacity at equilibrium and the residual concentration of the adsorbate at 

equilibrium at constant temperature. To determine the adsorption capacity at equilibrium 

as a function of the toluene concentration at equilibrium, the adsorption isotherms for M4 

and M7 were performed at a constant temperature of 25 °C, 1 atm of pressure, 40 mg of 

MOF material, and up to P/Po 3.0 x 10-3 (Fig. 26). At a low relative pressure (P/Po = 3.2 

x10-5), the equilibrium adsorption capacity of M4 and M7 was found to be similar, ranging 

between 0.66-0.68 mmol g-1. However, as the relative pressure increased (P/Po =2.2x10-

3), the adsorption capacity of M4 was found to be higher (6.8 mmol g-1) that that of M7 
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(3.97 mmol g-1). These findings suggest that while M7 may exhibit comparable 

performance to M4 at low relative pressures, it may not be as effective at higher relative 

pressures. 

 

 

Fig. 26. M4 and M7 adsorption isotherms. 

 

8.6.3 Continuous Toluene Adsorption onto MIL-101(Cr) powder 

 

Breakthrough curves can be considered the last essential characterizations to determine 

the adsorption processes of new materials. Two samples were used: the conventional 

synthesis method (M4) versus the green material (M7). The toluene adsorption (250 ppm) 

was carried out at 25°C and 1 atm with flow of 250 mL min-1. The breakthrough curves of 

toluene in M4 and M7 are shown in Figure 27. The saturation time of M4 and M7 was 240 

and 170 min, respectively. In addition, the adsorption capacity at saturation time observed 

was 50.54 and 31.41 mg g-1 for M4 and M7, respectively. These values resulted from the 
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differences in the surface area of the evaluated materials. M4 presented a higher value 

(3431 m2 g-1) compared with the greener version of MIL-101(Cr) (1852 m2 g-1).  

 

 

Fig. 27. Breakthrough curves of M4 and M7 samples. 

 

For an idealized situation, the breakthrough curve is S-shaped, symmetrical, and with 

similar times at breakthrough and saturation.178 In this regard, the breakthrough curve of 

M7 is less stepper than M4 curve. The gradual slope change observed in the 

breakthrough curve of M7 could be attributed to the more complex pore structure or a 

high degree of tortuosity.  The non-local density functional theory (NL-DFT) was applied 

to obtain the pore size distribution curves 179 for M7 and M4. The distribution over the 

mesoporous range (2-50 nm) is extensive for the M7 sample; this behaviour can be 

understood in terms of PET impurities.  
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8.7 Techno-Economic and Environmental Assessment of MIL-101(Cr) powders. 

 

To obtain a general view of the selection of the ideal adsorbent, it is essential to evaluate 

the economical and sustainable impact of MIL-101(Cr) routes. Previously, Pioquinto-

García et al. (2021) presented a techno-environmental impact factor of DUT-4; the value 

was obtained by the ratio of environmental impact and the adsorption capacity, in this 

case, an economic factor of MIL-101(Cr) scenarios was added (Table 7). Therefore, the 

environmental impact-adsorption capacity ratio and economic value were estimated for 

M1-M7 scenarios. The assessment considered the environmental impact using LCA, the 

adsorption kinetics of toluene, and the production cost using Monte Carlo simulation for 

all the MIL-101(Cr) scenarios. 

 

Table 7. Techno-Economic Environmental Assessment of MIL-101(Cr) Scenarios. 

Scenario 
Environmental impact/Adsorption 

capacity ratio (mPt mmol-1) 

Synthesis cost 

(USD g-1) 

M1 0.4484 5.25 

M2 0.9285 6.24 

M3 0.9258 6.42 

M4 0.9669 6.56 

M5 0.9048 6.26 

M6 0.9132 6.11 

M7 0.3719 4.28 

 

First, M2-M6 had a high environmental impact/adsorption capacity ratio (mPt mmol-1) and 

a high synthesis cost (USD g-1). These values can be explained by the fact that M2-M6 
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employs DMF as a solvent in an additional step, raising the cost of material and energy 

needed for the purification step; additionally, the environmental impact of solvent 

manufacture impacts the ratio considering the adsorption capacity. On the other hand, 

M1 has a 20% lower synthesis cost than M4 and a 55% lower environmental impact per 

mmol of toluene adsorbed. Moreover, the M7 scenario offers the lowest environmental 

impact/adsorption capacity ratio, and the average synthesis cost was the lowest. 

Therefore, compared with M4, M7 is considered 45% more economically efficient and 

60% better environmental performance by mass of toluene adsorbed. Although all 

scenarios presented similar adsorption capacities (40.33 mmol g-1-43.43 mmol g-1), the 

use of DMF increased the cost of synthesis and showed more negative environmental 

impacts due to solvent production.  

 

In a sustainable approach, a novel material must demonstrate an economic advantage, 

minimal environmental impact, and technical improvement, 180,181 in this sense, the 

TOPSIS methodology was used to select the best option material. Three criteria were 

applied: adsorption capacity, environmental, and cost impact (Fig. 28).  

 

The ideal option as a toluene adsorbent at low concentrations was M7 scenario; the low 

environmental impact (15 mPt) of production and the minor synthesis cost (USD 4.28 g-

1) compared with the scenarios helped to obtain a score of 0.92. In the case of adsorption 

capacity, the value obtained of M7 (40.33 mmol g-1) was not the higher value; 

nevertheless, no differences were shown compared with scenarios ubicated in superior 

adsorption rank (43.03 mmol g-1).  
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Fig. 28. TOPSIS score of MIL-101(Cr) scenarios. 
 

The second most cost-environmentally-effective scenario was M1, which, compared with 

M7, presented nearly -15% efficiency. Although the values of adsorption capacity (40.14 

mmol/mg) and the environmental impact (18 mPt) were near M7, the criteria of synthesis 

cost were higher (USD 5.25 g-1), affecting the rank obtained. The next rank was M6 (score 

= 0.18); compared with M7 and M1, the environmental impact (37 mPt) and synthesis 

cost were higher (USD 6.11 g-1). The following scenarios ubicated in the rank were M5 

(score 0.13) > M2 (score 0.11) > M3 (score 0.10); the differences observed were minimal. 

Finally, although M4 had the highest toluene adsorption capacity (43.44 mmol g-1), it is 

the most expensive option, and the environmental impact that presented the synthesis is 

considered the worst. In this sense, M4 showed -91% effectiveness compared with the 

cleaner option (M7).  
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8.8 MIL-101(Cr)-Monolith  

 

To determine the ideal paste formulation, two types of solvents, two binders, and different 

MOF amounts resulted in 55 different formulations of pastes, however, only three 

formulations presented characteristics that allowed extrusion (Table 8).  

 

Table 8. Paste formulations with printability. 

 Monolith A (%wt) Monolith B (%wt) Monolith C (%wt) 

M4 17.5 29 24 

CMC 2.5 3 2 

H2O 80 68 74 

 

Fig. 29 shows the MIL-101(Cr)-monoliths using paste formulations described before. The 

printed monolith was designed with specific dimensions (1.5 cm of diameter and 1 cm of 

height). However, monolith A (Fig. 29a) showed deficiencies, the monolith channels did 

not have the required size and form. Modifying the percentage of MOF and CMC (29% 

and 3%wt) resulted in monolith B (Fig. 29b). While well-defined channels were observed 

in the initial layers of the monolith, it was found that the paste did not exhibit sufficient 

printability in the later layers to form a complete structure. This may be attributed to a low 

water content in the paste relative to monoliths A and C, which may have resulted in 

insufficient adhesion between adjacent layers. 
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Fig. 29. 3D printed monoliths using paste formulations described in Table 9 a) monolith 
A, b) monolith B and c) monolith C. 

 

Finally, Monolith C, which contained 24% MOF, exhibited ideal extrusion properties, 

resulting in a well-defined structure with clearly defined channels (Fig. 29c). However, the 

dimensions of the printed monolith differed slightly from those specified in the Cura 

software, with a 10% difference in extrusion line diameter and a 13% difference in spacing 

between channels (Fig. 30). This deviation may be attributed to the density of the CMC  

(1.59 g cm-3), which can affect the size and shape of the printed channels.  

 

Fig. 30. Channels size of monolith C.  

A B C 
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Although an extrusion was achieved, the monolith presents structural deficiencies, as 

shown in Fig. 31. The channels presented several fractures, which are of the fragile 

fracture type; the kind of crack presented is observed with a shallow plastic deformation 

at the fracture vertex. 

    

Fig. 31. Fractures observed in channels of monolith c. 

 

Binder plays a crucial role in paste 3D printing; it is responsible for holding the shape of 

the printed object until it is cured or dried, without binder, the printed object may lose its 

shape, deform, or collapse. 127,182 In this sense, monolith D was formed with a percentage 

of kaolin (10%wt) to prevent fractures in the structure. Although the extrusion of the paste 

was observed, the phenomenon of widening of the lower layers is present; the density of 

the material used in 3D printing can have an effect on the widening of printed monoliths 

walls. The monolith D still presents structural deficiency due to the density of CMC (Fig. 

32), it presented a variation (7.5 %) in dimensions of the first layers compared to the last.  
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Fig. 32. Dimensions of monolith D a) first layers, b) last layers ,and c) effect of CMC into 
dimensions of monolith d.  

 

To minimize the impact of CMC density on the 3D printing process and the dimensions 

fo the monolith, it was necessary to modify the paste formulation by using a solvent that 

allowed for optimal paste flow. Ethylene glycol (EG) was identified as a suitable solvent 

and substituted for CMC in the new formulation. Specifically, the new paste composition 

comprised 1 g of 90% wt MIL-101(Cr) powder material, 10% wt kaolin clay, 1.2 mL of EG, 

and water in 1:1 ratio. As a result of the new formulation, a Monolith E was printed in a 

0.6 mm nozzle. The effect of the widening of the lower layers on the overall geometry of 

the printed monolith was not observed, the lower density of EG (1.11 g cm-3) compared 

A B 

C 
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with CMC demonstrate better results. This allowed for the printing of monoliths with 

varying channel geometries, such as square or hexagonal channels, as demonstrated in 

Fig. 33. 

 

 

 

Fig. 33. Monolith E a) square form and honeycomb channels, b) circle form and 
hexagonal channels, and c) circle form and honeycomb channels. 

 

8.8.1. Rheology Characterization  

 

The paste or slurry used in 3d printing must have the necessary rheological 

characteristics to be applied in the extrusion process.183 This slurry must flow 

A 
B 

C 
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continuously through a small nozzle without clogging (shear thinning), then quickly solidify 

to maintain its form after extrusion. 184 The viscosity-shear rate profile of MOF-kaolin 

paste is observed in Fig. 34. 

 

 

Fig 34. Apparent viscosity MIL-101(Cr)-kaolin paste as a function of shear rate. 

 

The paste displays the shear thinning characteristic, a rheological property necessary for 

extrusion-based 3D printing. In addition, the MOF-kaolin paste presented a high viscosity 

at a low shear rate, but the viscosity decreased with increasing the shear rate; these 

results suggested suitable extrusion behavior, as in previous reports.126 Furthermore, the 

viscosity of the paste is controlled by the presence of solvents (EG+H2O); in this 

sense, the relation 1:1 in the 1.2 mL volume seems ideal for presenting the required 

viscoelasticity. 
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As previously mentioned, the paste must flow constantly through a fine nozzle. In 

contrast to the paste used in Monolith D, which required a 0.8 mm extrusion nozzle, 

the paste used in Monolith E operated effectively with a smaller 0.6 mm nozzle due to 

its improved shear thinning behavior. 

 

The oscillatory frequency sweep (OFS) data also reinforces the result of the apparent 

viscosity of MIL-101(Cr)-kaolin paste. OFS experiment is applied to evaluate the 

viscoelastic behavior of a material (Fig. 35). The storage modulus shear (G') and loss 

modulus (G'') indicate solid-state and liquid-state behaviors, respectively. The storage 

modulus (G') of the MOF-kaolin paste was observed at ~1x105 Pa, which is above the 

loss modulus (G'') ~ 1x104 Pa until they crossed at a high yield stress value (1.2x102 

Pa). The gel point is considered when the fluid changes from liquid-state to solid 

elastic behavior. 

 

Fig. 35. The storage modulus G' and the loss modulus G'' obtained against the 
Oscillatory stress (Pa). 
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The rheological characterization of the MOF-kaolin paste confirmed its printability, and 

monolith E did not exhibit any deformation (Fig. 36) in comparison to monoliths A 

through D  

 

Fig. 36. Monolith printed with no deformation. 

 

8.8.2. XRD 

 

The XRD patterns of the kaolin clay, MIL-101(Cr) powder, and MOF-monolith are 

presented in Fig. 37. The diffraction peaks of kaolin clay are observed in 2θ = 12.4º, 19.9º, 

24.9º, 35º, and 38º. Meanwhile, the MIL-101(Cr) powder sample presented similar peaks 

mentioned before (XRD powder characterization, section 4.2.1). For the 3D-printed MIL-

101(Cr) monolith, the X-ray reflections from planes (333), (531), (606), and (753) with 

diffraction peaks at 2θ = 5.3°, 6°, 8.5°, 9.2°, confirm the MIL-101(Cr) crystal structure. 

MIL-101(Cr) still exhibits the original structure of MOF after extruding. The peaks 

corresponding to kaolin clay in the MOF-monolith pattern showed a low intensity 

attributed to the minimum percentage in the paste to form the monolith (10%). 
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Fig. 37. XRD patterns of kaolin clay, MIL-101(Cr), and MIL-101(Cr)-monolith. 

 

8.8.3.  FT-IR 

 

The functional groups of kaolin clay, MIL-101(Cr), and MIL-101(Cr)-monolith were 

obtained by FT-IR (Fig. 38). The characteristic peak at 570 cm-1 corresponding to the Cr-

O vibration is observed, which indicates a connection between Cr and the carboxyl groups 

of the organic ligand. While the peaks between 600 and 1600 cm-1 are attributed to 

terephthalic acid and its aromatic rings, the peaks at 750, 880, 1016, and 1150 cm-1 

correspond to the C-H vibration. The peak located near 1400 cm-1 is due to the symmetric 

O-C-O strain. The band indicated at the wavelength of 1517 cm-1 is related to the C=C 

tension. The peaks observed at 1623 and 3400 cm-1 are characteristic of water molecules 

adsorbed inside the MOF. The results shown in the FT-IR analysis are consistent with 

data already published. 50,185,186 
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Fig. 38. FTIR spectra for kaolin clay, MIL-101(Cr), and MIL-101(Cr)-monolith. 

 

8.8.4. Continuous Toluene Adsorption onto MIL-101(Cr) Monolith 

 

The dynamic adsorption performance of the 3D-printed MIL-101(Cr)-monolith was 

evaluated through breakthrough tests; the effluent was diluted with air, choosing the 

required air flow rate (Q= 250 mL min-1) to get Co=250 ppm of VOC vapor (butanol, 

toluene or cyclohexane), the experiment was carried out at ambient temperature, the 

adsorption experiment was done by duplicate. Previously, a nitrogen flow was applied to 

the monolith column (1.8 cm in diameter and 0.5 cm high). The breakthrough curve using 

the 3D printed MIL-101(Cr)-monolith for butanol and cyclohexane removal is observed in 

Fig. 39. The initial removal of VOCs by the adsorbent monolith was found to be higher in 

the first few minutes of exposure. However, as the saturation time was reached, the 

amount of adsorption became constant, indicating that no further removal of butanol or 

cyclohexane from the stream was observed.  
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Fig. 39. Breakthrough curve of butanol and cyclohexane using 3D printed MIL-101(Cr)-
kaolin monolith. 

 

It is noted that the saturation time for cyclohexane (160 min) was lower than that obtained 

from butanol (1230 min). As a result, the adsorption capacity was 40.43 mg g-1 and 215 

mg g-1 for cyclohexane and butanol, respectively. The high butanol adsorption capacity 

can be explained by the stronger interactions, such as electrostatic interactions, with the 

polar metal centers in the MOF structure compared to the relatively nonpolar 

cyclohexane. In addition, butanol can engage in additional intermolecular forces, such as 

hydrogen bonding, due to its polar nature and the presence of the hydroxyl groups. These 

hydrogen bonding interactions can further strengthen the adsorption of butanol within the 

MIL-101(Cr) structure.  

 

The breakthrough curves of toluene adsorption in MIL-101(Cr)-monolith and MIL-101(Cr) 

powder are shown in Fig. 40. The breakthrough curves are similar for both materials; a 

saturation time of 240 and 270 min was obtained for MOF powder and monolith, 
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respectively. The equilibrium adsorption capacity of monolith was slightly lower (46.19 ± 

0.59 mg g-1) than MOF powder (52.65 ± 1.59 mg g-1), the reason could be that monolith 

presented lower MIL-101(Cr) material in its structure (90%MOF-10%Kaolin); the active 

sites for toluene adsorption was decreased and finally the adsorption capacity was 

reduced.  

 

 

Fig. 40. Breakthrough curve of toluene using MIL-101(Cr) powder and 3D printed MIL-
101(Cr)-kaolin monolith. 

 

The breakthrough curves of MIL-101(Cr) powder and MIL-101(Cr) monolith data was 

fitted to Thomas and Yoon-Nelson models. These models are the most general and 

widely used to describe the dynamic adsorption in fixed bed columns. Table 9 presents 

the parameters for Thomas and Yoon-Nelson models which have been calculated from 

breakthrough curve of MIL-101(Cr) powder and MIL-101(Cr) monolith at toluene 

concentration of 250 ppm. According to the coefficient correlation (R2) value, the Yoon-

Nelson model prediction was in good agreement with the experimental results indicating 
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that it is suitable for describing the toluene dynamic adsorption at initial concentration of 

250 ppm. The time required to reach 50 % of breakthrough time t obtained from the 

calculation is similar to those obtained experimentally (74 min). 

 

Table 9. Predicted parameters for Thomas and Yoon Nelson model for toluene adsorption 

at 250 ppm. 

Material Thomas Model Yoon-Nelson Model 

 
KTM 

(mL mg-1 min-1) 

qTM 

(mg g-1) 
r2  

KYN 

(mL min-1) 
𝜏 (min) r2 

MIL-101(Cr) 
powder 

0.031 61.35 0.986  0.034 78.35 0.996 

MIL-101(Cr)-
kaolin monolith 

0.032 48.47 0.984  0.028 84.5 0.995 

 

 

MOFs have been applied to remove toluene from air streams; in this sense, Table 10 

resumes the adsorption capacity and experiment conditions of various MOFs. Even 

though the value of toluene adsorbed (mg) per gram of MIL-101(Cr)-monolith was lower 

than other MOFs, in dynamic adsorption, the velocity of the fluid flowing through the 

adsorbent bed can significantly impact the adsorption capacity. The flow conditions of the 

MIL-101(Cr)-monolith adsorption experiment was carried out at 250 mL min-1, higher 

compared with the other adsorbents; at higher fluid velocities, the contact time between 

the adsorbate and adsorbent is reduced, resulting in lower adsorption capacity. For future 

work, it will be necessary to compare adsorption capacities at different flow conditions.  

 

Table 10. Toluene adsorption capacity of MOF adsorbents. 
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Adsorbent Form 
Mass 
(mg) 

Flow  
(mL min-1) 

Co  
(ppm) 

qt 
(mg/g)) 

Reference 

UiO-66 powder 200 50 1000 151 
Zhang et al. 
(2019).187 

ZIF-8 powder 50 50 110 6.3 
Li et al. 
(2021).188 

CF-1100 
(ZIF-8 at  1100°C) 

powder 51 50 110 208.5 

MIL-101 (Cr) powder 40 70 655 397 
Wang et al. 
(2021).189 

MIL-68@PVA   beads 200 1000 200 43.59 Berilyn et al. 
(2022).190 HKUST-1@PVA  beads 200 1000 200 123 

UiO-66-NH2 powder 200 50 1000 162 
Shi et al. 
(2020).191 

MIL-101(Cr) powder 360  250 250 52.6 
This study MIL-101(Cr)- 

monolith 
monolith 360 250 250 35.09 

 

 
  

mailto:MIL-68@PVA%20beads
mailto:HKUST-1@PVA%20beads
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9. CONCLUSIONS 

This research obtained the techno-economical environmental assessment of eight routes 

of MIL-101(Cr) synthesis. In addition, MOF powder was suitable to be printed in monolith 

form by 3D technology. According to XRD and NMR data from BDC obtained from PET 

and compared with BDC-Sigma Aldrich, it was possible to use PET to synthesize MOF 

due to similar characteristics. Meanwhile, XRD reflections of M1-M7 matched XRD 

patterns of simulated MIL-101(Cr); However, only M2, M3, and M4 present a comparable 

intensity of the peaks. According to SEM analysis, M1-M4 showed the octahedral form of 

the MIL-101(Cr); meanwhile, M5-M7 exhibited agglomeration of particulate. In another 

way, M7 presented the higher surface area of scenarios that use PET and avoid DMF 

(1852 m2 g-1).  

 

Using DOZN software was determined that M4 synthesis represented the higher adverse 

effect on the Green Chemistry Principles; the significant impacts were observed in 

Prevention, Less Hazardous Chemical Synthesis, Safer Solvents and Auxiliaries, and 

Inherently Safer Chemistry for Accident Prevention. Furthermore, green synthesis of MIL-

101(Cr) was achieved and evaluated by LCA. The main environmental impacts were 

observed in Climate Change, Fossil Depletion, Particulate Matter, and Metal Depletion 

due to DMF and chromium (III) nitrate nonahydrate production. The M7 scenario reduced 

66% of the adverse effects observed in M4. 

 

Monte Carlo simulation assessed the production cost distributions of MIL-101(Cr) 

scenarios at a laboratory scale. The results of simulated production cost distributions in 
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order were M4>M3>M5>M2>M6>M1>M7. The lowest average production cost was 

observed in M7 ($4.28 g-1, ±0.70), with 90% of outcomes from $3.18 g-1 to $5.17 g-1. 

 

The adsorption kinetics of toluene onto MIL-101(Cr) powders (M1-M7) was fast, 20 min 

to reach equilibrium. A minimal difference in adsorption capacity was observed in MIL-

101 scenarios (43.44-40.33 mmol g-1). The PFO presented a higher correlation than PSO 

kinetic model; physical adsorption played a significant role in the toluene adsorption 

processes. The toluene adsorption isotherms for M4 and M7 at P/P0 =2.2x10-3 were 6.8 

mmol g-1 and 3.97 mmol g-1, respectively. Finally, the saturation time in continuous 

adsorption processes of M4 and M7 and was 1.5 h and 6.25 h, respectively; the main 

difference is due to the superior surface area of M4-MOF. 

 

Breakthrough curves can be considered the last essential characterizations to determine 

the adsorption processes of new materials. M4 and M7 were used to evaluate the 

continuous adsorption processes (250 ppm and 250 mL min-1); the saturation time of M4 

and M7 was 240 min and 170 min, respectively. The differences in the saturation time 

were derived from the surface area of the materials.  

 

TOPSIS method was applied to consider three criteria: adsorption capacity, 

environmental, and cost impact. The best option for toluene MIL-101(Cr) adsorbent was 

M7; the low environmental impact (15 mPt) of production and the minor synthesis cost 

(USD 4.28/g) compared with the M1-M6 scenarios helped obtain a high score of 0.92. In 

the case of the adsorption capacity, the value obtained of M7 (40.33 mmol/g) was not the 
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higher value; nevertheless, no differences were shown compared with scenarios ubicated 

in superior adsorption rank (43.03 mmol/g). In this sense, M7 was 91% cleaner option 

than the worst scenario (M4).  

 

55 pastes formulations were evaluated to allow extrusion; in this sense, the paste that 

used CMC presented extrusion; however, monolith presented structural affections due to 

the density of CMC (1.59 g cm-3). On the other hand, applying EG into the paste exhibited 

no dimension or widening effect in the monolith due to the lower density (1.11 g cm-3) 

value compared with CMC. In addition, rheology experiments showed that the paste of 

monolith E presented the necessary printability; XRD and FTIR confirmed the structure 

of MIL-101(Cr) remains after printing. 

 

The breakthrough experiment (Co= 250 ppm and Q=250 mL min-1) for MOF powder and 

monolith presented a similar saturation time, 240 min and 270 min. In addition, the 

equilibrium adsorption capacity of the monolith was slightly lower (46.19 ± 0.59 mg g-1) 

than MOF powder (52.65 ± 1.59 mg g-1 ). The lower toluene uptake over MIL-101(Cr)-

monolith than powder resulted from less active sites (90% MOF-10% kaolin). 

Nevertheless, the adsorption capacity difference was near 8%. Finally, MIL-101(Cr) could 

be immobilized in monolith using a 3D printing technique, and it showed a similar 

performance than powder material for the adsorption of toluene in dynamic conditions.  
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APPENDIX A  

Process of Cr(NO3)3*9H2O 

 

Sodium Chromate (Na2CrO4) is obtained from alkali roasting (soda-ash roasting) of 

chromite ores (CrO3) with Sodium Carbonate (Na2CO3) in a conventional reaction. 

Na2CO3 (100 kg) is mixed with the CrO3 (100 kg) and heated at around 900 °C for 2 hours. 

After the reaction, the product sodium is leached out in the water, and the formation 

efficiency is 80%.194 The sodium oxide reacts with the chromium ion in the following 

manner. 

2𝐶𝑟𝑂3 + 4𝑁𝑎2𝐶𝑂3 + 3𝑂2 → 4𝑁𝑎2𝐶𝑟𝑂4 + 4𝐶𝑂2  (a1) 

 

The precursor metal, Cr(NO3)3*9H2O, necessary to the synthesis of MIL-101(Cr), is 

obtained from the reduction reaction of sodium chromate (Na2CrO4) in the presence of 

HNO3. In a reactor with a temperature of 10°C, 100 kg of Na2CrO4 is mixed with 63 kg of 

HNO3 (23%); additionally, 20 g of methyl alcohol (CH3OH) is added. The product is 

separated through a fritted glass filter and concentrated by boiling. The crystallization of 

the product occurs at 30 °C, as a result, a slurry is obtained. Finally, chromic nitrate slurry 

is filtered through a fritted glass filter to collect the Cr(NO3)3*9H2O crystals; the efficiency 

reaction is about 75%. The reaction to obtain the Cr(NO3)3*9H2O from reduction Na2CrO4  

as follows:  

𝑁𝑎2𝐶𝑟𝑂4 + 𝐻𝑁𝑂3  + 𝐶𝐻3𝑂𝐻 → 𝐶𝑟(𝑁𝑂3)3 ∗ 9𝐻2𝑂 + 𝑁𝑎   (2) 
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Energies requirements for (Cr(NO3)3*9H2O) production  

 

The energy consumption of (Cr(NO3)3*9H2O) synthetized was estimated based on the 

heat reaction of the process. The following equations calculate the heat associated with 

(Cr(NO3)3*9H2O).  

 

𝐻̂ = ∆𝐻̂𝑓0 + ∫ 𝐶𝑝∆𝑇
𝑇2

𝑇1
   (a3) 

 

∆𝐻 = ∑(𝑛𝐻̂)𝑜𝑢𝑡𝑝𝑢𝑡𝑠 − ∑(𝑛𝐻̂)𝑖𝑛𝑝𝑢𝑡𝑠 (a4) 

𝐸𝑖 =  ∆𝐻 + 𝐹𝐶 (a5) 

where: 

𝐻̂: specific enthalpy of reactants (kJ mol-1) 

∆𝐻̂𝑓0: heat of formation of reactants (kJ mol-1) 

T1, T2: Temperature of reference and reactants (°K) 

Cp: calorific value of reactants (kJ mol-1 °K-1) 

𝑛: molecular weight  

𝐸𝑖: theoretical energy consumption  

𝐹𝐶: Factor endothermic reactions (4.2) 

Factor exothermic reactions (3.2) 

 

The values to obtain the LCI for Cr(NO3)3*9H2O production are resume in Table A1. 
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Table A1. Values for energy balance into Cr(NO3)3*9H2O production. 

Reactant/Product ∆𝑯̂𝒇𝟎 

(kJ mol-1) 

Cp 

(kJ mol-1 °K-1) 

∆𝑻 

(°K) 

𝒏 

Equation 1 

2𝐶𝑟𝑂3 -589.3 0.060 

875 

10 

4𝑁𝑎2𝐶𝑂3 -1130.7 0.111 9.43 

4𝑁𝑎2𝐶𝑟𝑂4 -1329 0.053 9.87 

Equation 2 

4𝑁𝑎2𝐶𝑟𝑂4 -1329 0.053 

-15 

6.17 

𝐻𝑁𝑂3 -206.3 0.109 9.99 

𝐶𝐻3𝑂𝐻 -251.3 0.06 0.006 

𝐶𝑟(𝑁𝑂3)3 ∗ 9𝐻2𝑂  0.45 3.05 
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APPENDIX B 

Economical Assessment 

 

The price of chemicals was registered to take a count in small quantities (kg or g, and L). 

The laboratory equipment, such as an oven or reactor, were analyzed as a laboratory 

scale, meaning a small capacity.  

 

The raw materials and energy requirements for the production of MIL-101(Cr) powder are 

included in the operational cost. Chemical suppliers were listed and collected to evaluate 

raw material distribution (Table B1). The raw material value was gathered from different 

chemical supplier internet pages such as Molbase.com or CTRscientific.com. The cost 

was registered between December 2021 and March 2022. Finally, the distribution model 

of each chemical was obtained by MINITAB 19TM.  

 

The energy needed to synthesize MIL-101(Cr) was obtained from LCI data for each 

scenario. The cost of electricity was 0.88 Mexican currency $ kWh-1; the operating cost 

was then obtained by multiplying the energy consumption and adding the raw material 

cost.  
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Table B1. Raw materials cost and distribution 

Raw material Distribution  Unit Mean 

(US dollar) 

Standard 

Deviation  

 

H2BDC Normal Kg 1.64 2.48   

   Mean   

DMF Exponential Kg 2.14     

Cr(NO3)3*9H2O Exponential Kg 1.48     

     Min Max  Mean 

Deionized H2O Triangular  g 0.03 0.07 0.05 

Ethanol Triangular  g 0.03 3.50 0.77 

CH3COOH Triangular  g 0.01 0.02 0.01 

HNO3 Triangular  g 0.01 0.01 0.01 

Distilled H2O Triangular  g 0.06 0.11 0.09 

 

Capital Cost 

As the study presented by Luo et al. (2021), because of their significant cost variability, 

the lab construction and labor costs were not analyzed in this analysis. Although 

meanwhile, the equipment cost was obtained from Mexican providers (Table S5); due to 

price variability, the input into Montecarlo Simulation was considered a difference of ± 

20% as a previous study.  
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Table B2. Equipment Cost for MIL-101 (Cr) production. 

Equipment Cost (USD 

$) -20%  20% 

Oven 1789.16 2236.45 2683.74 

Ultrasonic  1620.6916 2025.8645 2431.0374 

Centrifuge 940.72 1175.9 1411.08 

Hydrothermal reactor 83.84 104.8 125.76 

Hot plate 1103 1379 1655 

Purification equipment 137.25 171.57 205.88 

Total Cost (USD $) 4350.5716 5438.2145 6525.8574 

 

Every variable was added with their distribution, and Montecarlo Simulation was run 

30,000 times to obtain the mean of 1 g of MIL-101 (Cr) 

 


