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主編的話 

 

在蒐集目前全世界針對綠色化學關注的研究與議題以進行這期通訊的編輯時，發

現最近“地球限度理論(Planetary boundaries)”又廣泛的討論起來。由東京大

學全球公共資源中心和獨立諮詢公司 Systemiq 共同編寫的報告 “Planet 

Positive Chemicals”於 2022 年 9 月出版，該報告探討了占全球溫室氣體排放

約 4%的化學工業如何能夠過渡到永續的、低排放的模式，並在地球限度內運作。

在此同時，Chemical Science 期刊也刊登了㇐篇疾呼化學界該針對目前已跨越

地球限度的危機項目投入更多的努力，以使人類在地球上能安穩地生存與發展。 

地球限度理論是在 2009-2015 年間提出的，認為在地球上受人為威脅的九個面

向，我們需要為這幾個面向確定 "安全操作空間"。然而最近的多項研究顯示世

界上許多主要的化學品正在越過這九個限度中的㇐個或多個極限(Green Chem., 

2021, 23, 9881-9893)，類似的其他研究也證實“新物質引進(novel entities)”

這個面向（包括合成化學品、微粒子材料和其他以前不為自然界所知的新型工程

材料或生物體）可能已超過臨界點(Environ. Sci. Technol. 2022, 56, 1510–1521)，

因而認為化學界有採取行動的緊迫性。尤其，過去定義不清的 "新物質引進 "，

目前提議針對塑膠的生產和釋放的測量應可作為這個界限的其中㇐個可能評估

參數。 

化學家究竟要如何針對這些挑戰真正做出貢獻，恢復人類生存的地球系統的穩定

性並加強其復原力? 目前許多科學家提出的觀點大多同意在教育與研究方面，應

該包括將內容轉向綠色和可永續的化學，同時應發展系統思維融合跨學科不同領

域的知識和能力。在產業界方面，也應承諾將現有的工具，如生命週期評估、回

國立陽明交通大學應用化學系 許馨云 2022 年 11 月 
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收循環材料和環境永續性標準，全面納入產品的開發中。在這㇐期收錄與摘要的

研究觀點中，也許能帶給大家㇐些的想法與啟發。事實上，化學界現在對永續發

展已有了更好的理解，也有了比以往更多的工具來幫助實現可永續發展的解決方

案。就我自己的觀點而言，我是樂觀的! 不過這是漫⾧而持續的挑戰，我們繼續

努力吧! 
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Webinars 

Chemistry Tools to Help Achieve Zero World Hunger 
Nov. 18, 2022 @ 1-2:30pm ET 
https://www.acs.org/content/acs/en/acs-webinars/library/zero-world-hunger.html 

Addressing Sustainability Challenges with Earth Abundant Metal Catalysis 
Oct. 27, 2022 @ 2-3pm ET 
https://www.acs.org/content/acs/en/acs-webinars/library/abundant-metal-
catalysis.html 

Planet Positive Chemicals: Pathways for the chemical industry to enable a 
sustainable global economy (Discussion Event) 

Oct. 10, 2022 
https://www.systemiq.earth/planet-positive-chemicals/#event 
 

Conferences 

ACS SPRING 2023: Crossroads of Chemistry 
“Where thousands of chemistry professionals meet to share ideas and advance 
scientific and technical knowledge.” 
March 26-30, 2023, Indianapolis, IN & Hybrid 
https://www.acs.org/content/acs/en/meetings/acs-meetings/spring-2023.html 

2022 GC3 Innovators Roundtable 
November 8-10, 2022, hosted by the Dow at the Science History Institute in 
Philadelphia, PA. Structured as a series of dialogues exploring topics such as 
commercialization of sustainable chemicals to enable the circular economy, the 
gathering will provide attendees with opportunities to meet and engage with key 
players from across the globe. 
https://greenchemistryandcommerce.org/innovators-roundtable 

SERMACS 2022-CHEMISTRY TRANSCENDING BOUNDARIES FOR A SUSTAINABLE 
FUTURE 

October 19-22, 2022 @ The Puerto Rico Convention Center, San Juan, Puerto Rico. 
https://sermacs2022.org/ 
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News 

IUPAC Top Ten Emerging Technologies in Chemistry 2022 
In 2019, IUPAC launched the “Top Ten Emerging Technologies in Chemistry Initiative.” 
This project, nowadays consolidated and recognised by experts worldwide, 
highlights the value of chemical sciences in the transition to a green economy and a 
more sustainable world, in line with the United Nations’ Sustainable Development 
Goals (SDGs). Moreover, in 2022 we join the celebration of the International Year of 
Basic Sciences for Sustainable Development (IYBSSD), a United Nations (UN) 
resolution to reaffirm and emphasise the importance of basic sciences, chemistry 
among them, to attain the ambitious SDGs by 2030. 
According to the UN, basic sciences will help us attain sustainable development and 
improve quality of life. In fact, this very UN document stresses the importance of 
emerging technologies, since they “respond to the needs of humankind […] 
increasing the health and well-being of individuals, communities and societies”. Last 
year, the world faced the consequences of the climate crisis in an unprecedented 
way—deadly heatwaves devastated India and Pakistan in spring, and Europe faced 
similar challenges during the hottest summer on record. Moreover, we’re still 
enduring the COVID-19 pandemic and new contagious variants, as well as the 
consequences of war in Ukraine—among them oil prices skyrocketing. Therefore, 
this year’s technologies delve into innovative medical solutions and efficient energy 
sources. The panel of experts convened by IUPAC has examined a pool of 
recommendations from chemists around the world and selected the most promising 
proposals. As usual, these emerging technologies hover between experimental 
endeavours and commercial realities, but all hold great promise to transform our 
world. 
https://www.degruyter.com/document/doi/10.1515/ci-2022-0402/html 

Report lays out future scenarios for global chemical industry 
A new report sends a dire warning to the chemical 
industry, which it says is on track for a future global 
warming scenario with catastrophic consequences, 
and sets out tangible, credible pathways for the sector 
to become an enabler of a sustainable global economy 
by 2050, while overseeing dramatic growth. The report, 
Planet Positive Chemicals, put together by the Center 

for Global Commons at the University of Tokyo and independent consultancy 
Systemiq and published September 2022, explores how the chemical industry, 
which accounts for around 4% of global greenhouse gas emissions, can transition to 
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a sustainable, low-emissions model and operate within planetary boundaries — the 
limits on essential Earth processes tied to human activity (such as climate change, 
chemical pollution and stratospheric ozone depletion) for humanity to safely 
function on the planet. The report, recognizing the presence of chemicals in all 
spheres of our modern economy, from packaging and consumer goods to 
construction and fertilizers, also points out the significant role the industry will play 
in helping other sectors achieve net zero carbon dioxide emissions. 
https://www.chemeurope.com/en/news/1177668/report-lays-out-future-
scenarios-for-global-chemical-industry.html 
https://www.systemiq.earth/planet-positive-chemicals/ 

Innovative graphite recycling awarded as top European innovation 
Anna Vanderbruggen receives the European Institute of Innovation and Technology 
(EIT) CHANGE Award for her revolutionary graphite extraction method which could 
decrease the environmental footprint of battery production. Her method, the first 
of its kind, separates the fine powder from crushed lithium-ion batteries into two 
valuable products instead of one. This process enables the efficient and highly 
selective recycling of both graphite and metals from used lithium-ion batteries. 
https://www.chemeurope.com/en/news/1178118/innovative-graphite-recycling-
awarded-as-top-european-innovation.html 

CO₂ fixation in the production of succinic acid 
A large number of products in the chemical industry are based on fossil raw 
materials such as oil, gas or coal. Researchers are currently exploring alternatives 
made from renewable carbon sources and plant waste streams. This also applies to 
the production of succinic acid. It has been obtained from petroleum, but also by 
fermentation from starch and sugar. Nevoigt uses glycerol as an alternative carbon 
source. She has been researching this byproduct of biodiesel production for more 
than a decade. "It's exciting because glycerol has a high electron density," the 
scientist explained. "Compared with sugars, you therefore get a higher yield of 
succinic acid per carbon used.". 
https://www.chemeurope.com/en/news/1178057/research-success-co-fixation-in-
the-production-of-succinic-acid.html 

Chemists boost eco-friendly battery performance using catalysts with 
unconventional phase nanostructures 
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The team synthesized iridium nanostructures with an 
unconventional 4H/face-centred cubic (fcc) 
heterophase by controlling the growth kinetics of Ir on 
gold (Au) templates. In their experiments, the catalyst 
with 4H/fcc heterophase demonstrated a lower charge 
plateau (below 3.61 V) and higher energy efficiency up 

to 83.8% during cycling in aprotic Li-CO2 batteries than other metal-based catalysts 
(commonly with charge potential of over 3.8 V and energy efficiency up to 75%). 
https://www.pnas.org/doi/full/10.1073/pnas.2204666119 

Seaweed-based battery powers confidence in sustainable energy storage 
Sodium-metal batteries (SMBs) are one of the most promising high-energy and low-
cost energy storage systems for the next-generation of large-scale applications. 
However, one of the major impediments to the development of SMBs is 
uncontrolled dendrite growth, which penetrate the battery’s separator and result in 
short-circuiting. Building on previous work at the University of Bristol and in 
collaboration with Imperial College and University College London, the team has 
succeeded in making a separator from cellulose nanomaterials derived from brown 
seaweed. 
https://www.chemeurope.com/en/news/1178008/seaweed-based-battery-
powers-confidence-in-sustainable-energy-storage.html 
https://doi.org/10.1002/adma.202206367 

40-million-euro sustainable kerosene research project CARE-O-SENE receives 
funding 

The international research project CARE-O-SENE (Catalyst Research for Sustainable 
Kerosene) was granted 30 million euros in funding by the German Federal Ministry 
of Education and Research (BMBF). Additionally, the industrial consortium partners 
contribute 10 million euros. The aim of the project is to develop novel, next-
generation Fischer-Tropsch catalysts and thus to optimise the production of 
sustainable kerosene – or Sustainable Aviation Fuel (SAF) – on an industrial scale. 
https://www.chemeurope.com/en/news/1178070/40-million-euro-sustainable-
kerosene-research-project-care-o-sene-receives-funding.html 

Metal powder: zero-carbon fuel for the future? 
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Gaining sustainable energy from wind, solar and water 
is commonly known and applied. However, renewable 
sources depend on environmental conditions: in peak 
times of wind and sun, excess energy is produced that 
is needed in times of less wind and sunshine. But how 
to store and transport this excess energy efficiently? So 
far, no reliable, safe and cheap way has been found to 
store a high amount of energy in a small volume 

container. Now, scientists from the Max-Planck-Institut für Eisenforschung (MPIE) and 
the Eindhoven University of Technology analysed how metals, particularly iron, can be 
used for energy storage and which parameters determine the efficiency of the storage 
and reuse. 

https://www.chemeurope.com/en/news/1178006/metal-powder-zero-carbon-
fuel-for-the-future.html  
https://doi.org/10.1016/j.actamat.2022.118261 

Researchers to engineer synthetic anaerobic bacteria to capture, convert methane 
Methane is a potent greenhouse gas that is 25 times more damaging to the 
environment per molecule than carbon dioxide, according to the U.S. Environmental 
Protection Agency. Bacteria at the bottom of the sea can remove methane from 
their surroundings, entirely without oxygen, through a process called anaerobic 
methane oxidation (AMO). Researchers at Penn State and the University of Arizona 
will use a four-year, $3.2 million grant from the National Science Foundation (NSF) 
to engineer biotechnology foundations that employ a synthetic version of these 
bacteria in a system for capturing and converting methane at its source.  
https://www.chemeurope.com/en/news/1177979/researchers-to-engineer-
synthetic-anaerobic-bacteria-to-capture-convert-methane.html 

More Sustainability with Mechanochemistry 
If the chemical industry wants to continue to play a leading role in developing key 
technologies for the major challenges facing our society, new paths must be taken. 
The European "IMPACTIVE" project will develop new environmentally friendly 
methods for manufacturing active pharmaceutical ingredients using 
mechanochemistry as a disruptive technology 
https://www.chemeurope.com/en/news/1177887/more-sustainability-with-
mechanochemistry.html 

Nanoplastics can move up the food chain from plants to insects and from insects to 
fish 

The concern about plastic pollution has become widespread after it was realised 
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that mismanaged plastics in the environment break down into smaller pieces known 
as microplastics and nanoplastics. It is likely that nanoplastics, due to their small size, 
can pass through physiological barriers and enter organisms. Despite the growing 
body of evidence on the potential toxicity of nanoplastics to plants, invertebrates 
and vertebrates, our understanding of plastic transfer in food webs is limited. For 
instance, little is known about nanoplastics in soil ecosystems and their uptake by 
soil organisms, despite the fact that agricultural soil is potentially receiving 
nanoplastics from different sources such as atmospheric deposition, irrigation with 
wastewater, application of sewage sludge for agricultural purposes, and use of 
mulching film. Measurement of uptake of nanoplastics from the soil by plants, 
particularly vegetables and fruit in agricultural soils, is thus a critical step to reveal 
whether and to what extent nanoplastics can make their way into edible plants and, 
consequently, into food webs.  
https://www.chemeurope.com/en/news/1177664/nanoplastics-can-move-up-the-
food-chain-from-plants-to-insects-and-from-insects-to-fish.html 
https://doi.org/10.1016/j.nantod.2022.101611 

Circular economy could expose children to hazardous phthalates and chlorinated 
paraffins via old toys and childcare articles 

The European waste framework directive encourages reuse, refurbishment and 
recycling of products and materials in order to reduce plastic waste. However, 
thousands of chemicals are used in plastic materials. Many of these are potentially 
toxic, and may cause hormonal and developmental disruption in children. This 
includes phthalates and short chain chlorinated paraffins, which are used as 
plasticizers and flame-retardants. European legal frameworks regulate the amounts 
of these substances in toys in an effort to protect children's health and safety. 
Currently, limits are set to 0.1% for phthalates and 0.15% for SCCPs. A larger portion 
of older toys and items (83.5%) contained amounts that exceed legal limits, 
compared to newer toys and items (29.6%). Concentrations of DEHP, BBP, DIDP, and 
SCCPs were significantly higher in old items, and both DEHP and DINP were found 
at concentrations exceeding 400,000 mg/kg in several old balls, which is 
approximately 40% of the weight of the toy, and 400 times above the legal limit. 
These findings indicate that old toys have the potential to pose a greater risk to 
children, and that regulations can be useful tools to protect children from exposure 
to toxic chemicals. 
https://doi.org/10.1016/j.hazadv.2022.100107 
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Reviews and Papers 

Green Chemistry Education 
An Interactive Planetary Boundaries Systems Thinking Learning Tool to Integrate 
Sustainability into the Chemistry Curriculum 

J. Chem. Educ. 2022, 99, 3530–3539. 
https://doi.org/10.1021/acs.jchemed.2c00659 

Sustainability has a molecular basis that suggests a 
central role for chemistry in addressing today’s 
challenges to Earth and societal systems, and this role 
requires educators to see chemical reactions and 
processes as integral parts of dynamic and 
interconnected systems. Despite this prospect, few 
accessible resources are available for students and 

educators to facilitate systems thinking in chemistry for sustainability. We have 
developed an interactive digital learning tool (https://planetaryboundaries.kcvs.ca) 
based on the Planetary Boundaries framework, which uses interactive visualizations 
to help users better understand Earth system sustainability challenges and helps 
chemists and educators connect substances, reactions, and chemistry concepts to 
sustainability science. The tool highlights the fundamental role that chemistry plays 
in regulating the individual biophysical Earth system processes and in determining 
their control variables. It incorporates key features of a systems thinking framework 
by illustrating the dynamic interconnections among the processes and their control 
variables and demonstrates change of the Earth system over time. Finally, the 
interactive tool provides educators with accessible entry points to support the 
integration of chemistry curriculum content with sustainability considerations. 

Take Your Inorganic Lab Course Outdoors: Homemade Microtitration Water 
Hardness Kits and Their Exemplary Application to Travertine Formation 

J. Chem. Educ. 2022, 99, 3323–3331. https://doi.org/10.1021/acs.jchemed.2c00522 
Simple, often artificial problems are normally 
preferred for introductory lab courses and are 
restricted to indoor participation. 
Microtitrations make it possible to leave the lab 
and study water chemistry directly in the 
natural environment. An exemplary outdoor 

challenge is presented here: travertine formation is context-rich, has to be examined 
on site, fits very well into a beginner’s curriculum, and imparts multidisciplinary 
knowledge. The method is transferable to other water chemistry projects. 
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Experiences with homemade water hardness kits during ten student fieldtrips to 
travertine forming Waterfall Dreimühlen (Eifel, Germany) are shared, along with a 
corresponding Bachelor’s project. 

A Simple Setup to Explore Fog Harvesting as a Clean and Sustainable Source of 
Water 

J. Chem. Educ. 2022, 99, 3553–3557. 
https://doi.org/10.1021/acs.jchemed.2c00018 

A simple experiment was developed to introduce 
students to the sustainable procurement of water 
through fog harvesting that can be used for drinking 
or irrigation purposes. Access to clean water and 
sanitation is problematic particularly within dry 

regions such as in areas of Peru, although there is a significant amount of fog in the 
mountainous areas of the country. By taking a whole systems approach, fog can be 
considered as a renewable feedstock, captured through a fog harp, condensed, and 
collected as water. This experiment enables students to construct their own device 
for fog harvesting and measure how effective it is at collecting water in comparison 
to other peer groups that work to construct devices with varying number of threads 
that make up the fog harp. Students perform such a comparison by plotting a graph 
of water collected as a function of thread count. Students also establish connections 
to relevant United Nations Sustainable Development Goals (UN SDGs) and the 12 
principles of green chemistry. Therefore, this simple experiment can serve as a basic 
introduction to sustainability, embracing a shift to a more circular economy, through 
utilizing fog as a renewable feedstock to collect water. 

A Green and Efficient Cyclization of Citronellal into Isopulegol: A Guided-Inquiry 
Organic Chemistry Laboratory Experiment 

J. Chem. Educ. 2022. https://doi.org/10.1021/acs.jchemed.2c00351 
This project introduces green chemistry to the 
undergraduate laboratory through two 
pedagogical techniques: undergraduate 
research and guided-inquiry. Through these 
two learning activities, an efficient synthetic 
procedure for the PRINS cyclization of 

citronellal into isopulegol, focused on minimizing negative environmental impact, 
was developed. This project involved two stages. First, a senior undergraduate 
student applied the principles of green chemistry to the cyclization of citronellal, a 
naturally occurring aldehyde, into isopulegol, a commercially important compound. 
The cyclization reaction was achieved in high yield with montmorillonite (MK10) 
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catalyst in buffer medium at room temperature stirring for 2 h. Second, the student 
researcher, with faculty supervision, transformed this study into a laboratory 
experiment for Organic Chemistry II students, using inquiry-based pedagogy. 
Through this project, the student researcher gained experience 
applying green chemistry principles in the field and in the classroom. The 
organic chemistry students likewise benefitted, as they gained autonomy, interest 
in green chemistry, and confidence in the research process, according to the results 
of a student survey. Thus, this study allowed both the student researcher and the 
organic chemistry students to expand their experience, autonomy, and appreciation 
for and application of green chemistry. 

Catalyzing the Development of Self-Efficacy and Science Identity: A Green Organic 
Chemistry CURE 

J. Chem. Educ. 2022. https://doi.org/10.1021/acs.jchemed.2c00352 
To remain globally competitive, education in 
the United States must focus on retaining 
students in science, technology, engineering, 
and mathematics (STEM). As laboratory 
courses have the potential to be powerful 
attractors or deterrents to a field, developing 
effective laboratory pedagogies is important to 
retain students in STEM. A course-based 
undergraduate research experience (CURE) is 
one model for laboratory instruction that has 
generated an increasing amount of attention. 

This has been driven by their success, especially in increasing students’ self-efficacy 
and science identity, two long-term indicators of persistence in STEM. Herein is 
reported a large introductory organic chemistry CURE course framework that 
focuses on green reaction optimization. Students were given an unoptimized alkene 
epoxidation procedure, split into small “research” groups, and tasked with 
improving conversion while minimizing reaction inputs. After three rounds of 
optimization, groups increased conversion 10–20-fold compared to baseline 
conditions. Then, students investigated the substrate scope of their conditions and 
analyzed trends in relative reactivities based on principles learned in lecture and 
from the literature. Lastly, students summarized their findings in a final slideshow 
presentation. Surveys were used to evaluate different aspects common to CURE 
courses and students’ sense of project ownership. The scores obtained were 
consistent with other reported CURE courses. Importantly, students saw large gains 
in self-efficacy and science identity. Students had an overwhelmingly positive 
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response to the curriculum based on informal and written feedback. This approach 
is generalizable to a wide range of institutions with different equipment availability, 
reaction types, and course coverage schedules. 
 

Green Perspectives 

Chemistry must respond to the crisis of transgression of planetary boundaries 
Chem. Sci. 2022, Advance Article. https://doi.org/10.1039/D2SC03603G 

Recent assessments alarmingly 
indicate that many of the world's 
leading chemicals are transgressing 
one or more of the nine planetary 
boundaries, which define safe 
operating spaces within which 

humanity can continue to develop and thrive for generations to come. The unfolding 
crisis cannot be ignored and there is a once-in-a-century opportunity for chemistry 
– the science of transformation of matter – to make a critical difference to the future 
of people and planet. How can chemists contribute to meeting these challenges and 
restore stability and strengthen resilience to the planetary system that humanity 
needs for its survival? To respond to the wake-up call, three crucial steps are 
outlined: (1) urgently working to understand the nature of the looming threats, from 
a chemistry perspective; (2) harnessing the ingenuity and innovation that are central 
to the practice of chemistry to develop sustainable solutions; and (3) transforming 
chemistry itself, in education, research and industry, to re-position it as 
‘chemistry for sustainability’ and lead the stewardship of the world's chemical 

resources. This will require conservation of material stocks in forms that remain 
available for use, through attention to circularity, as well as strengthening 
engagement in systems-based approaches to designing chemistry research and 
processes informed by convergent working with many other disciplines. 

Probabilistic feasibility space of scaling up green hydrogen supply 
Nat. Energy, 2022, 7, 854–865. https://doi.org/10.1038/s41560-022-01097-4 
Green hydrogen and derived electrofuels are attractive replacements for fossil fuels 
in applications where direct electrification is infeasible. While this makes them 
crucial for climate neutrality, rapidly scaling up supply is critical and challenging. 
Here we show that even if electrolysis capacity grows as fast as wind and solar 
power have done, green hydrogen supply will remain scarce in the short term and 
uncertain in the long term. Despite initial exponential growth, green hydrogen likely 
(≥75%) supplies <1% of final energy until 2030 in the European Union and 2035 
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globally. By 2040, a breakthrough to higher shares is more likely, but large 
uncertainties prevail with an interquartile range of 3.2–11.2% (EU) and 0.7–3.3% 
(globally). Both short-term scarcity and long-term uncertainty impede investment 
in hydrogen end uses and infrastructure, reducing green hydrogen’s potential and 
jeopardizing climate targets. However, historic analogues suggest that emergency-
like policy measures could foster substantially higher growth rates, expediting the 
breakthrough and increasing the likelihood of future hydrogen availability. 

The human oxidation field 
Science, 2022, 377, 1071-1077. https://doi.org/10.1126/science.abn0340 
Hydroxyl (OH) radicals are highly reactive species that can oxidize most pollutant 
gases. In this study, high concentrations of OH radicals were found when people 
were exposed to ozone in a climate-controlled chamber. OH concentrations 
calculated by two methods using measurements of total OH reactivity, speciated 
alkenes, and oxidation products were consistent with those obtained from a 
chemically explicit model. Key to establishing this human-induced oxidation field is 
6-methyl-5-hepten-2-one (6-MHO), which forms when ozone reacts with the skin-
oil squalene and subsequently generates OH efficiently through gas-phase reaction 
with ozone. A dynamic model was used to show the spatial extent of the human-
generated OH oxidation field and its dependency on ozone influx through 
ventilation. This finding has implications for the oxidation, lifetime, and perception 
of chemicals indoors and, ultimately, human health. 
 

Green solvents and processes 

A Greener Route to Blue: Solid-State Synthesis of Phthalocyanines 
Angew. Chem., Int. Ed., 2022, 61, e202209033 
https://doi.org/10.1002/anie.202209033 

The first high-yielding solid-state synthesis of a 
phthalocyanine dye is shown. These organic dyes are 
broadly applicable, while the inherent low solubility has 
so far challenged the sustainability of their synthesis. The 
developed solid-state approach for the synthesis of tBu-
phthalocyanine in catalytic amounts of 
dimethylaminoethanol, avoids bulk solvents and harsh 

temperatures, while achieving excellent yields. 

Highly efficient and selective extraction of gold by reduced graphene oxide 
Nat. Commun., 2022, 13, 4472. https://doi.org/10.1038/s41467-022-32204-4 
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Materials capable of extracting gold from complex 
sources, especially electronic waste (e-waste), are 
needed for gold resource sustainability and 
effective e-waste recycling. However, it remains 
challenging to achieve high extraction capacity and 
precise selectivity if only a trace amount of gold is 
present along with other metallic elements . Here 
we report an approach based on reduced graphene 

oxide (rGO) which provides an ultrahigh capacity and selective extraction of gold 
ions present in ppm concentrations (>1000 mg of gold per gram of rGO at 1 ppm). 
The excellent gold extraction performance is accounted to the graphene areas and 
oxidized regions of rGO. The graphene areas spontaneously reduce gold ions to 
metallic gold, and the oxidized regions allow good dispersibility of the rGO material 
so that efficient adsorption and reduction of gold ions at the graphene areas can be 
realized. By controlling the protonation of the oxidized regions of rGO, gold can be 
extracted exclusively, without contamination by the other 14 co-existing elements 
typically present in e-waste. These findings are further exploited to 
demonstrate recycling gold from real-world e-waste with good scalability and 
economic viability, as exemplified by using rGO membranes in a continuous flow-
through process. 
 

CO2 capture and conversion 
Designing optimal core–shell MOFs for direct air capture 

Nanoscale, 2022, Advance Article. https://doi.org/10.1039/D2NR03177A 
 Metal–organic frameworks 
(MOFs), along with other novel 
adsorbents, are frequently 
proposed as candidate materials to 
selectively adsorb CO2 for carbon 
capture processes. However, 

adsorbents designed to strongly bind CO2 nearly always bind H2O strongly 
(sometimes even more so). Given that water is present in significant quantities in 
the inlet streams of most carbon capture processes, a method that avoids H2O 
competition for the CO2 binding sites would be technologically valuable. In this 
paper, we consider a novel core–shell MOF design strategy, where a high-CO2-
capacity MOF “core” is protected from competitive H2O-binding via a MOF “shell” 
that has very slow water diffusion. We consider a high-frequency 
adsorption/desorption cycle that regenerates the adsorbents before water can pass 
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through the shell and enter the core. To identify optimal core–shell MOF pairs, we 
use a combination of experimental measurements, computational modeling, and 
multiphysics modeling. Our library of MOFs is created from two starting MOFs-UiO-
66 and UiO-67-augmented with 30 possible functional group variations, yielding 
1740 possible core–shell MOF pairs. After defining a performance score to rank 
these pairs, we identified 10 core–shell MOF candidates that significantly 
outperform any of the MOFs functioning alone. 

Selective CO2-to-Formate Conversion Driven by Visible Light over a Precious-Metal-
Free Nonporous Coordination Polymer 

ACS Catal. 2022, 12, 10172–10178. https://doi.org/10.1021/acscatal.2c02177 
 Metal–organic frameworks (MOFs) and 
coordination polymers (CPs) are potential 
candidates for high-performance photocatalysts 
because of their high tunability of electronic and 
structural properties. For example, MOFs and CPs 
having a high specific surface area (∼1000 m2 g–1) 

have been applied as visible-light-driven photocatalysts for CO2 reduction and water 
splitting. Herein, we show a unique CP possessing a metal–sulfur bond with Pb2+, an 
earth-abundant metal ion. Different from ordinary high-surface-area MOFs and CPs, 
this CP is nonporous and has just 0.7 m2 g–1 surface area. Nevertheless, owing to its 
capability of absorbing visible light up to ∼500 nm, it efficiently photocatalyzes 
CO2 reduction to formate (HCOO–) under visible-light irradiation with >99% 
selectivity and an apparent quantum yield of 2.6% at 400 nm, even without 
postmodification treatment such as cocatalyst loading. These values are the highest 
yet reported for a precious-metal-free single-component photocatalyst for the 
visible-light-driven reduction of CO2 to HCOO–. This work may thus shed light on the 
great potential of nonporous CPs as building units of photocatalytic CO2 conversion 
systems. 

A scalable solid-state nanoporous network with atomic-level interaction design for 
carbon dioxide capture 

Sci. Adv., 2022, 8, eabo6849 https://doi.org/10.1126/sciadv.abo6849 
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Carbon capture and sequestration 
reduces carbon dioxide emissions and is 
critical in accomplishing carbon 
neutrality targets. Here, we demonstrate 
new sustainable, solid-state, polyamine-
appended, cyanuric acid–stabilized 
melamine nanoporous networks (MNNs) 
via dynamic combinatorial chemistry 
(DCC) at the kilogram scale toward 

effective and high-capacity carbon dioxide capture. Polyamine-appended MNNs 
reaction mechanisms with carbon dioxide were elucidated with double-level DCC 
where two-dimensional heteronuclear chemical shift correlation nuclear magnetic 
resonance spectroscopy was performed to demonstrate the interatomic 
interactions. We distinguished ammonium carbamate pairs and a mix of ammonium 
carbamate and carbamic acid during carbon dioxide chemisorption. The 
coordination of polyamine and cyanuric acid modification endows MNNs with high 
adsorption capacity (1.82 millimoles per gram at 1 bar), fast adsorption time (less 
than 1 minute), low price, and extraordinary stability to cycling by flue gas. This work 
creates a general industrialization method toward carbon dioxide capture via DCC 
atomic-level design strategies. 
 

Catalysts 
Enzyme-like water preorganization in a synthetic molecular cleft for homogeneous 
water oxidation catalysis 

Nat. Catal., 2022. https://doi.org/10.1038/s41929-022-00843-x 
Inspired by the proficiency of natural enzymes, 
mimicking of nanoenvironments for precise 
substrate preorganization is a promising 
strategy in catalyst design. However, artificial 
examples of enzyme-like activation of H2O 

molecules for the challenging oxidative water splitting reaction are hardly explored. 
Here, we introduce a mononuclear Ru(bda) complex (M1, bda = 2,2ʹ-bipyridine-6,6ʹ-
dicarboxylate) equipped with a bipyridine-functionalized ligand to preorganize H2O 
molecules in front of the metal centre as in enzymatic clefts. The confined pocket 
of M1 accelerates chemically driven water oxidation at pH 1 by facilitating a water 
nucleophilic attack pathway with a remarkable turnover frequency of 140 s−1 that is 
comparable to the oxygen-evolving complex of photosystem II. Single crystal X-ray 
analysis of M1 under catalytic conditions allowed the observation of a seventh H2O 
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ligand directly coordinated to a RuIII centre. Another H2O substrate is preorganized 
via a well-defined hydrogen-bonding network for the crucial O–O bond formation 
by nucleophilic attack. 

Uniform wrapping of copper(i) oxide nanocubes by self-controlled copper-catalyzed 
azide–alkyne cycloaddition toward selective carbon dioxide electrocatalysis 

Chem. Commun., 2022, 58, 8053-8056 https://doi.org/10.1039/D2CC02017C 
Copper(I) oxide nanocubes were wrapped with an 
extremely uniform organic layer grown by self-
controlled, Cu-mediated catalysis. This layer aided 
in retaining the initial cubic structure of the 
copper nanocubes during their use as a 
CO2 reduction electrocatalyst, resulting in high 

CO2 reduction selectivity by strong suppression of hydrogen evolution because of 
exclusion of water from the surface. 

Covalent-Bonding Oxidation Group and Titanium Cluster to Synthesize a Porous 
Crystalline Catalyst for Selective Photo-Oxidation Biomass Valorization 

Angew. Chem. Int. Ed., 2022, 61, e202209289 
https://doi.org/10.1002/anie.202209289 

 The selective photo-oxidation of biomass-
derived 5-hydroxymethylfurfural (HMF) to 
2,5-furandicarboxylic acid (FDCA) is 
important due to its substitute-role in 
polyester-fabrication. Here, a titanium-
cluster based metal-covalent organic 
framework nanosheet has been synthesized 
through the covalent-coupling between Ti6-

NH2 and benzotrithiophene tricarbaldehyde (BTT). The integration of them endows 
the nanosheet with a visible-light-adsorption region, effective electron-hole 
separation-efficiency and suitable photo-oxidation ability. Specifically, its photo-
selectivity for HMF-to-FDCA can be >95 % with ≈100 % conversion, which is more 
than 2, 5, and 10 times higher than MOF-901 (43 %), Ti6-NH2 (19 %) and under-
darkness (9 %), respectively. Notably, an O2-based mechanism is proposed and the 
vital roles of Ti6-NH2 and BTT are verified by DFT calculations. This work might 
facilitate the exploration of porous-crystalline-catalysts for selective biomass-
valorization. 
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Devices 

Continuous CO2 electrolysis using a CO2 exsolution-induced flow cell 
Nat. Energy 2022, Advance article. https://doi.org/10.1038/s41560-022-01130-6 

CO2 electrolysis promises a route to carbon-
based chemicals and fuels using renewable 
energy and resources. However, industrial 
application is limited by the transfer of CO2, 
electrons, protons and products (CEPP) at high 
current densities. Here we present an 
electrolyser that uses the forced convection of 
an aqueous CO2-saturated catholyte throughout 

a porous electrode and exploits the in situ formation of CO2(g)–liquid–catalyst 
interfaces to improve the CEPP transfer and reach high current densities. The 
CO2 supply is expedited by an increased exsolution of gaseous CO2 from dissolved 
CO2 and bicarbonate due to the effect of local pressure decreases; simultaneous 
CEPP transfer is promoted with a tenfold decrease in the diffusion layer thickness. 
This system also enables catalyst synthesis by in situ electrodeposition and ligand 
modification. We achieved a maximum current density of 3.37 A cm–2 with a Ag-
based catalyst, and assemble a scaled-up 4 × 100 cm2 electrolyser stack that 
produces CO at a rate of 90.6 l h–1. 

Sustainable wood electronics by iron-catalyzed laser-induced graphitization for 
large-scale applications 

Nat. Commun., 2022, 13, 3680. https://doi.org/10.1038/s41467-022-31283-7 

Ecologically friendly wood 
electronics will help 
alleviating the shortcomings 
of state-of-art cellulose-based 
“green electronics”. Here we 
introduce iron-catalyzed 
laser-induced graphitization 
(IC-LIG) as an innovative 
approach for engraving large-
scale electrically conductive 
structures on wood with very 
high quality and efficiency, 

overcoming the limitations of conventional LIG including high ablation, thermal 
damages, need for multiple lasing steps, use of fire retardants and inert 
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atmospheres. An aqueous bio-based coating, inspired by historical iron-gall ink, 
protects wood from laser ablation and thermal damage while promoting efficient 
graphitization and smoothening substrate irregularities. Large-scale (100 cm2), 
highly conductive (≥2500 S m−1) and homogeneous surface areas are engraved 
single-step in ambient atmosphere with a conventional CO2 laser, even on very thin 
(∼450 µm) wood veneers. We demonstrate the validity of our approach by turning 
wood into highly durable strain sensors, flexible electrodes, capacitive touch panels 
and an electroluminescent LIG-based device. 
 

Biosynthesis and bioconversion 
Visible-light driven 3-hydroxybutyrate synthesis from CO2 and acetone with the 
hybrid system of photocatalytic NADH regeneration and multi-biocatalysts 
Chem. Commun., 2022,58, 11131-11134.https://doi.org/10.1039/D2CC03660F 

Poly-3-hydroxybutyrate (PHB)-derived plastics are 
polymer materials with excellent biodegradability, 
being insoluble in water and relatively resistant to 
hydrolysis. There is a need for a method capable of 
synthesizing 3-hydroxybutyrate, a monomer of PHB, 
from a renewable material. In this work, visible-light 
driven 3-hydroxybutyrate from CO2 and acetone with 
the system consisting of triethanolamine, water-
soluble zinc porphyrin, pentamethylcyclopentadienyl 

coordinated rhodium complex, NAD+ and a cell extract containing acetone 
carboxylase and 3-hydroxybutyrate dehydrogenase from Rhodobacter capsulatus 
SB1003 cultured in acetone-bicarbonate medium is established. In particular, the 
conversion yield for acetone to 3-hydroxybutyrate was improved up to 81% in this 
system after 7 h irradiation. 

In Vivo Olefin Metathesis in Microalgae Upgrades Lipids to Building Blocks for 
Polymers and Chemicals 

Angew. Chem., Int. Ed., 2022. https://doi.org/10.1002/anie.202211285 
Sustainable sources are key to future chemicals 
production. Microalgae are promising resources as 
they fix carbon dioxide to organic molecules by 
photosynthesis. Thereby they produce unsaturated 
fatty acids as established raw materials for the 
industrial production of chemical building blocks. 
Although these renewable feedstocks are 
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generated inside cells, their catalytic upgrading to useful products requires in vitro 
transformations. A synthetic catalysis inside photoautotrophic cells has remained 
elusive. Here we show that a catalytic conversion of renewable substrates can be 
realized directly inside living microalgae. Organometallic catalysts remain active 
inside the cells, enabling in vivo catalytic olefin metathesis as new-to-nature 
transformation. Stored lipids are converted to long-chain dicarboxylates as valuable 
building blocks for polymers. This is a key step towards the long-term goal of 
producing desired renewable chemicals in microalgae as living “cellular factories”. 

Directed evolution of an efficient and thermostable PET depolymerase 
Nat. Catal., 2022, 5, 673–681 https://doi.org/10.1038/s41929-022-00821-3 

The recent discovery of IsPETase, 
a hydrolytic enzyme that can 
deconstruct poly(ethylene 
terephthalate) (PET), has 
sparked great interest in 
biocatalytic approaches to 
recycle plastics. Realization of 
commercial use will require the 

development of robust engineered enzymes that meet the demands of industrial 
processes. Although rationally engineered PETases have been described, enzymes 
that have been experimentally optimized via directed evolution have not previously 
been reported. Here, we describe an automated, high-throughput directed 
evolution platform for engineering polymer degrading enzymes. Applying catalytic 
activity at elevated temperatures as a primary selection pressure, a 
thermostable IsPETase variant (HotPETase, Tm = 82.5 °C) was engineered that can 
operate at the glass transition temperature of PET. HotPETase can depolymerize 
semicrystalline PET more rapidly than previously reported PETases and can 
selectively deconstruct the PET component of a laminated multimaterial. Structural 
analysis of HotPETase reveals interesting features that have emerged to improve 
thermotolerance and catalytic performance. Our study establishes laboratory 
evolution as a platform for engineering useful plastic degrading enzymes. 

Polymer-induced biofilms for enhanced biocatalysis 
Mater. Horiz., 2022,9, 2592-2602. https://doi.org/10.1039/D2MH00607C 
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The intrinsic resilience of 
biofilms to environmental 
conditions makes them an 
attractive platform for 
biocatalysis, bioremediation, 
agriculture or consumer 
health. However, one of the 

main challenges in these areas is that beneficial bacteria are not necessarily good at 
biofilm formation. Currently, this problem is solved by genetic engineering or 
experimental evolution, techniques that can be costly and time consuming, require 
expertise in molecular biology and/or microbiology and, more importantly, are not 
suitable for all types of microorganisms or applications. Here we show that synthetic 
polymers can be used as an alternative, working as simple additives to nucleate the 
formation of biofilms. Using a combination of controlled radical polymerization and 
dynamic covalent chemistry, we prepare a set of synthetic polymers carrying mildly 
cationic, aromatic, heteroaromatic or aliphatic moieties. We then demonstrate that 
hydrophobic polymers induce clustering and promote biofilm formation in MC4100, 
a strain of Escherichia coli that forms biofilms poorly, with aromatic and 
heteroaromatic moieties leading to the best performing polymers. Moreover, we 
compare the effect of the polymers on MC4100 against PHL644, an E. coli strain that 
forms biofilms well due to a single point mutation which increases expression of the 
adhesin curli. In the presence of selected polymers, MC4100 can reach levels of 
biomass production and curli expression similar or higher than PHL644, 
demonstrating that synthetic polymers promote similar changes in microbial 
physiology than those introduced following genetic modification. Finally, we 
demonstrate that these polymers can be used to improve the performance of 
MC4100 biofilms in the biocatalytic transformation of 5-fluoroindole into 5-
fluorotryptophan. Our results show that incubation with these synthetic polymers 
helps MC4100 match and even outperform PHL644 in this biotransformation, 
demonstrating that synthetic polymers can underpin the development of beneficial 
applications of biofilms. 
 

Polymer degradation 

Magnetic responsive composites made from a sulfur-rich polymer 
Polym. Chem. 2022,13, 5659-5665. DOI https://doi.org/10.1039/D2PY00903J 
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A composite was prepared by hot-
pressing a polysulfide polymer in the 
presence of γ-Fe2O3 nanoparticles. 
The polymer was prepared by the 
direct copolymerisation of 
elemental sulfur and canola oil and 
the hot-pressing embedded the 

magnetic particles in the polymer. The resulting composite was used as a mercury 
sorbent capable of magnetic retrieval, and the magnetic particles allowed rapid 
microwave heating for curing into a consolidated object that could be remotely 
manipulated with a magnet. The multi-functional nature of the magnetic-
responsive composite portends new frontiers for sulfur-rich polymers in 
environmental protection, recyclable materials, and magnetically activated machine 
components. 

Catalytic deconstruction of waste polyethylene with ethylene to form propylene 
Science 2022, 377, 1561-1566 https://doi.org/10.1126/science.add1088 
The conversion of polyolefins to monomers would create a valuable carbon 
feedstock from the largest fraction of waste plastic. However, breakdown of the 
main chains in these polymers requires the cleavage of carbon–carbon bonds that 
tend to resist selective chemical transformations. Here, we report the production of 
propylene by partial dehydrogenation of polyethylene and tandem isomerizing 
ethenolysis of the desaturated chain. Dehydrogenation of high-density polyethylene 
with either an iridium-pincer complex or platinum/zinc supported on silica as 
catalysts yielded dehydrogenated material containing up to 3.2% internal olefins; 
the combination of a second-generation Hoveyda-Grubbs metathesis catalyst and 
[PdP(tBu)3(μ-Br)]2 as an isomerization catalyst selectively degraded this unsaturated 
polymer to propylene in yields exceeding 80%. These results show promise for the 
application of mild catalysis to deconstruct otherwise stable polyolefins. 

Recyclable and malleable thermosets enabled by activating dormant dynamic 
linkages 

Nat. Chem. (2022). Advance Article https://doi.org/10.1038/s41557-022-01046-4 
Chemical recycling of polymers is critical 
for improving the circular economy of 
plastics and environmental sustainability. 
Traditional thermoset polymers have 
generally been considered permanently 
crosslinked materials that are difficult or 
impossible to recycle. Herein, we 
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demonstrate that by activating ‘dormant’ covalent bonds, traditional polycyanurate 
thermosets can be recycled into the original monomers, which can be circularly 
reused for their original purpose. Through retrosynthetic analysis, we redirected the 
synthetic route from forming conventional C–N bonds via irreversible cyanate 
trimerization to forming the C–O bonds through reversible nucleophilic aromatic 
substitution of alkoxy-substituted triazine derivatives by alcohol nucleophiles. The 
new reversible synthetic route enabled the synthesis of previously inaccessible alkyl-
polycyanurate thermosets, which exhibit excellent film properties with high 
chemical resistance, closed-loop recyclability and reprocessing capability. These 
results show that ‘apparently dormant’ dynamic linkages can be activated and 
utilized to construct fully recyclable thermoset polymers with a broader monomer 
scope and increased sustainability. 

Cascade degradation and upcycling of polystyrene waste to high-value chemicals 
Proc. Natl. Acad. Sci. U. S. A. 2022, 119, e2203346119 
https://doi.org/10.1073/pnas.2203346119 
Polymer upcycling converts plastic waste to high-value chemicals, representing a 
highly attractive approach to addressing the urgent environmental crisis. Existing 
upcycling methods are mediated by sophisticated catalysts and challenged by the 
low selectivity and economic value of the products, undercutting their practicality. 
This report reveals a highly efficient and resilient approach of degradation-upcycling 
(Deg-Up) to upcycling plastic wastes, by utilizing judiciously selected cascade 
reactions rather than complicated, sophisticated, and expensive catalysts. We find 
that the degradation-upcycling approach effectively upcycles polystyrene to high-
value products, including diphenylmethane, benzophenone, 1,2-diphenylethane, or 
4-oxo-4-phenyl-butyric acid. Techno-economic analysis shows high profitability and 
minor sensitivity to market fluctuation. 
 

Analytical Chemistry 
Biodegradation of poly(butylene succinate) in soil laboratory incubations assessed 
by stable carbon isotope labelling 

Nat. Commun. 2022, 13, 5691. 
https://www.nature.com/articles/s41467-022-33064-8 
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Using biodegradable instead of 
conventional plastics in agricultural 
applications promises to help 
overcome plastic pollution of 
agricultural soils. However, analytical 
limitations impede our understanding 
of plastic biodegradation in soils. 
Utilizing stable carbon isotope 

(13C-)labelled poly(butylene succinate) (PBS), a synthetic polyester, we herein 
present an analytical approach to continuously quantify PBS mineralization 
to 13CO2 during soil incubations and, thereafter, to determine non-mineralized PBS-
derived 13C remaining in the soil. We demonstrate extensive PBS mineralization (65 
% of added 13C) and a closed mass balance on PBS−13C over 425 days of incubation. 
Extraction of residual PBS from soils combined with kinetic modeling of the 
biodegradation data and results from monomer (i.e., butanediol and succinate) 
mineralization experiments suggest that PBS hydrolytic breakdown controlled the 
overall PBS biodegradation rate. Beyond PBS biodegradation in soil, the presented 
methodology is broadly applicable to investigate biodegradation of other 
biodegradable polymers in various receiving environments. 

Recycled Plastic Content Quantified through Aggregation-Induced Emission 
ACS Sustainable Chem. Eng. 2022, 10, 12659–12669. 
https://doi.org/10.1021/acssuschemeng.2c03389 

The linearity of the plastics economy is 
wasteful and polluting. To encourage recycling 
and decrease diversion to landfill, new 
legislation within the EU and UK will tax single-
use plastic products made with less than 30% 
recycled plastic. At present, quantitative 

determination of recycled content is elusive and existing methods are inconsistent. 
We present a fluorescence-based analytical technique to determine recycled 
content in plastic and (single use) packaging. Bathochromic shifts resulting from 
aggregation of the fluorescent brightener 4,4ʹ-bis(2-benzoxazolyl) stilbene (BBS) in 
three commodity plastics [high-density polyethylene, polypropylene, and 
poly(ethylene terephthalate)] at loadings ≤0.5 wt % were used to systematically 
quantify simulated recycled contents as low as 10 wt %. Linear correlations were 
found between recycled content and three fluorescence-based properties: emission, 
lifetime, and resulting color. We demonstrate how this multi-branched verification 
system is completely independent of sample dimensions and processing conditions, 
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has a negligible effect on polymer properties, and is inexpensive and highly 
compatible with existing recycling infrastructure. 

Flow-Assisted Selective Mineral Extraction from Seawater 
Environ. Sci. Technol. Lett. 2022, 9, 645–649. 
https://doi.org/10.1021/acs.estlett.2c00229 

The sustainable production of critical 
materials from natural sources requires a 
paradigm shift away from currently used 
resource-intensive processes. We report a 
single-step, laminar coflow method (LCM) 
that leverages nonequilibrium conditions to 

selectively extract pure Mg(OH)2 from natural seawater. Conventional seawater-
based Mg extraction involves adding individual or a combination of precipitants to 
obtain Mg(OH)2, but the coexistence of Ca2+ unavoidably results in CaCO3 impurities 
requiring additional purification steps. Here, we show that the nonequilibrium 
conditions in LCM achieved using a microfluidics device and by simply coinjecting a 
NaOH solution with seawater can result in improved selectivity for Mg(OH)2 unlike 
in a conventional bulk mixing method. The resulting precipitates are characterized 
for composition, and the process yield and purity are optimized through systematic 
variations of the reaction time and the concentration of NaOH. This is the first 
demonstration of LCM for selective separation, and as a one-step process that does 
not rely on novel sorbents, membranes, or external stimuli, it is easy to scale up. 
LCM has the potential to be broadly relevant to selective separations from complex 
feed streams and diverse chemistries, enabling more sustainable materials 
extraction and processing. 

Metabolomics Reveal Nanoplastic-Induced Mitochondrial Damage in Human Liver 
and Lung Cells 

Environ. Sci. Technol. 2022, 56, 12483–12493 
https://doi.org/10.1021/acs.est.2c03980 

Plastic debris in the global biosphere is an increasing 
concern, and nanoplastic (NPs) toxicity in humans is 
far from being understood. Studies have indicated 
that NPs can affect mitochondria, but the underlying 
mechanisms remain unclear. The liver and lungs have 
important metabolic functions and are vulnerable to 

NP exposure. In this study, we investigated the effects of 80 nm NPs on 
mitochondrial functions and metabolic pathways in normal human hepatic (L02) 
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cells and lung (BEAS-2B) cells. NP exposure did not induce mass cell death; however, 
transmission electron microscopy analysis showed that the NPs could enter the cells 
and cause mitochondrial damage, as evidenced by overproduction of mitochondrial 
reactive oxygen species, alterations in the mitochondrial membrane potential, and 
suppression of mitochondrial respiration. These alterations were observed at NP 
concentrations as low as 0.0125 mg/mL, which might be comparable to the 
environmental levels. Nontarget metabolomics confirmed that the most 
significantly impacted processes were mitochondrial-related. The metabolic 
function of L02 cells was more vulnerable to NP exposure than that of BEAS-2B cells, 
especially at low NP concentrations. This study identifies NP-induced mitochondrial 
dysfunction and metabolic toxicity pathways in target human cells, providing insight 
into the possibility of adverse outcomes in human health. 
 

Water Treatment 
Circular Process for Phosphoric Acid Plant Wastewater Facilitated by Selective 
Electrodialysis 

ACS Sustainable Chem. Eng. 2022, 10, 11567–11576 
https://doi.org/10.1021/acssuschemeng.2c03132 

 Phosphoric acid production generates 
large volumes of industrial wastewater 
that cannot be treated efficiently by 
existing processes because of its low pH 
and high precipitation potential. At 
present, the wastewater is generally 
stored in evaporation ponds that are 

prone to breaches, leakage, and flooding. We developed an alternative three-step 
process for the treatment of phosphoric acid wastewater including selective 
electrodialysis, reverse osmosis, and neutralization. Testing the process with 
synthetic wastewater yielded promising results. An exceptional Na/Ca selectivity (up 
to 18.3) was observed in low-pH electrodialysis, enabling the separation of 
concentrated H2SO4 without gypsum scaling. Sulfate removal from the 
electrodialysis diluate prevented scaling in the subsequent high-recovery (>90%) 
reverse osmosis step, generating high-quality water. Finally, the acidity remaining in 
the reverse osmosis concentrate was neutralized using phosphate rock which also 
enabled P recovery. The electric power requirement of the process was estimated 
to be 4.4 kWh per m3 of wastewater, from which 0.78 m3 of clean water 
(conductivity 1.4–4.4 μS cm–1), ∼3 kg H2SO4, and ∼2.5 kg P were recovered. Overall, 
lab-scale results indicate that this process would be a sustainable and techno-
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economically viable solution for the treatment of hazardous wastewater byproducts 
of the phosphoric acid industry. 

Low-temperature mineralization of perfluorocarboxylic acids 
Science, 2022, 377, 839-845 https://doi.org/10.1126/science.abm8868 
Per- and polyfluoroalkyl substances (PFAS) are persistent, bioaccumulative 
pollutants found in water resources at concentrations harmful to human health. 
Whereas current PFAS destruction strategies use nonselective destruction 
mechanisms, we found that perfluoroalkyl carboxylic acids (PFCAs) could be 
mineralized through a sodium hydroxide–mediated defluorination pathway. PFCA 
decarboxylation in polar aprotic solvents produced reactive perfluoroalkyl ion 
intermediates that degraded to fluoride ions (78 to ~100%) within 24 hours. The 
carbon-containing intermediates and products were inconsistent with oft-proposed 
one-carbon-chain shortening mechanisms, and we instead computationally 
identified pathways consistent with many experiments. Degradation was also 
observed for branched perfluoroalkyl ether carboxylic acids and might be extended 
to degrade other PFAS classes as methods to activate their polar headgroups are 
identified. 

Efficient mercury removal from aqueous solutions using carboxylated Ti3C2Tx 
MXene 

J. Hazard. Mater. 2022, 434, 128780 
https://doi.org/10.1016/j.jhazmat.2022.128780 

Water supplies contaminated with heavy 
metals are a worldwide concern. MXenes 
have properties that make them attractive 
for the removal of metal ions from water. 
This work presents a simple one-step 
method of Ti3C2Tx carboxylation that 
involves the use of a chelating agent with a 

linear structure, providing strong carboxylic acid groups with high mobility. The 
carboxylation decreases the zeta-potential of Ti3C2Tx by ~16 to ~18 mV over a pH 
range of 2.0–8.5 and improves Ti3C2Tx stability in the presence of molecular oxygen. 
pH in the range of 2–6 has a negligible effect on the adsorption capacity of 
Ti3C2Tx and COOH–Ti3C2Tx. Compared to Ti3C2Tx, COOH–Ti3C2Tx has a slightly higher 
and much faster mercury uptake, and the concentration of mercury ions leached 
out from COOH-Ti3C2Tx is lower. For both Ti3C2Tx and COOH–Ti3C2Tx, the leached 
mercury ion concentration is far below the U.S.-EPA maximum level. At an initial 
Hg2+ concentration of 50 ppm and pH of 6, COOH–Ti3C2Tx has the equilibrium 
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adsorption capacity of 499.7 mg/g and removes 95% of Hg2+ in less than 1 min. 
Moreover, it has an equilibrium time of 5 min, which is significantly shorter than 
that of Ti3C2Tx (~ 60 min). Finally, its mercury-ion uptake capacity is higher than 
commercially available adsorbents reported in the literature. Its mercury removal is 
mainly via chemisorption and monolayer adsorption. 

 


