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From the Chairman
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W as it natural zoonotic spillover that catapulted SARS-CoV-2 into a 

pandemic pathogen, or something more sinister? Is it at all possible 

that a laboratory leak in Wuhan, China was the spark that lit the fuse?
Debate about the origin of the virus that causes Covid-19 began soon after 

the first cases were reported in December 2019. Early on, whispers of a poten-
tially engineered virus grew and fueled speculation that China was behind the 
pandemic—speculation so pervasive that, in February 2020, a group of 27 public 
health scientists published a letter in The Lancet disputing the laboratory leak 
theory, and announcing their support of their counterparts in China—the scien-
tists, public health officials, and medical professionals—combating the pandemic. 
“The rapid, open, and transparent sharing of data on this outbreak is now being 
threatened by rumors and misinformation around its origins,” wrote the authors, 
who all declared no competing interests in their disclosures, as recommended by 
the International Committee of Medical Journal Editors. “We stand together to 
strongly condemn conspiracy theories suggesting that Covid-19 does not have 
a natural origin.” And although it’s true that analyses of the genomic sequence 
of the virus subsequently pointed to natural origins, questions regarding China’s 
role persisted, led by pesky discrepancies and conflicting reports. 

Fast forward to June 2021, and new evidence that has breathed new life into 
those origin questions. The Lancet has published an addendum to the February 
2020 letter with revised disclosure statements from one of the 27 authors, virolo-
gist and investigator Peter Daszak; he noted that his remuneration is solely in the 
form of a salary from EcoHealth Alliance, a New York-based nonprofit research 
foundation of which he is president. The company has reportedly worked directly 
with Wuhan laboratories, and funded gain-of-function research at China’s Wuhan 
Institute of Virology. 

Consider, too, recent reports uncovering financial ties between EcoHealth 
Alliance and Google, following accusations that the tech giant was censoring 
laboratory leak “conspiracy theory” stories in search results. Google’s health lead, 
David Feinberg, has insisted that the company is simply taking steps to protect 
users from unverified information. Are these coincidences? It’s unclear. But they 
add to the bank of troublesome questions about Covid-19. 

The questions extend beyond origin theory. With the U.S. Food and Drug Ad-
ministration’s green lighting of vaccines for adolescents and young adults comes 
worries of long-term effects on fertility and heart inflammation. Robert Malone, 
MD, the inventor of the mRNA technology, has expressed strong concern over 
the risk–benefit analysis of vaccinating young adults, and the Centers for Disease 
Control and Prevention’s Advisory Committee on Immunization Practices has met 
to discuss cases of myocarditis or pericarditis in people aged 30 and younger who 
have received an mRNA Covid-19 vaccine.

We may never know where this virus came from, or what triggered the global 
pandemic that has claimed more than 3.8 million lives. And we won’t know the 
long-term effects until enough time has elapsed. What we do know for certain is 
that the incredible strength and collaboration of the scientific community have 
allowed us to regain some semblance of normalcy. The development and rollout 
of multiple effective vaccine options have been the medical miracle of our lifetime. 

That, right now, will have to be the only answer that matters. 

Editorial Advisory Board
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ATOMIC PERSPECTIVES

Regulating Heavy Metals in Baby Food: 
The Challenges of Food Manufacturers 
and the FDA Being on the Same Page

A recent report by the Subcommit-
tee on Economic and Consumer 
Policy of the Committee on Over-
sight and Reform of the US House 
of Representatives found that pro-
cessed baby foods from seven 
of the largest manufacturers are 
tainted with dangerous levels of ar-
senic (As), lead (Pb), cadmium (Cd),  
and mercury (Hg). The report was 
based on internal documentation 
the subcommittee requested from 
these companies in November 2019,  
following an investigation alleging 
high levels of toxic heavy metals in 
both organic and conventional pro-
cessed baby food cereals in 2018. 
Based on the report, it was clear 
that the companies had few con-
cerns about the elevated levels of 
heavy metals in their products and, 
in many cases, ignored their own in-
ternal testing limits. This article takes 
a closer look at the congressional re-
port and its recommendations to the 
Food and Drug Administration (FDA) 
to reduce heavy metals in baby food 
to acceptable levels within two years. 
We also review the challenges and 
practicalities of scrutinizing the food 
industry that has historically been al-
lowed to regulate itself.

Robert Thomas

The recent report published by 
the Subcommittee on Economic 
and Consumer Policy of the Com-

mittee on Oversight and Reform of the 
House of Representatives highlighted 
that processed baby foods from seven 
U.S. manufacturers had unacceptable lev-
els of arsenic (As), lead (Pb), cadmium (Cd),  
and mercury (Hg) in their baby food prod-
ucts. The congressional report was gen-
erated based on information the subcom-
mittee requested from these companies in 
November 2019 following an investigation 
in 2018 alleging high levels of toxic heavy 
metals in both organic and conventional 
processed baby food cereals (1). 

Not all food companies responded 
to the request, but for those who did, it 
was a critical assessment of the way they 
went about testing their products that 
relied mainly on sampling the raw mate-
rials and ingredients. However, very few 
of the food companies mentioned in 
the report actually tested the final prod-
ucts that went on supermarket shelves.  
Based on the congressional report, it was 
clear that the companies had little concern 
about the elevated levels of heavy metals 
in their products. In many cases, they had 
their own internal quality control checks, 
but there were no repercussions if their 
products didn’t meet the requirements. 
Let’s take a closer look at the congressional 

report and, in particular, its recommenda-
tions to the U.S. Food and Drug Admin-
istration (FDA). We then take a deeper 
dive into the challenges and practicalities 
of scrutinizing an industry that has histori-
cally been allowed to regulate itself. Let’s 
begin by focusing on the baby foods and 
the heavy metals highlighted in the report.

Arsenic
Rice is a very common constituent in baby 
food cereals. It is typically grown in flooded 
fields; as a result, rice tends to contain high 
levels of arsenic associated with it because 
the water dissolves the arsenic out of the 
soil, which in turn gets absorbed by the 
root system in plants. For that reason, in-
fant cereals made from rice typically have 
higher levels than other processed baby 
foods. The U.S. FDA has set a maximum 
limit of 100 ppb for inorganic arsenic in rice 
cereal. However, many of the infant foods 
of the companies that supplied data had 
levels up to 3–4x higher than the FDA reg-
ulated limits, and one baby food had over 
900 ppb level of arsenic. It’s worth pointing 
out why inorganic arsenic is so important. 
In 2012, Dr. Mehmet Oz, the famous tele-
vision doctor, alarmed his viewers about 
high levels of arsenic in apple juice. How-
ever, what he failed to say was that it was 
not the highly toxic inorganic forms of arse-
nic, such as pentavalent (As5+) and trivalent 
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(As3+), but the relatively innocuous organic 
forms of arsenic including methyl arsonic 
acid (MAA), dimethyl arsinic acid (DMA), 
and arsenobetaine that had been metab-
olized by the apple tree. For this reason, 
inorganic arsenic is the form that is usually 
regulated, because of its higher toxicity (2).

Lead
Lead (Pb) was another element that was 
abnormally high in baby foods. The FDA 
does not regulate lead in processed baby 
food but has set limits of 100 ppb for lead in 
candy and 50 ppb for lead in fruit juices. In 
addition, the FDA has set a limit of 5 ppb for 
lead in bottled drinking water. Every baby 
food tested showed levels of at least 20–50 
ppb, and one product was as high as 800 
ppb. The report also revealed that another 
producer had six samples that showed over 
200 ppb for lead. It’s worth pointing out that 
the major source of lead in vegetables and 
farming crops is usually as a result of tetra 
ethyl lead being used as a gasoline addi-
tive for decades, resulting in the contamina-
tion of much of the farmland in the United 
States, particularly around major highways 
(3). Moreover, we have used lead paint for 
decades, which is still a problem today in 
older buildings even though it was banned 
in 1978. In addition, many of the service lines 
used in our drinking water supply are made 
from lead or copper joined with lead-based 
solder, which have all contributed to high 
levels of lead in the environment (4).

Cadmium
In addition, cadmium was also present at 
high levels in baby foods made by all the 
companies that responded. There are no 
maximum limits for cadmium, but a 2019 
FDA study found that 20 ppb was a fairly 
typical level in infant food. However, many 
of the baby foods were found to have in 
excess of 50 ppb and one in particular had 
over 300 ppb. Cadmium is another ele-
ment that occurs naturally in soil and can 
easily get absorbed into a plant root sys-
tem, especially if the pH and soil chemis-
try are favorable (5). In addition, cadmium, 
lead, and arsenic are commonly found in 
phosphate-based fertilizers, and some 
pesticides used to spray on apples and 
potatoes contain lead arsenate (6).

Mercury
It was difficult to assess the impact of 
mercury because only one company re-
sponded with a sample in excess of 10 ppb 
for mercury. The problem is that mercury is 
not an easy element to measure, and there 
are no regulated limits for mercury in baby 
food, so it is very difficult to know what is 
an elevated level. However, the FDA has 
set a limit of 2 ppb for mercury in bottled 

water, which is the same as the Environ-
mental Protection Agency (EPA) maxi-
mum contaminant limit for drinking water. 
Therefore, any values over 2 ppb should 
be considered elevated. It’s also impor-
tant to emphasize that mercury is one of 
the most serious pollutants emitted from 
power plants. It occurs naturally in fossil 
fuels; when coal is combusted, elemental 
mercury is emitted into the environment 

TABLE I: Heavy metals found in common baby foods sold in the United States 
compared to FDA limits for bottled water (8)

Element
FDA Regulated, 
Typical Limit in 

Food (ppb)

FDA 
Maximum 
Limit for 
Bottled 

Water (ppb)

Highest 
Result from 

Data Supplied 
by Baby Food 

Producers 
(ppb)

Multiple 
Over 

FDA Max. 
Limit

Arsenic 
(inorganic) 100 (Rice) 10 910 x91

Lead 100 (Candy),  
50 (Fruit juice) 5 885 x177

Cadmium 20 (Typical) 5 345 x69

Mercury 200 (Canned tuna) 2 10 x5

http://www.edax.com
https://www.edax.com/micro-xrf
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and pollutes the soil. The EPA estimates 
that about 50 tons of elemental mercury 
are emitted each year from U.S. coal-burn-
ing power plants, where it gets washed 
into rivers and lakes, and gets converted 
to methyl mercury by aquatic species and 
gets biomagnified up the food chain to 
the larger predator-type fish. That’s why 
mercury levels in canned tuna have been 
reported as a high as 200 ppb (7).

Report Summary
The results outlined in the congressional 
report suggested that levels for all the 
heavy metals in the baby foods were ex-
cessive even though only inorganic arsenic 
had an FDA regulated maximum impurity 
in rice cereal of 100 ppb (8). However, when 
the data were compared to allowable limits 
in bottled water, the levels were quite stag-
gering, as seen in Table I.

Recommendations
The congressional subcommittee made 
it clear that ingredient testing by these 
companies is inadequate, and that 
only final product testing can measure 
the true danger posed by baby foods.  
It also didn’t help that the FDA took no 
action in response to these elevated 
levels. To this day, baby foods contain-
ing these toxic heavy metals have no 
label to warn parents of the dangers. 
Manufacturers are free to test only the 
raw materials and ingredients that go 
into the foods with no requirement to 
test the final products. In many cases, 
there was no testing done at all. In 
fact, the FDA has only regulated one 
metal for one category of baby food,  

setting a maximum limit of 100 ppb inor-
ganic arsenic for infant rice cereal. 

The subcommittee made the following 
recommendations (8):
• Mandatory testing: Baby food manufac-

turers should be required by the FDA to 
test their finished products, not just their 
ingredients, for toxic heavy metals.

• Labeling: Manufacturers should be re-
quired by the FDA to report levels of 
toxic heavy metals on food labels.

• Voluntary phase-out of toxic ingredients: 
Manufacturers should voluntarily find 
substitutes for ingredients that are high 
in toxic heavy metals or phase out prod-
ucts such as rice that have high amounts 
of ingredients that frequently test high in 
toxic heavy metals.

• FDA standard: The FDA should set max-
imum levels of toxic heavy metals per-
mitted in baby foods. One level for each 
metal should apply across all baby foods, 
and the level should be set to protect ba-
bies against the neurological effects of 
toxic heavy metals.

• Parental vigilance: Instituting recommen-
dations will give parents the information 
they need to make informed decisions to 
protect their babies. Currently, parents 
should avoid baby foods that contain 
ingredients testing high in toxic heavy 
metals, such as rice. 

Baby Food Safety Act of 2021
These recommendations are the basis of 
a new bill sponsored by Representative 
Raja Krishnamoorthi (D-IL), Senator Amy 
Klobuchar (D-MN), Senator Tammy Duck-
worth (D-IL), and Representative Tony 
Cárdenas (D-CA) (9). The bill emphasizes 

very strongly that baby food manufactur-
ers hold a special position of public trust 
with U.S. consumers who believe that the 
federal government should not know-
ingly allow the sale of unsafe baby food. 
As this congressional report reveals, baby 
food manufacturers, together with federal 
regulators, have mostly failed to do this.  
Many baby foods contain high levels of 
toxic heavy metals, and there is currently 
no existing law or regulation to reduce 
their presence in baby food. 

The Baby Food Safety Act would re-
quire manufacturers and the FDA to take 
the following six actions:
• Setting the following maximum levels of 

heavy metals in baby food that manu-
facturers would have to meet within one 
year: inorganic arsenic (10 ppb for regular 
baby food, 15 ppb for cereal), lead (5 ppb 
for regular baby food, 10 ppb for cereal), 
cadmium (5 ppb for regular baby food, 
10 ppb for cereal), and mercury (2 ppb 
for both). These limits are shown in Table 
II, where they are compared with current 
food-based heavy metals regulations 
together with bottled and tap drinking 
water limits from the FDA and EPA.

• Requiring those levels to be lowered 
further within two years through FDA 
guidance and again after three years  
through regulation.

• Requiring manufacturers to test their 
final products, not just ingredients, for 
toxic heavy metals (ingredient testing 
significantly underestimates toxic heavy 
metal levels).

• Requiring manufacturers to post the re-
sults of their product testing online twice 
per year.

TABLE II: Proposed new regulated limits (ppb) for inorganic arsenic, lead, cadmium, and mercury in processed infant 
food (9), compared to the current action levels set by the FDA (cereal, candy, bottled water) and EPA (tap water) 

Processed Baby Foods Drinking Water 
(Bottled)

Drinking Water 
(Tap)

Element Current Suggested 
Action Levels (ppb)

Proposed Regulated Limits (ppb)
(ppb) (ppb)

Baby Foods Rice Cereal

Arsenic 
(inorganic) 100 (Cereal) 10 15 10 10

Lead 100 
(Candy)

50 
(Juice) 5 10 5 15 

(10 Trigger level)

Cadmium 20 (Typical cereal) 5 10 5 5

Mercury 200 (Typical canned tuna) 2 2 2 2
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• Establishing a public awareness cam-
paign through the Center of Dis-
ease Control (CDC) to highlight the 
risks posed by toxic heavy metals in  
baby food.

• Authorizing $50 million for research on 
agricultural methods of reducing toxic 
heavy metals in crops.

Parents expect the baby food sold on su-
permarket shelves to be safe and nutritious 
for their children. The goal of this legisla-
tion is to reduce toxic heavy metals in baby 
food, educate parents about the risks, and 
invest in cutting-edge farming technology 
to reduce any economic barriers to mak-
ing baby food safe for consumption. As a 
result of this new bill, the FDA released an 
action plan for reducing exposure to toxic 
elements in baby foods. Below is an over-
view of their strategic plan regarding how 
they will achieve this (10).

FDA Action Plan
The FDA action plan entitled “Closer to 
Zero” aims to reduce exposure to toxic 
elements in foods commonly eaten 
by babies and young children to the 
lowest possible levels. Although the 
FDA’s testing shows that children are 
not at an immediate health risk from 
exposure to toxic elements at the lev-
els found in foods, they are starting the 
work immediately, with both short- and 
long-term goals for achieving contin-
ued improvements in reducing levels of 
toxic elements in these foods over time.  
They recognize that Americans want 
zero toxic elements in the foods eaten 
by their children. However, in reality, be-
cause these elements occur naturally in 
the environment, there are limits to what 
can be achieved. Therefore, the FDA’s 
goal is to reduce the levels of arsenic, 
lead, cadmium, and mercury in these 
foods to the greatest extent possible. 
They are also sensitive to the fact that 
currently these levels are not feasible, 
and as a result, imposing these limits 
could mean significant reductions in 
the availability of nutritious, affordable 
foods that many families rely on for their 
children. Their plan, therefore, outlines 
a multiphase approach to achieving the 
goal of getting levels of toxic elements 

in foods closer to zero over time, which 
will include: 
• evaluating the scientific basis for  

action levels 
• proposing limits 
• consulting with stakeholders 
• finalize action levels.
Then, once the FDA has published final 
action levels, the agency will establish a 
timeframe for assessing industry progress 
toward meeting the action levels and re-
commence the cycle to determine if the 
scientific data support efforts to further 
adjust the action levels downward.

A Deeper Dive: Toxicity Impact  
of Heavy Metals in Food
Let’s take a deeper dive into the sources of 
heavy metals in our food supply to better 
understand what food manufacturers and 
the FDA are up against. Foods made from 
vegetables, fruits, nuts, grains, and cere-
als are going to contain essential nutrients 
and other elemental constituents, such as 
calcium (Ca), iron (Fe), zinc (Zn), manganese 
(Mn), copper (Cu), and nickel (Ni) from the 
soil (11). Unfortunately, the plants are also 
going to absorb heavy metals, such as ar-
senic, lead, cadmium, and mercury. The 
phytoremediation properties of cannabis 
and hemp are an unfortunate testament 
to this fact. The cannabis plant is used as 
a source of cannabinoids for medicinal 
and recreational consumer products, but 
industrial hemp is used to clean up heav-
ily contaminated soils (12). As a result, it is 
inevitable that any heavy metals in the soil 
will end up in the raw materials used to 
make the baby food cereals. The problem 
is that arsenic, lead, cadmium, and mercury 
are the most toxic of these metals and 
can lead to severe health problems with 
regular and long-term exposure to them.  
They can interact with human DNA and 
interrupt regular cellular functions, caus-
ing cell mutations, carcinogenesis, and 
apoptosis (cell death). Heavy metal toxicity 
affects nearly every system in the human 
body and often occurs with no distinctive 
symptoms. It can damage the central ner-
vous system, kidneys, the reproductive sys-
tem and, at higher levels, can cause coma, 
convulsions, and even death. Many heavy 
metals, such as lead and mercury, are neu-

rotoxins, which means they readily cross 
over the blood–brain barrier and affect the 
development and growth of brain neurons, 
so even at low levels, they are associated 
with reduced brain development, lower in-
telligence, and learning disabilities. They 
also have been linked to autism and atten-
tion deficit hyperactivity disorder (ADHD). 
Therefore, it is clear that the repercussions 
and health risks are potentially significant 
if humans (especially young children) have 
a long-term exposure to heavy metals (13).

FDA Mission
The mission of the U.S. FDA is to maintain 
a safe food supply by monitoring food 
and related products for both toxic and 
nutritional elements. The FDA collects 
and analyzes food and other materials from 
commercial channels of trade to determine 
whether those materials are in compliance 
with applicable regulations. The analytical 
data gathered through these monitoring 
activities are also used for evaluating the 
extent and significance of these analytes in 
the food supply. FDA laboratories perform 
these sample analyses using sound analyti-
cal practices and methodology, which are 
documented in the Elemental Analysis 
Manual for Food and Related Products 
(EAM). This resource serves as a refer-
ence for analysts at the FDA and around 
the world, providing not only general ana-
lytical information but also detailed instru-
mental methods and sample preparation 
procedures used for measuring elemental 
contaminants, including techniques such 
as inductively coupled plasma–mass spec-
trometry (ICP-MS), inductively coupled 
plasma–optical emission spectrometry 
(ICP-OES), and atomic absorption (AA) for 
determining arsenic, cadmium, chromium, 
lead, mercury, and other elements in food 
using microwave assisted digestion (14).  
In addition, the manual has a comprehen-
sive list of typical elemental concentrations 
found in common food materials around 
the world, including the United States, 
Canada, Europe, Asia, and Australia. How-
ever, it doesn’t address regulatory consid-
erations or set maximum limits because 
the data are taken from many reference 
sources around the globe where regional 
growing, environmental conditions, and 
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industrial influences are very different.  
Let’s take a closer look at some of those 
external influences that can impact the 
quality of the food source.

External Influences
The problem of contaminated food sup-
ply has been compounded over the past 
few decades by the fact that anthropo-
genic (human) industrial activities, includ-
ing metal or coal mining, metal refining, 
power generation, petroleum or petro-
chemical refineries, lead paint, leaded 
gasoline, use of lead-based water pipes, 
and other industrial processes, not to 
mention natural events such as weather-
ing of rocks and volcanic activity, have 
seriously compromised the environment 
and polluted the soil with abnormally high 
levels of arsenic, lead, cadmium, mer-
cury, and other heavy metals. This makes 
the selection of farmland to grow these 
crops and, in particular, optimizing the soil 
chemistry to minimize the absorption of 
these heavy metals critically important. 
However, it should also be pointed out 
that using certain fertilizers, nutrients, and 
pesticides can compound the problem. 
For example, many low-grade phosphate-
based fertilizers, as well as natural fertiliz-
ers from animal waste and human sewage 
treatment plants, can have high levels of 
heavy metals, whereas many pesticides 
contain lead arsenate and other heavy 
metals (6). Moreover, added minerals, vi-
tamins, and other chemical additives used 
in food production need to be scrutinized 
to ensure they do not further contaminate 
the consumer products.

Water Quality
In addition, copious amounts of water used 
in the food industry, in the irrigation of 
crops, preparation of fertilizers, equipment 
sanitation, processing operations, and 
food ingredients and recipes, can all have 
an impact on the level of heavy metals in 
the final food products. For this reason, it 
is critically important that the water used 
for food manufacturing be tested on a 
regular basis. This is an important point to 
make because we take water for granted, 
and when we turn the spigot on at home, 
we expect to get clean, uncontaminated 
water. Take lead for example. The FDA 
maximum limit for lead in bottled water is 
5 ppb as shown in Tables I and II. However, 
the EPA maximum contaminant limit (MCL) 
for lead in tap water is 15 ppb, with a re-
cently approved trigger point of 10 ppb for 
vulnerable communities known as the EPA 
Lead and Copper Rule Revisions (15). So 
it is worth explaining why these levels are 
different. Lead pipes and service lines are 
still used in many older cities in the United 
States to carry water from its source via a 
treatment plant into consumers’ homes.  
If the chemistry of the drinking water is not 
well understood, it can dissolve lead from 
the pipes and pollute the water, unless the 
chemical composition is optimized. This is 
what happened in Flint, Michigan, in 2014, 
where public health officials and water au-
thority personnel failed to take remedial 
action when they replaced water from Lake 
Huron with the Flint River as the source of 
drinking water to cut costs, which resulted 
in corrosion of the lead pipes and a lead-
contaminated drinking water supply. When 

all the data were evaluated at the height of 
the crisis in 2015, lead levels in the drinking 
water were on average a few hundred ppb 
higher than normal with over half of the 
homes exceeding 1000 ppb and some in 
excess of 10,000 ppb (16). As a comparison, 
the EPA regulated maximum contaminated 
limit (MCL) for lead in drinking water has 
recently been reduced to 10 ppb (trigger 
level) for vulnerable communities from the 
normal action level of 15 ppb, as defined 
in the list of primary contaminants in the 
Safe Drinking Water Act (SDWA). However, 
this is the specification at the water treat-
ment plant, which could be higher if it is 
being pumped through lead service lines. 
To deal with this issue, the EPA mandates 
that local water authorities test the water in 
people’s homes every three years. If more 
than 10% of the homes (or businesses and 
factories) show levels above the action or 
trigger level, they will take remedial action 
depending on the location and the severity 
of the problem (17,18).

Manufacturing
Therefore, it is clear that food manufactur-
ers need to have better control over their 
entire manufacturing processes to en-
sure it is not compounding the problem.  
They should take a serious look at the way 
the pharmaceutical industry did it in the 
later 1990s when after more than 100 years 
of basically ignoring the problem by just 
carrying out a semi quantitative, colorimet-
ric test for Pb, it was mandated to clean up 
its act and monitor up to 24 elemental im-
purities in drug products and substances 
described in USP Chapter 232/233 (19,20) 
and ICH Q3D Guidelines (21). They did this 
by adopting a risk assessment approach 
and classified each of the 24 elemental 
impurities into four different categories, 
based on their likelihood of their being 
present at different stages of the manufac-
turing process. This meant that everything, 
including raw materials, drug substances 
(APIs), excipients, and water quality, to-
gether with manufacturing equipment, 
packaging, and delivery systems, had to 
be thoroughly characterized to ensure the 
maximum permitted daily exposure (PDE) 
levels were met in the final drug products. 
Water is often the source of an impurity 

Manufacturing
Equipment

Drug
Substance

Elemental
Impurities 

in Drug 
Product

ExcipientsContainer
Closure 
System

Water

FIGURE 1: The manufacturing process should be considered as part of the risk as-
sessment for elemental impurities and a fish-bone diagram (as shown) is commonly 
used as a framework to find out the root cause of a problem to ensure that all aspects 
of the process are considered (22). 
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when troubleshooting a problem because 
it is used in such vast quantities. For that 
reason, it is critically important to monitor 
the purity of the water supply on a regular 
basis, as exemplified in Figure 1, which is 
the classic fishbone diagram that the phar-
maceutical industry uses as a framework 
to find out the root cause of a problem. 
In this case, the diagram is used to assess 
the risk of an elemental impurity occur-
ring at any stage throughout the entire  
manufacturing process (22). 

The food industry is nowhere near this 
level of knowledge of its manufacturing 
processes as the pharmaceutical industry 
at the moment, but it will need to get its 
act together very quickly if it is going meet 
the ambitious goals of the 2021 Baby Food 
Safety Act. Moreover, the Act will be asking 
the FDA to regulate the food industry to 
maximum heavy metals limits that are an 
order of magnitude lower than previously 
required. To do this, manufacturers have to 
gain a better understanding of the sources 
of elemental contaminants throughout the 
entire food production process.

Final Thoughts
The next two years are going to test the 
relationship between the FDA, baby 
food manufacturers, and the congressio-
nal subcommittee. I’m not sure there are 
going to be any clear winners, but hope-
fully at the end of the day, the goal is to 
have safer baby foods for our children to 
consume. When the fundamental basis 
for ensuring the safety of processed 
baby foods is to grow safe vegetable 
crops, grain, and cereals, it becomes 
paramount that manufacturers take all 
the necessary precautions to minimize 
levels of heavy metals in foods. Unfor-
tunately, experience tells us that this is 
never going to be zero. We only have 
look at studies in the open literature to 
know that on a practical level this is not 
possible and that the FDA struggles to 
ensure food products are low in heavy 
metal contaminants. This was supported 
by Atkins and coworkers in a study pub-
lished in 2018 that measured lead in dif-
ferent types of natural and processed 
food products including chocolate, 
cinnamon, hot sauce, canned tuna, indi-

gestion tablets and table salt. They used 
microwave digestion to get the samples 
into a solution followed by analysis using 
ICP-MS and found the samples con-
tained lead at 2–3 orders of magnitude 
higher than the FDA-regulated level of 2 
ppb for bottled water and even signifi-
cantly higher levels than the 100 ppb for 
lead in candy (23). The same researchers 
also did a comprehensive investigation 
into pet foods in 2009 and then again in 
2019 using ICP-MS and found very high 
levels of a number of different heavy 
metals, including arsenic, lead, cadmium, 
nickel, and uranium in many cat and dog 
foods found on supermarket shelves (24). 
However, of greater concern for pet own-
ers was that there wasn’t any significant 
improvement in many of the heavy met-
als over the 10 years between the two 
studies, despite the passing of the Food 
Safety Modernization Act (FSMA) in 2011, 
which overhauled regulations regarding 
food production and gave the FDA more 
authority to oversee and enforce supply 
chains, including in animal and pet foods. 
As a result, you would think there would 
be a vast improvement in the heavy 
metal contaminant levels in pet food 
between the two studies. Unfortunately, 
this doesn’t appear to be the case.

Let me leave you with a final thought, 
which is based on a Consumer Reports 
study on heavy metals in baby foods back 
in 2018, three years before the congres-
sional report (25). Particularly, I reference 
a letter sent by Consumer Reports senior 
management to the head of the FDA 
that concluded, “We also recognize that 
the FDA has no specific limits in place to 
restrict contaminants in the vast majority 
of children’s food. With the agency’s own 
data and the work of Consumer Reports 
and other public interest groups in mind, 
it is critically important for the FDA to take 
the additional steps to protect the public 
and assist parents nationwide” (26). They 
then listed a set of action items to be 
implemented by the end of 2018 which 
were very similar to what the congressio-
nal report recommended earlier this year. 
Here we are three years later with very 
little progress, and it remains to be seen 
whether baby food manufacturers and 

the FDA can ever be on the same page.  
Only time will tell.
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IR SPECTRAL INTERPRETATION WORKSHOP

The Infrared Spectra of Polymers, 
Part I: Introduction

Polymers are perhaps the most com-
mon type of sample analyzed by in-
frared spectroscopy. In this first of a 
series of columns, I will introduce the 
properties of polymers, discuss what 
infrared spectroscopy can tell us about 
polymers, and begin the analysis of the 
spectra of polymers with a look at the 
spectrum of polyethylene.

Brian C. Smith

Ihave over 30 years experience 
as an infrared (IR) spectroscopist, and 
have written three books on the sub-

ject (1–3). I have also taught infrared spec-
tral interpretation to thousands of people 
as part of the training courses I offer.  
In my experience, the sample type 
most frequently analyzed by IR is poly-
mers. Since polymers are so important,  
why have I waited until the seventh year of 
this column to discuss them? 

What’s unique about polymers is that 
they contain practically every functional 
group imaginable, so we weren’t ready to 
cover polymers until we had discussed all 
the possible functional groups they con-
tain, and, yes, that has taken several years. 
Now that we have a solid foundation, it is 
time to look at the spectra of polymers 
in detail.

Introduction to Polymers
What makes polymers unique compared to 
other molecules is that they are comprised 
of a series of identical chemical structures 
that form a chain. Each link in the chain is 
called a repeat unit. The word polymer is 
derived from the Greek words “poly,” or 
many, and “mer,” or parts. Thus, a polymer 
is a molecule that contains many parts.. 
Polymers are synthesized from small mol-
ecules called monomers, Greek for “one 
part.” Polymers are named by appending 

the prefix “poly-” to the name of the mono-
mer. The chemical structure of a common 
polymer, polyethylene, is seen in Figure 1.

Polyethylene is named by appending 
“poly-” to the name of the monomer “eth-
ylene.” The repeat unit in polyethylene is 
the CH2 or methylene group. Note from 
Figure 1 that the chemical structure of a 
polymer is drawn with brackets around 
the repeat unit and a subscript n. The n 
means there are some number n of re-
peat units in a row comprising the poly-
mer chain. Note that there are dangling 
chemical bonds to the left and right of 
the repeat unit denoting bonds to repeat 
units to the left and right.

For small molecules, we are used to 
thinking of the molecular weight as a 
constant. For example, the molecular 
weight of every molecule of CO2 in the 
universe (assuming the atomic mass of 
carbon =12 and that of oxygen = 16) is 44. 
This is not true of polymers. The compli-
cation is that almost all polymer samples 
consist of molecules with different num-
bers of repeat units, and therefore dif-
ferent molecular weights. For example, 
if we assume the atomic mass of the 
repeat unit in polyethylene is 14,  
a chain with 100 repeat units will have 
a molecular weight of 1400, while a 
molecule containing 1000 repeat units 
will have a molecular weight of 14,000.  
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Polymer chains with molecular weights 
upwards of a million are known (4).

The challenge, then, is if we have 
chains of different molecular weight 
in a sample, what number do we use 
to characterize the molecular weight? 
Rather than speaking of a specific mo-

lecular weight, we measure and use what 
is called a molecular weight distribution 
(4). An example of a possible molecular 
weight distribution curve for a polymer 
sample is seen in Figure 2. 

Note that the figure is a plot of the 
number of molecules versus molecu-

lar weight. There is a lot if informa-
tion to be derived from plots like the 
one in Figure 2, and various experi-
mental methods of measuring them, 
all of which are beyond the scope of 
this article (4).

So, if the molecular weight distribu-
tion of a polymer sample is important, 
what can infrared spectroscopy tell us 
about molecular weight distribution?  
Absolutely nothing! Remember that in-
frared spectra contain functional group 
structural information (2). In a sample 
of polyethylene, each and every repeat 
unit is structurally identical (ignoring end 
groups), so each and every repeat unit 
will therefore have the same spectrum. 
For example, the spectrum of a polyeth-
ylene molecule with 100 repeat units will 
be the same for all practical purposes to 
the spectrum of a polyethylene molecule 
that contains 1000 repeat units. Infrared 
spectroscopy tells us the structure of 
polymeric repeat units; it tells us little 
about molecular weight distributions.

What, then, should we expect poly-
mer spectra to look like? Recall that the 
number of vibrations for a non-linear 
molecule is 3N-6, where N is the number 
of atoms in the molecule (2). Also, recall 
that the number of vibrations in a mole-
cule is determined in part by the number 
of vibrations it possesses and the sym-
metry of the molecule (2). A polyethylene 
molecule has 4 atoms in each repeat unit,  
and if there are 1000 repeat units in  
a chain, that means there are 4000 
atoms present. This molecule then has  
(3 x 4000) - 6), or 11,994, vibrations, and, 
in principle, should have a complex spec-
trum with perhaps thousands of peaks.

In fact, nothing could be further from 
the truth. The infrared spectrum of a 
polyethylene sample is seen in Figure 3.

Note that there are not thousands of 
peaks in this spectrum, but a handful.  
This is because, although there are many 
atoms and many vibrations for polyethyl-
ene molecules, the molecule has high sym-
metry, because each and every repeat unit 
is structurally the same, and hence will give 
the same spectrum. The complexity of a 
polymer spectrum then is determined not 
so much by the number of atoms total in 
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FIGURE 1: The chemical structure of polyethylene.

Molecular weight

N
um

b
er

 o
f 

m
o

le
cu

le
s

FIGURE 2: A hypothetical molecular weight distribution of a polymer sam-
ple. Note that the x-axis units are molecular weight, and the y-axis units are  
number of molecules.
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the chain, but by the number of atoms in 
the repeat unit. This is why the spectrum 
of polyethylene is so simple even though 
it has a high molecular weight.

The Infrared Spectroscopy  
of Polyethylene
Given the simplicity of Figure 3, you may 
think that there is not much to learn from 
the spectra of this polymer, but the sub-
tleties and complexities of its spectrum 
may surprise you. Since polymers contain 
functional groups whose spectra we have 
already covered, we know everything we 
need to know to interpret polymer spectra. 
For example, the CH2 group in polyethyl-
ene is very similar to the methylene groups 
in molecules like hexane and octane whose 
spectra we have already examined (5,6),  
so all the rules we have learned about 
how to interpret the spectra of methylene 
groups apply to polyethylene as well. 

Table I summarizes the group wave-
numbers for CH2 groups. Using Table I, 
we can easily analyze the spectrum Fig-
ure 1. The peak labeled A at 2917 cm-1 
is the methylene asymmetric stretch,  
the peak labeled B at 2852 is the sym-
metric stretch, and the peak labeled D at 
718 is the rock. Recall that the 720 peak 
only appears if there are four or more 
methylenes in a row (6), which is true of 
probably every polyethylene molecule.

Recall that the number of CH stretch-
ing peaks between 3000 and 2850 can be 
used to tell us whether a molecule contains 
methyls only, methylenes only, or both (6). 
This info is summarized in Table II.

Polyethylene clearly has methylenes 
only, since it has two peaks between 3000 
and 2850.

Polyethylene: More Than Meets the Eye
Note in Figure 3 that there is a peak la-
beled C at 1377 assigned as a methyl 
group (CH3) umbrella mode. What’s up 
with that? Haven’t we said that polyeth-
ylene contains CH2 groups only, as seen 
by the number of C-H stretching peaks?  
Yes, but Mother Nature does love to throw 
us curve balls sometimes. Because of the 
specific chemical process used to make 
the sample of polyethylene whose spec-
trum is seen in Figure 3, there are a small 

number of repeat units that have what are 
called side chains; these are short alkyl 
chains whose structures include –(CH2)5-
CH3. An example of a side chain is seen 
in Figure 4.

Polyethylene made via this reaction is 
called low density polyethylene (LDPE) 
because the alkyl side chains push the 

polymer chains apart ,reducing the den-
sity of the material. As a result, LDPE is 
structurally weak, and is used to make 
things like plastic bags that can be eas-
ily torn apart with bare hands. The methyl 
groups in the side chains are responsible 
for the umbrella mode peak at 1377.  
The C-H stretches from these groups are 
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FIGURE 4: An example of an alkyl side chain present in some polyethylene molecules.
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swamped by the CH2 stretching peaks,  
so we do not see them.

So, LDPE is not really “pure” polyeth-
ylene because of the presence of some 
methyl groups. Is there a polyethylene 
sample devoid of side chains, and 
contains CH2s only? Yes, using a differ-
ent chemical reaction, side-chain-free 
polyethylene can be made. This mate-
rial is called high density polyethylene 
(HDPE), and its infrared spectrum is 
seen in Figure 5.

The spectrum of HDPE has the methy-
lene stretching and rocking peaks as ex-
pected, and does not have a methyl group 
umbrella mode, because there are no CH3 

groups present due to the absence of side 
chains. HDPE is high density because the 
polymer chains can pack close together 
(thanks to the absence of side chains), giv-
ing a denser material. As a result, HDPE 
is structurally stronger than LDPE, and is 
made into things like milk jugs, which are 
difficult to tear apart with bare hands. The 
easiest way to distinguish between LDPE 
and HDPE is that spectra of LDPE have 
a CH3 umbrella mode, while spectra of 
HDPE do not. 

What’s with the split rocking mode 
peak in Figure 5 at 730/720? More on that 
and the fascinating spectra of polymers 
next time.

Conclusions
The infrared spectra of polymers do not 
measure molecular weight distributions, 
but the structure of the repeat units in 
polymers. The spectra of functional groups 
in polymers are similar to those in small 
molecules. The spectra of low-density 
and high-density polyethylene were dis-
cussed, showing some of the nuances of  
polymer spectra.
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TABLE II: The relation between the number of C-H stretching peaks and 
functional groups present

Number of Peaks  
(3000–2850 cm-1) CH2, CH3, or Both?

4 Both

3 Both

2 CH2 or CH3

1 CH2 or CH3
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TABLE I: The group wavenumbers for the methylene (CH2) group

Vibration Peak Position Range (cm-1)

CH2 Asymmetric Stretch 2926±10

CH2 Symmetric Stretch 2855±10

CH2 Rock 720±10
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A Comprehensive Study of WSe2  
Crystals Using Correlated Raman,  
Photoluminescence (PL), Second  
Harmonic Generation (SHG), and  
Atomic Force Microscopy (AFM) Imaging

Tungsten diselenide (WSe2) is a transi-
tion metal dichalcogenide (TMDC) that 
belongs to a class of nanomaterials with 
potential in optoelectronic device appli-
cations. Several characteristics that de-
fine the electronic, optical, and thermal 
properties of these two-dimensional 
(2D) crystals are thickness, crystal sym-
metry changes, and growth defects. 
The combination of various techniques 
for investigating the same WSe2 flake 
sample shows that various processes in-
volved in producing the photolumines-
cence (PL) signal are correlated with the 
localized strain. The WSe2 flake samples 
are observable by confocal Raman im-
aging and topographic homogeneity 
can be determined by atomic force mi-
croscopy (AFM). The edge of the flake 
shows strong variations, which could be 
explained by the correlation of the vari-
ous techniques. In addition, second har-
monic generation (SHG) measurements 
identify grain boundaries as potential 
sources of strain relief, which is in agree-
ment with both the confocal Raman as 
well as the confocal PL results.

Ute Schmidt, Connor S. Bailey, Jan Englert, Eilam Yalon,  
Guy Ankonina, Eric Pop, Olaf Hollricher, and Thomas Dieing 

Transition metal dichalcogen-
ides (TMDCs) are a family of 
materials with an MX2 composi-

tion, consisting of metallic (M = W, Mo, 
Nb, and Ta) and chalcogen (X = S, Se, 
and Te) atoms. They are arranged in lay-
ered structures in the form X-M-X and are 
considered as a single monolayer, with the 
chalcogen atoms in two hexagonal planes 
separated by one plane of transition metal 
atoms (1–5). Similar to graphene, they can 
be exfoliated to one or few layered materi-
als or grown using different growth meth-
ods such as chemical vapor deposition 
(CVD). These single- or few-layer materi-
als exhibit unique electronic and optical 
properties, which are significantly differ-
ent from the bulk precursor. Bandgaps 
of semiconducting TMDCs can be tuned 
by changing the number of layers, the 
chemical composition, or the strain of the 
materials (1–8). Their possible applications 
include the production of transistors, pho-
todetectors, light emitting diodes (LEDs),  
and photovoltaic cells (9,10). 

To produce high-quality devices,  
the synthesis processes must be evalu-

ated efficiently. Nondestructive imaging 
techniques are required for monitoring 
crystal properties and features such 
as grain boundaries, layer numbers,  
defect densities, and doping and strain 
fields. In many cases, a combination of 
measurement techniques, such as the 
ones outlined below, leads to a more 
thorough understanding of the proper-
ties of these materials.

Atomic force microscopy (AFM) is widely 
used to characterize the topographic com-
position of 2D materials. It determines the 
number of monoatomic steps and ripples 
in the z-direction, and resolves lattice ori-
entations and surface defects in the xy-
plane. It can also reveal nanomechanical, 
nanoelectromechanical, or nanoelectro-
chemical properties of 2D materials (11–15). 

Raman and photoluminescence (PL) 
spectroscopy and imaging are nonde-
structive techniques that reveal the lattice 
dynamics of single-layer and multilayer 
TMDCs and enable the determination of 
their electronic structures (1,5,15–22).

Second harmonic generation (SHG) im-
aging is a technique sensitive to changes 

Spectroscopy papers have undergone a double-blind peer review process and are available on our open-access website.
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in crystal orientation and symmetry. It can 
visualize grain boundaries, and polariza-
tion-dependent SHG measurements are 
often used to reveal strain fields by rotat-
ing the polarization direction of the excita-
tion light while recording the intensity of 
the correspondingly polarized SHG signal  
component (1,4,6–8,23–26). 

In this study, the combination of the 
abovementioned techniques made pos-
sible the correlation of strong, localized 
changes in PL signals on the outer edge 
of the observed WSe2 crystals with strain 
in the lattice as well as topographic inho-
mogeneities. It was also possible to corre-
late the absence of strain and the absence 
of the changes in PL in locations where it 
could have been expected, with the loca-
tion of grain boundaries as observable 
through SHG.

Materials and Methods
Samples of WSe2 were grown at atmo-
spheric pressure and 900 °C directly on 
SiO2/Si substrates by solid-source CVD 
using selenium and WO3 precursors,  
as previously reported (27). The WSe2 crys-
tals were predominantly monolayered with 
small overgrown bilayer regions commonly 
found with this growth method. All experi-
ments were performed using an alpha300 
RA confocal Raman AFM microscope at 
room temperature (WITec). AFM measure-
ments were performed in AC mode with a 
force modulation cantilever (Nanosensors) 
with a nominal spring constant of 2.8 N/m 
and a nominal resonance frequency of  
80 kHz. 

For confocal Raman and confocal PL 
measurements, the alpha300 microscope 
was equipped with a 100x (NA = 0.9) Epi-

plan Neofluar Zeiss objective, a 532-nm 
excitation laser with a power before the 
objective of 2 mW, and a UHTS300 VIS 
spectrometer (28). The spectrometer was 
equipped with various gratings mounted 
on a motorized turret. The 1800 g/mm 
grating allowed for a resolution of better 
than 1 cm-1 and was used for high resolu-
tion Raman imaging, whereas a 300 g/mm 
grating with a resolution better than 3 cm-1 
(0.33 meV) was used for PL measurements. 

For confocal SHG measurements 
a fiber-coupled linear-polarized 7.8 ps 
pulsed laser (λ = 1064 nm) was used as the 
excitation source. The same objective for 
the Raman measurements was used to 
focus the pulsed laser with a spot size of 
approximately 700 nm onto the sample. 
The reflected optical signal was collected 
with the same objective, transmitted via 
photonic fiber and then directed into the 
UHTS300 VIS spectrometer. A 950 nm 
short-pass filter was used before the pin-
hole to block the excitation laser beam. 
The SHG signal for this setup is detected 
at 532 nm, corresponding to half of the 
fundamental excitation wavelength of 
1064 nm. 

Polarization-dependent SHG mea-
surements were performed by adding a 
super-achromatic λ/2 retarder plate on 
a motorized rotation mount in the beam 
path before the objective as well as a re-
tractable linear polarization filter in the de-
tection beam path in front of the pinhole. 

Results and Discussion
AFM Imaging
Figure 1 shows the (a) AFM topography 
map, (b) line scans, and (c) phase image of 
the studied WSe2 crystal. The marked cross 
sections (cs1 and cs2) are shown in Figure 
1b. The topography image reveals a 0.7 ± 
0.1 nm step height of the WSe2 crystal, cor-
responding to a monolayer deposited on 
the Si/SiO2 substrate, in good agreement 
with previously reported studies (12,13,15). 
The topographically elevated triangular 
structures are about 2 nm higher than the 
monolayer, corresponding to a fourfold-
layered crystal. Besides the large four-
fold-layered crystal in the center, smaller 
crystals of the same height are also visible 
and are marked with arrows in Figure 1a.  

FIGURE 1: (a) Atomic force microscopy (AFM) topography image, including 
(b) cross sections marked in the topography image, and (c) phase image of 
the studied WSe2 crystal CVD-grown on a Si/SiO2 substrate. The arrows in the 
topography image indicate the positions of small triangular structures.

1 µm

High variance
in topography

Low variance
in topography

FIGURE 2: AFM topography variance of a zoomed-in area of the flake.  
The uniform area on the inside of the elevated edge (faint gray line) can be 
seen clearly.
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The side length of such a small triangle is 
in the range of 350–400 nm. The simulta-
neously recorded phase image reveals a 
down-shift for the monolayer whereas the 
fourfold-layered region shows the same 
contrast as the substrate. The smaller tri-
angles also show a similar phase shift in-
dicating that the same material is likely to 
be present there. Such phase shifts in AC 
mode for AFM images are associated with 
a change in the viscoelastic properties of 
the material, indicating that the fourfold 
layers are similar in those properties to the 
substrate, whereas clear differences are 
visible for the single layer. 

The rounded edges of the monolayer 
crystal are also of interest, which devel-
oped because of the temperature and 
precursor fluxes during growth conditions 
(12). These two factors have been shown 
to have a significant impact on monolayer 
morphology in MoS2, a TMDC with simi-
lar structure to WSe2 (29). The monolayer 
crystal is surrounded by a 2 nm high edge. 
The width of the edge is in the range of 
150 nm. It is only in the convex-rounded 
corners that a substantially increased width 
to approximately 300 nm is detected.  
The phase image is for the entire edge 
similar to the monolayer value, which indi-
cates that the viscoelastic properties of the 
edge are similar to those of the monolayer.  
Thus, the 2 nm height of the edge is un-
likely to be a result of multilayer growth in 
this area.

In Figure 1a, it can be seen that the area 
directly inside the elevated edge is the 
flattest area on the flake. To illustrate this 
further, a zoom-in scan was performed and 
the variance of the topography signal was 
evaluated (Figure 2). It can clearly be seen 
that just inside the flake, an area of about 
1 µm in width shows a much smaller vari-
ance in topography than the rest of the 
flake. Because only the inner part of the 
flake shows higher topographical variance, 
sample contamination can be excluded as 
the cause.

Confocal Raman Imaging
Raman spectroscopy of WSe2 crystals 
obtained by exfoliation or various growth 
methods is widely represented in literature 
(5,16–21,30), whereas few references can be 

found for confocal Raman imaging of WSe2 
(12,14,22). The same crystal as shown in 
Figure 1 was measured in confocal Raman 
imaging mode using the parameters listed 
in Figure 3. The presented Raman spectra 
were evaluated from a 2D array of Raman 
spectra using multivariate spectral analy-
sis methods (31). As expected, the Raman 
spectra (Figure 3b) associated with the 
monolayer (green) and fourfold layer (red) 
show different characteristics, as described 
previously using Raman spectroscopy and 
theoretical calculations (20,21,30). The 
Raman image (Figure 3a) reveals the pres-
ence of the monolayer displayed in green 
and the fourfold-layered crystals in red. 
Although the small crystals (marked with 
arrows) have a baseline of only 350–400 

nm as shown in the AFM image, they 
provide enough signal to be detected in 
the Raman image with a confocal Raman 
microscope. The edge shows the same 
Raman spectrum as the inner monolayer.  
Therefore, it confirms the assumption 
made based on the AFM results, that 
the small triangles are fourfold crystals, 
whereas the edge with its elevated height 
cannot be explained by a multilayer effect.

Furthermore, by fitting Lorentzian 
curves to the Raman band at about 248 
cm-1 for all 14,400 acquired Raman spec-
tra, the precise peak position for every 
location on the flake was obtained (Figure 
4a). It reveals a relatively uniform peak po-
sition over the monolayer at ~247.8 cm-1, 
whereas at the edges a small red shift of 
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FIGURE 3: (a) Color-coded Raman image and the (b) corresponding  
Raman spectra evaluated from the two-dimensional (2D) array of spectra.  
Raman imaging parameters: 30 x 30 µm2, 120 x 120 pixels, Raman excita-
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showing peak shifts at the rounded edges of the crystal. (b) Histograms of the 
Raman band positions acquired from the monolayer without the edges and 
from only the edges. (c) The width of the analyzed Raman band does not show 
significant changes between the monolayer and the edges.
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~0.34 cm-1 can be determined. Figure 4b 
shows the histograms evaluated from the 
monolayer without the edge and four-
fold layer (blue), and also from the edge 
only (green). This clearly shows the shift 
in peak position of the E’/Eg Raman band,  
characteristic for in-plane molecular vibra-
tions in WSe2, and associated in literature 
with strain of the monolayer (32). The four-
fold-layer crystal is associated with a larger 
red shift compared to the monolayer, in 
good agreement with the literature (20).  
The width of the Raman band (Figure 4c) 
does not show specific, detectable changes 
between the monolayer and the edge, 
confirming the presence of one crystal with  
strained edges (15).

Confocal PL Imaging
Figure 5 shows the color-coded PL image 
of the studied WSe2 crystal, measured 
with the parameters listed in the figure 
caption. The presented PL spectra were 
evaluated from the 2D array of spectra 
using multivariate spectral analysis meth-
ods (31). The colors in the image of Figure 
5 match the colors of the spectra next to it. 
The monolayer shows a uniform PL distri-
bution (shown in blue). The PL intensity of 
the fourfold crystal is shown in green and 
is, as expected, much weaker. According 
to bandgap calculations reported in the 
literature (16), the monolayer of WSe2 is 
a direct bandgap semiconductor. Multi-
layer WSe2 crystals however are indirect 

band gap semiconductors that display 
decreased photoluminescence intensity 
compared to monolayers. This could be 
detected in the central triangle, as well as 
for the small triangles indicated again with 
arrows in Figure 5. At the entire edge of the 
crystal, an increase of the PL intensity could 
be observed. The highest PL intensity was 
found at the convex edge, where Raman 
imaging revealed the highest strain in the 
monolayer (see Figure 4).

All measured PL spectra have an asym-
metric curve form, indicating that more 
than one process is contributing to the 
PL emission (15). With defect density dis-
tribution having an impact on the level of 
degeneration observed in the involved 
layers, varying numbers of fit curves were 
used (15,16). For the present case, fitting 
three Lorentzian curves to the PL spectra 
provided a good description of the ex-
perimental data. The fits are presented 
as dashed lines in Figure 5 and follow the 
experimentally obtained data (colored 
curves) well. The characteristic features, 
such as peak position, width, and area,  
of these Lorentzian fits are presented in 
Figure 6. According to Fang and others 
(15), the three Lorentzian functions fitted 
to the PL spectra correspond to three dif-
ferent emission processes: The neutral 
exciton at about 1.62 eV, a trion at 1.6 eV,  
and a defect emission caused by lattice 
defects at about 1.53 eV. Figure 6 shows 
(a) the positions, (b) area and (c) width 
of the three individual peaks into which 
each measured curve is deconvoluted.  
The errors based on the fitting algorithm 
are indicated and where they are smaller 
than the displayed markers in the figure. 

For the monolayer, we can observe a 
consistent shift to lower energies of ap-
proximately 25 meV for the neutral exciton 
and the trion peak compared to the litera-
ture (15), whereas the defect peak appears 
at approximately 10 meV higher energy. 

For the edge, no significant changes 
in the position of the trion peak were ob-
served, whereas the position of the neutral 
exciton is upshifted relative to the mono-
layer. The defect band is downshifted for 
the edge and even further downshifted 
for the convex edge. The area plot (Figure 
6b) shows a clear increase in the intensi-
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ties for the convex edge for all three peaks, 
whereas for the remaining edge, only the 
peak associated with the neutral exciton 
seems substantially increased. The width 
of the peaks (Figure 6c) seems to increase 
similarly for all three peaks with the mono-
layer being the narrowest and the convex 
edge being the broadest. 

The enhancement of the defect peak 
intensity for only the convex edge fits 
well with the increased strain as observed 
from the Raman measurements because 
a higher strain may be associated with a 
higher defect density. The change in the 
width of the fitted peaks may reflect the 
level of uniformity in the respective areas.

Confocal SHG Imaging
Figure 7 shows the results of confocal 
SHG microscopy measurements of the 
analyzed WSe2 crystal. The monolayer 
reveals a strong SHG signal, whereas the 
fourfold layer shows a small signal (inte-
grated intensity of the SHG peak near 532 
nm) as highlighted in the image (Figure 7a).  
As with most TMDCs, WSe2 belongs to 
the point group D6h, in the 3R phase with 
two Se-W-Se unit cells of trigonal prismatic 
coordination (5). For odd layers (such as the 
monolayer) the lack of inversion symmetry 
gives rise to finite second-order nonlinear-
ity. An even numbers of layers (such as the 
fourfold layers) show little or no second-
order nonlinearity (4,23). 

The SHG intensities acquired from the 
monolayer (blue), the fourfold-layered crys-
tal (green) and silicon-substrate (purple) are 
shown in Figure 7b. These data reveal an 
enhancement of the nonlinear SHG signal 
of the WSe2 monolayer by three orders 
of magnitude compared to the fourfold-
layered crystal, which is in good agreement 
with previously reported second-order 
susceptibility measurements on exfoliated 
WSe2 (1). Although the analyzed crystal 
shows uniform Raman (Figure 3) and PL 
(Figure 5) signals over the entire monolayer, 
the SHG image reveals the polycrystalline 
nature of the monolayer because the SHG 
signal is substantially lower at the grain 
boundaries. The incident polarization of 
the pump laser is approximately along 
the x-axis of the SHG-image (Figure 7a) 
and the total second harmonic radiation 

is collected. For these measurements the 
linear polarization filter in the detection 
beam path was removed. The uniform 
SHG intensity within each grain indicates 
that the individual grains are single crystals.  
At the grain boundaries, the SHG is 
suppressed as a result of the destruc-
tive interference and annihilation of the 
waves generated from the neighboring 
grains with different orientations (24,25).  
Although the grain boundaries are only a 
few atoms in width, the crystal boundar-
ies can be clearly visualized. Similar results 
are reported from monolayers of molyb-
denum disulfide (MoS2) as a result of dif-
ferent chirality of the stitching areas of the 
domains of neighboring crystals (24,25). 

Polarization measurements were car-
ried out at the individual grains and their 
positions are marked with blue crosses 
(Figure 7a). They all show the same six-
fold symmetry with the same orientation,  

depicted as the blue curve in the polar plot 
(Figure 7c). The polarization series shown 
in green (Figure 7c) was acquired from the 
fourfold-layered crystal. The intensity of 
this second-harmonic signal is three or-
ders of magnitude smaller than that of the 
monolayer. It was plotted at a magnified 
intensity to reveal the differences in the 
relative intensities of the lobes. 

Summary
The WSe2 crystal was analyzed with AFM, 
confocal Raman, PL, and SHG microscopy. 
The overlay of the images acquired by the 
different techniques is presented in Figure 
8 and visualizes the complementary find-
ings from the techniques used. Figure 8a 
shows the overlay of the AFM and PL im-
ages. From this view, it can be seen that the 
area with high topographic variance (com-
pared with Figure 2) correlates extremely 
well with the area of the enhanced PL in 
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the edge area. Figure 8b shows the overlay 
of the SHG and PL images. This view indi-
cates that the concave corners of the flake 
correlate with grain boundaries and that at 
these positions, no change of the PL signal 
relative to the remaining edge can be seen.  
From this, it may be concluded that the 
stress level at the grain boundaries is sig-
nificantly lower than at the rounded edges. 
This finding is in agreement with the Raman 
findings as well (Figure 4). Although the 
slightly elevated topography at the edges 
may play a role in the edges’ PL signal, it 
seems more likely that the flat topography 
as well as the stress on the convex corners 
plays the more significant role. In Figure 8c, 
the SHG image is overlaid onto the AFM to-
pography, showing the polycrystalline na-
ture of the analyzed WSe2 monolayer. The 
AFM image does not reveal detectable top-
ographic changes at the grain boundaries 
and the SHG–AFM combination addition-
ally shows that the SHG intensity decreases 
in a similar manner at the outer edges as it 
does at the internal grain boundaries. 

By combining the various techniques, 
it was possible to obtain a better under-
standing of the sample than would have 
been possible by only employing the in-
dividual techniques in isolation. It was es-
pecially interesting that a topographically 
flat edge of about 1 µm in width shows an 
enhanced PL signal, where only the neutral 
exciton emission seems to be enhanced. 
The rounded edges show additional PL en-
hancement of all postulated processes and 
exhibit a clear shift of the Raman peaks, in-
dicative of increased stress in these areas. 
By adding SHG as a fourth measurement 
technique, the multicrystalline nature of 
the flake became apparent and the con-
cave edges could be identified as grain 
boundaries, which explains why the PL sig-
nal was not increased here and the Raman 
did not show an enhanced strain. 
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Fluorescence Quenching Effects 
of Fe3+ Ions on Carbon Dots

In this study, we examined the fre-
quently reported “selective fluores-
cence quenching effects” of Fe3+ ions 
on carbon dots. Instead of the believed 
“quenching effects” by Fe3+, the strong 
reduction of the fluorescence of carbon 
dots is likely because of the inner filter 
effect, which is caused by the strong 
ultraviolet (UV) absorption of Fe3+.  
With the addition of Fe3+ ions, the UV 
absorption increases dramatically, com-
pared to other metal ions. When Fe3+ 
ions coexist with carbon dots (CDs) 
in the solution, most of the excitation 
light is absorbed by Fe3+ ions, decreas-
ing the excitation light obtained by CDs. 
This phenomenon leads to the “fluores-
cence quenching.” This finding helps us 
gain a better understanding of the flu-
orescence quenching effects of metal 
ions on carbon dots and understand the 
quenching effect of metal ions on other  
fluorescent materials.

Xiantao Feng, Yanmei Xie, Wenqian Zhao, Michael Green,  
Liang Liu, and Xiaobo Chen

Heavy metal ions are critically 
important to certain biologi-
cal functions, but they are also 

considered environmentally hazardous 
and detrimental to human health if not 
handled and treated with the necessary 
precautions (1–7). As a result, methods 
of identification and quantification are 
necessary. Carbon dots (CDs) have at-
tracted considerable attention as photo-
catalysts (8), sensors (9–10), printing inks 
(11), in drug delivery (12), and in bioimag-
ing materials (13), because of their unique 
optical, electronic, and chemical proper-
ties. Because of the unique properties of 
CDs, metal ions demonstrate different 
fluorescence quenching effects on them. 
Particularly, Cu2+, Hg2+, Al3+, and Fe3+ 
ions have special fluorescence quench-
ing effects on CDs, as summarized in 
Table I (14–24). However, there are still 
some important questions that need to 
be addressed. Why can Fe3+ ions selec-
tively quench many types of carbon dots? 
And why is there no wide range of linear 
relationships between the quenching 
effects and the Fe3+ concentration, es-
pecially at relatively high concentrations  
(CFe3+ > 10 uM)?

As shown in Table I, regardless of the 
raw materials, the preparation methods 
of CDs or the ion quenching conditions 
used, Fe3+ ions have special selective flu-

orescence quenching effects on nearly all 
CDs. The selective fluorescence quench-
ing of CDs by metal ions is because of 
the strong binding energy between the 
ions and the electron-rich nitrogen and 
oxygen groups on the surface of CDs 
(2,4–5,7,9–10). This theory can explain 
most cases; however, when it comes to 
Fe3+, there are some discrepancies. 

For example, when it comes to elec-
tron capacity, which occurs in the order:

K+ < Ca2+ < Na+ < Mg2+ < Al3+ < Zn2+ < 
Fe2+ < Sn2+ < Pb2+ < (H+) < Cu2+ < Fe3+ < 
Hg2+ < Ag+ < Pt3+ < Au3+

Even though the electron capacity of 
Ag+ is stronger than that of others, the fluo-
rescence quenching effect of Ag+ is much 
lower than that of Cu2+, Fe3+, and Hg2+ 
(17–18,23,25). This observation conflicts 
with the general assumption that electron 
capacity order determines quenching ef-
fect order. Furthermore, the ability of the 
Hg2+ ion to obtain electrons is stronger 
than that of the Fe3+ ion; however, in most 
cases, the fluorescence quenching effect 
of the Hg2+ ion is also much lower than that 
of the Fe3+ ion, which is also in conflict with 
the current general assumption. 

In this study, we attempted to obtain a 
valid explanation for the selective fluores-
cence quenching effects on CDs.

Spectroscopy papers have undergone a double-blind peer review process and are available on our open-access website.
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Materials and Methods
Materials
All chemicals used were of analytical 
reagent grade, except garlic and grass 
samples. The compounds lithium chlo-
ride (LiCl), sodium chloride (NaCl), so-
dium hydroxide (NaOH), potassium chlo-
ride (KCl), silver nitrate (AgNO3), mercury 
(II) chloride (HgCl2), chromium (III) chlo-
ride (CrCl3), zinc chloride (ZnCl2), nickel 
chloride (NiCl2), iron (II) chloride (FeCl2), 
iron (III) chloride (FeCl3), calcium chloride 
(CaCl2), copper chloride (CuCl2), magne-
sium chloride (MgCl2), cobalt chloride 
(CoCl2), 6H2O, and aluminum chloride 
(AlCl3), were purchased from Sinopharm 
Chemical Reagent Co., Ltd. The stock so-

lutions of metal salts were prepared using 
distilled water.

CD Synthesis
To confirm and further investigate the 
quenching mechanism in Table I, four 
kinds of CDs, namely CD-A, CD-B, CD-C, 
and CD-D, were made from different raw 
materials such as grass, glycine, glucose, 
citric acid, ethylenediamine, and garlic, 
according to previous studies (18–20,25).

Characterization
The ultraviolet-visible (UV-vis) absorp-
tion spectrum was obtained with a 
Cary 60 UV-vis spectrophotometer 
(Agilent Technologies). The photolumi-

nescence (PL) spectra of CDs were ob-
tained with a Cary Eclipse fluorescence  
spectrophotometer (Varian).

Quantum Yield (QY) Measurement
The QY of CDs was measured according 
to an established procedure (26). Quinine 
sulfate in 0.1 M of H2SO4 (the literature QY 
is 0.54 at 360 nm) was chosen as a stan-
dard. Absolute values were calculated 
using the standard reference sample 
that had a fixed and known fluorescence 
QY value. To minimize the absorption 
effects, the absorbance in the 10 mm 
fluorescence cuvette were kept under 
0.1 at the excitation wavelength (360 nm).  
The QY was estimated to be 6.8%, 4.2%, 
4.6%, and 7.3% for CD-A, CD-B, CD-C, 
and CD-D, respectively.

Ion Quenching Procedures
The experiment was performed at room 
temperature in distilled water. In a typi-
cal run, CD dispersion was diluted with 
distilled water to make sure the UV absor-
bance was lower than 0.1. The metal ions 
were also prepared in aqueous solution 
with distilled water. Subsequently, 10 mL 
of the as-prepared CD solution and 10 
mL of the metal ion solution was mixed 
in a 25 mL glass bottle. The PL spectra 
were recorded after reaction for 5 min at  
room temperature.

Results and Discussion
Fluorescence Spectrum of CDs
Figure 3 demonstrates that the CD-C 
material in aqueous solution has a single 
UV-vis absorption peak at 345 nm, and 
very bright blue luminescence under 
the illumination of UV (365 nm) light, 
even at a very low concentration (Ab-
sorbance <0.1). The CD-C aqueous solu-
tion can be seen in the inset of Figure 1.  
Excitation-dependent PL behavior was 
also observed as the literature (18), which 
is common in some fluorescent carbon 
materials (Figure 1) (27–30). When the ex-
citation wavelength is changed from 300 
nm to 400 nm, the emission wavelength 
demonstrated hardly any shift. This be-
havior contributes to the surface state 
affecting the bandgap of CDs (31). In the 
fluorescence spectra in Figure 1, CD-C 
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has optimal excitation and emission wavelengths at 345 nm and 
440 nm, which are different from the literature (19).

Metal Ions Quenching Effects on CDs
We investigated the fluorescence quenching effects of vari-
ous metal ions on CDs in distilled water (Figure 2). A series of 
metal ions (Li+, Na+, Hg2+, Ni2+, Co2+, Mg2+, Ca2+, Cu2+, Zn2+, Al3+, 
Cr3+, Ag+, Fe2+, and Fe3+), each at a concentration of 1 mM were 
used in the experiment. As shown in Figure 2, the fluorescence 
quenching effects of the Fe3+ ions were much stronger than that 
of the other ions for all four of the synthesized CDs. According 
to previous work, there must be a unique mechanism that has 
yet to be accounted for. 

Subsequent experimentations revealed that the selective 
quenching effects of Fe3+ on CDs were likely caused because of 
the inner filter effect, which occurred because of the strong UV 
absorbance of the Fe3+ ions (Figure 3a). When the CDs solution 
was mixed with Fe3+, the UV absorbance of the samples would 
dramatically increase compared to other metal ions (Figure 3b). 
To investigate the Fe3+ fluorescence quenching effects on CDs, 
CD-C was used in the quenching experiments because of its 
high QY.

UV Absorbance of the Samples
The UV absorbance of the metal ions (Li+, Na+, Hg2+, Ni2+, Co2+, 
Mg2+, Ca2+, Cu2+, Zn2+, Al3+, Cr3+, Ag+, Fe2+, and Fe3+, 1 mM)  
and their corresponding quenching samples are demonstrated 
in Figure 3. Figure 3a shows the UV absorbance of the metal ions 
aqueous solutions; apparently, only Fe3+ solutions have strong 
UV absorbance, whereas the other metal ions have hardly any 
absorption. As shown in Figure 3b, the addition of the Fe3+ 
ions would greatly enhance the UV absorption of the samples 
compared to the original CD solution. The absorbance of the 
samples intensified as the concentration of Fe3+ ions increased 
(Figure 3c). The increased absorbance is as high as 0.81 (1 mM 
Fe3+, 345 nm), and the excitation light could likely be absorbed 
by Fe3+ ions to some extent, decreasing the excitation light ob-
tained by CDs and contributing to the quenching effects.

Finally, Figure 3d shows there is a highly correlated linear re-
lationship between the Fe3+ concentration and the increased 
absorbance of the samples at 345 nm (which is the optimal ex-
citation wavelength of CD-C). This indicates that it is possible 
to detect Fe3+ by UV absorbance when using CDs as sensors.  
In comparison, there is no good linear relationship between Fe3+ 
concentration and its absorbance (Figure 4b). 

The Fe3+ ions in the samples absorb the excitation light and 
cause a decrease of the fluorescence intensity of the samples. 

As shown in Figure 4a, only minor “quenching effects” were 
observed when the concentration of Fe3+ was lower than 10-5 
M. This observation demonstrates that there is hardly any UV 
absorbance below concentration of 10-5 M (as shown in Fig-
ure 3c). We observe that the correlation between the “fluores-
cence quenching effects” and the increased absorbance (due 
to the Fe3+ concentration) is not linear. This phenomenon also 
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has been found in other cases especially 
when the Fe3+ concentration is above 10-5 
M (14,18). These nonlinear relationships 
indicate that the inner filter effect may 
be the main factor causing the “quench-
ing effects,” but that it may not be the 
only factor. They can be functionalized 

via an exponential decay model with  
R-squared values of 0.99887 and 0.99944, 
respectively (Table II).

To further investigate the connections 
between the increased absorbance and 
the “quenching effects” on CDs, we 
conducted quenching experiments at 

different excitation wavelengths with 
CD-C. Under this circumstance, the ab-
sorbance of the samples would change 
along with the excitation wavelength, 
whereas the concentration of Fe3+ would 
remain unchanged. As shown in Figure 
5, the “quenching effects” decreased 
as the absorbance became weaker.  
This correlation is similar to that dem-
onstrated in Figure 4b, with the correla-
tion between fluorescence “quenching 
effects” and the absorbance also fit-
ting very well with an exponential decay 
model demonstrating an R2 of 0.99474. 

CD solutions demonstrate on–off 
fluorescence phenomena with oxida-
tion-reduction reactions with Fe2+ and 
Fe3+ ions (19,32), this could be because 
the absorbance of the samples with Fe2+ 
ions is much lower than that of Fe3+ ions  
(Figure 3b). Therefore, the selective 
“quenching effects” of Fe3+ on CDs are 
likely because of the strong UV absor-
bance of the Fe3+ ions (Figure 3a). 

It is interesting that Fe3+ ions also have 
selective quenching effects on other 

TABLE I: Summary of the fluorescence quenching effects of CDs by metal ions. Including precursors of carbon 
dots synthesis, synthesis methods of carbon dots, metal ions concentrations of quenching samples, pH value of the  
quenching system, excitation and emission wavelength, quenching effects, and the corresponding references.

Precursors CD Synthesis 
Methods

Ion 
Concentration

(µM)
pH

Wavelength 
(nm)

λex and λem

Quenching 
Effects Ref.

Candle ash Hydrothermal 
reaction   5 5.38 310, 450 Al3+ 84%

Fe3+ 89% 15

EDTA-2Na Pyrolysis   1 8.5 360, 410 Hg2+ 10%
Fe3+ not tested 16

Crystalline cellulose Ionothermal
in ionic liquids 60000 7.0 355, 450 Hg2+ 18%

Fe3+ 2.5% 17

Grass Hydrothermal  50 7.0 360, 443 Cu2+ 25%
Fe3+ 10% 18

Glycine and glucose Hydrothermal 40 - 340, 425 Fe3+ almost 
100% 19

Citric acid and ethylenediamine Hydrothermal 10000 - 360, 440–450 Fe3+ almost 
100% 20

Citric and tris(hydroxymethyl)
aminomethane Hydrothermal 10000 7.0 330, 400–410 Fe3+

Almost 100% 21

Sodium citrate and so-
dium thiosulfate Hydrothermal 200 - 350, 440 Fe3+ 35% 22

Sweet cherry Hydrothermal 250 7.0 310, 410 Fe3+ 40% 23

Rice straw and 1-allyl-3-methyl-
imidazolium chloride ionic liquid Hydrothermal 30 - 340,- Fe3+ 90% 24

Garlic Hydrothermal 50 5.5 340,- Fe3+ 42% 25

Acrylic acid and methionine Hydrothermal 1250 - Fe3+ 95% 26
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fluorescent materials like metal-organic 
frameworks (MOFs) (33–37), rare earth 
materials (38), and organic chemosen-
sors (39). The correlations between the 
quenching effects and the Fe3+ con-
centrations showed the similar pattern  
(nonlinear when the Fe3+ concentration 
was above 10-5 M). Based on the above 
observations, the selective quenching 
effects on these materials may also be 
because of the inner filter effect caused 
by the strong UV absorption of Fe3+ itself.

Conclusion
This report demonstrates the main rea-
son why Fe3+ ions have selective quench-
ing effects on CDs. The finding that the 
strong UV absorption of Fe3+ ions at 
specific concentrations plays a key role 
in the fluorescence quenching effects on 
carbon dots may help us to gain a better 
understanding of the quenching mecha-
nisms and promote the application devel-
opment of fluorescent metal ions sensors.
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TABLE II: Relationship between the “quenching effects” and the increased 
absorbance at 345 nm and the relationship between the “quenching effects” 
and the Fe3+ concentration (see Figure 3b). 

Figure 3b (Increased Absorbance) Figure 3b (Fe3+ Concentration)

Equation y = A1 * exp(-x/t1) + y0

R2 0.99572 0.99944

y0 93.129 94.56

A1 -99.439 -95.55

t1 0.1606 0.212
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An X-ray Fluorescence (XRF)  
Analysis of a Molecular Layer Deposition 
(MLD) Method Used in Producing  
Cement from Phosphogypsum

To supervise the quality of new ce-
ment, it is necessary to constantly 
update the monitoring and testing 
methods of the cement composition. 
The molecular layer deposition (MLD) 
method is an X-ray fluorescence (XRF) 
analysis method that can scrutinize a 
glass frit of an unknown dilution ratio.  
In this study, the method of preparing 
a glass frit of cement from phospho-
gypsum for XRF analysis by the MLD 
method was reviewed, and the work-
ing curve suitable for XRF analysis 
of the cement from phosphogypsum 
was established. The proposed analy-
sis steps of a glass frit can be widely 
used in factories that produce cement  
from phosphogypsum. 

Dandan Gao, Yubing Liu, Ping Dai, Juanjuan Lu, and Chuannan Luo

The new cement product 
produced by the production pro-
cess of sulfuric acid integrated with 

cement from phosphogypsum (1,2) has 
been widely used in the market. Phospho-
gypsum is the solid waste that is produced 
by sulfuric acid decomposing the phos-
phate rock in the process of phosphoric 
acid production by phosphorus chemi-
cal enterprises. Because of the harmful 
impurities and high purification cost of 
phosphogypsum, its effective use has 
become a major problem (3). Nowadays, 
the accumulation of phosphogypsum in 
China has reached 500 million tons, and 
nearly 80 million tons of phosphogypsum 
are newly produced each year. The utiliza-
tion of large-scale solid waste resources 
of phosphogypsum can reduce the envi-
ronmental and safety risks brought by the 
massive accumulation of phosphogyp-
sum, which is significant for the protection 
of the Yangtze River Economic Belt and 
the safety of China’s grain production.  
Nowadays, phosphogypsum is used to 
produce cement clinker, which is an effec-
tive way to consume phosphogypsum (4). 

The production of sulfuric acid with the 
co-production of cement from phospho-
gypsum is an effective measure to solve 

the problem of utilizing phosphogypsum. 
This project digests a large amount of 
phosphogypsum and balances the con-
sumption of sulfuric acid in the produc-
tion of ammonium phosphate, which is a 
sustainable method (5). When producing 
cement clinker from phosphogypsum,  
gypsum instead of limestone is used to pre-
pare raw meal, and a reducing agent coke is 
required. The resulting prepared raw meal 
is called raw meal with phosphogypsum. 
During the cement production, the addi-
tion of an appropriate amount of reducing 
agent carbon promotes the decomposi-
tion of calcium sulfate in the raw meal into 
calcium oxide for producing cement clinker 
and sulfur trioxide for producing sulfuric 
acid. Adding the reducing agent carbon 
increases the difficulty of X-ray fluorescence 
(XRF) analysis of the raw meal, so it is neces-
sary to explore the preparation method of 
the glass frit, which is suitable for raw meal 
with phosphogypsum.

The molecular layer deposition (MLD) 
method is a new XRF analysis method, 
which overcomes the drawbacks that the 
XRF analysis is subject to. The chemical 
method preparation of standard samples 
and the prepared glass frit reduces the de-
pendence on the preparation equipment 
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TABLE II: Composition of calibration samples

Ci  (%) Ls SiO2 Al2O3 Fe2O3 TiO2 CaO MgO SO3 K2O Na2O

CS1 21.11 6.91 2.35 0.74 0.11 37.81 2.04 49.00 0.44 0.11

CS2 19.44 15.69 4.03 1.48 0.24 33.99 2.28 41.14 0.60 0.29

CS3 19.49 13.33 3.80 1.34 0.19 34.05 2.00 43.93 0.66 0.22

CS4 20.30 10.12 3.07 1.04 0.15 35.93 2.02 46.46 0.55 0.17

Table footnote. The composition of CS1 is gypsum (1352–2014); CS2 comprises gypsum (1352–2009) and clay (2005), and the mass fractions of 
which are 79.49% and 20.51% respectively; CS3 incorporates gypsum (1352–2014) and clay (2005), whose mass fractions are 89.62% and 10.38% 
respectively; The composition of CS 4 is gypsum (1352–2014) and clay (2005), with mass fractions of 94.81% and 5.19%, respectively. 

quality, the flux quality, and the technical 
level requirements of personnel (6). 

In this experiment, the MLD method 
was used to analyze the raw meal with 
phosphogypsum. However, because of 
the presence of carbon, the high tem-
perature burning of the sample causes a 
large amount of sulfate decomposition 
loss in the preparation of the glass frit, 
resulting in a large error in the analysis of 
the sulfur content. Therefore, the method 
of preventing pyrolysis of sulfate during 
the fusion process was studied, and a 
suitable method for preparing the glass 
frit for raw meal with phosphogypsum 
samples was proposed. At the same time, 
the corresponding standard samples were 
prepared, and the analytical method was 
established. It is known from our work that 
the glass frit preparation method pro-

posed in this study to analyze raw meal 
with phosphogypsum has good accuracy, 
and the analysis time is greatly reduced.

Experimental
Instrument and Reagent
For this study, we utilized a S8 Tiger X-ray 
fluorescence spectrometer from Bruker;  
a high-temperature furnace (working tem-
perature: 600–700 °C, and 950–1000 °C) 
from Platinum; ammonium nitrate; and, 
for the analysis, special reagent lithium 
tetraborate and lithium metaborate was 
used in a 33:67 ratio along with 30% of the 
release agent ammonium iodide. 

Preparation of Fused Bead Sample 
The loss on ignition refers to the amount 
of carbon dioxide, moisture, fixed carbon 
in the coal, and organic compounds lost 

(volatilized) in the sample at high tem-
peratures. For the loss on ignition of con-
ventional cement samples, it is only nec-
essary to weigh the mass of the sample 
before and after burning it at 950 °C to 
1000 °C. Calcium sulphate in the sample 
will decompose largely at 950 °C, which is 
because of reducing carbon in raw meal 
with phosphogypsum. Therefore, calcu-
lating the burning loss of the raw meal 
with the phosphogypsum sample re-
quires the removal of the reducing agent 
carbon before reaching the decomposi-
tion temperature of the calcium sulfate. To 
cure the sulfur dioxide produced by the 
small amount of the decomposed calcium 
sulfate, it is also necessary to add a sulfur 
dioxide absorbent. In this study, the car-
bon was removed by oxidation with am-
monium nitrate at 600 °C, and the sulfur 
dioxide is solidified with lithium borate (7).

Measurement of Loss on Ignition
For this experiment, 1.2 g of raw meal,  
1.0 g of ammonium nitrate, and 6.0 g of flux 
(high-temperature treated) were mixed 
in a platinum crucible of known mass.  
The crucible was placed on the electric 
furnace and heated until the oxidant had 
completely evaporated. Thereafter, the 
crucible was transferred to a high tem-
perature furnace at 600 °C and calcined 
for 10 min. Finally, the furnace was heated 
at 950 °C for 12 min. After cooling to 
room temperature, the total mass of raw 
meal and platinum crucible was weighed, 
and the loss on ignition of the raw meal 
was calculated according to equation 1.  
Three parallel measurements were made 
and the results of the loss on ignition are 
shown in Table I.
 

Ls = (m1 − m2)/m1
 × 100%           [1]

FIGURE 1: Illustration of the process of sample preparation as described in 
the text.

TABLE I: Loss on ignition

Times 1 2 3

m1 1.2204 1.207 1.2031

m2 1.0050 0.9938 0.9905

Ls 0.1765 0.1766 0.1767

Average 0.1766
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where Ls is the loss on ignition; m1 is the mass before the raw meal 
being burned; and m2 is the mass after the raw meal is burned  
at 980 °C. 

Preparation of Glass Frit
Two drops of the release agent were added to the glass frit in 
which the burning loss was measured. The crucible and the 
fused glass bead were placed in a high temperature furnace 
at 980 °C until the melt was completely molten. Then, the cru-
cible was taken out and shaken to drive out the bubbles and 
make the melt completely uniform, and the platinum mold was 
reheated for 5 min in a high-temperature furnace. Finally, the 
sample was poured into a platinum mold and cooled to form 
a glass frit. The sample preparation process for the glass frit is 
shown in Figure 1. 

Results and Discussion
Calibration Model and Curve
The working curve of the MLD method shows the relationship be-
tween the fluorescence intensity and the concentration of sample, 
which relates to the parameters such as the MLD coefficient, curve 
slope, and matrix correction coefficient between elements (8). In this 
study, the MLD coefficient was calculated by preparing the raw meal 

(a) (b)

(c)

Degree(2θ)XS-55

Degree(2θ)LiF200 Degree(2θ)PET

Fe Kα

Ca Kα

Mg Kα

Na Kα

K Kα

S Kα
Si Kα

Al Kα

50 75 100 125 150 40 60 80 100 120 140 160

18 20 22 24 26

FIGURE 2: (a)–(c) The analytical angle of each element in 
the raw meal, showing specific signal peaks with intensity 
scale (a.u.).

TABLE III: Intensity of calibration samples with standard dilution ratios (D0 = 10)

Ii Si Al Fe Ti Ca Mg S K Na

CS1

11.4866 3.3635 2.6134 0.6371 66.5543 2.3247 184.9518 4.5266 0.0526

11.4623 3.3627 2.5907 0.6337 66.7499 2.3271 185.1112 4.5616 0.0497

11.4883 3.3652 2.5622 0.6433 66.7963 2.3065 185.7264 4.5269 0.0497

CS2

24.2150 5.4859 5.1474 1.4390 60.9803 2.6141 150.1200 6.0231 0.1829

24.1751 5.5724 5.1343 1.4365 61.0900 2.5805 150.8404 6.0739 0.1901

24.1402 5.5726 5.1193 1.4460 60.9899 2.5615 149.5560 5.9407 0.1909

CS3

21.2454 5.5163 4.6123 1.2304 60.5129 2.2597 160.3047 6.7943 0.1374

21.2009 5.4903 4.6104 1.2461 60.4671 2.2737 161.7514 6.7514 0.1462

21.1537 5.5075 4.6305 1.2020 60.3297 2.2580 161.3358 6.7528 0.1376

CS4

16.3047 4.3873 3.5576 0.9362 63.5362 2.3168 174.1583 5.6666 0.0907

16.2874 4.4338 3.5876 0.9534 63.4142 2.2832 174.0220 5.6513 0.0950

16.3340 4.4334 3.5872 0.9268 63.4982 2.2758 174.3422 5.6604 0.1083
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with phosphogypsum glass frit with differ-
ent dilution ratios; the matrix correction co-
efficient αij between the elements is calcu-
lated by the theoretical calculation method 
(9), and only the main components of silica, 
aluminum oxide, ferric oxide, calcium oxide, 
and sulfur trioxide were subjected to ma-
trix correction. The intensity–density con-
version calculation is performed using the 
Lachance-Traill mathematical correction 
mode, that is shown in equation 2

Ci = (KiI0i + Bi)(1 + ΣαijCj)                 [2]

where Ci represents the concentration of 
the chemical component to be tested;  
Cj represents the concentration of coex-
isting chemical components; Ki represents 
the slope of the working curve; Bi repre-
sents the intercept of the working curve, 
also known as the background equivalent 
concentration (BEC); αij represents the 
coefficient of influence of the coexist-
ing chemical component to be tested;  
and I0i indicates the intensity of the chemi-
cal component i to be measured in the 
fused glass bead when the dilution ratio 

of the sample to be tested is the same as 
that of the calibration sample (CS).

The intensity measured by the S8 Tiger 
instrument was the net intensity minus the 
background, at which time Bi = 0. In the 
experiment, four calibration samples were 
used to make the working curve (10). The 
mixed sample of gypsum and clay standard 
samples were used as the calibration sam-
ples. The gypsum ratios in the four calibra-
tion samples were about 100, 95, 90, and 80, 
respectively. The standard values of the four 
calibration samples are shown in Table II.

TABLE IV: Working curve parameters of raw meal with phosphogypsum

         i
SiO2 Al2O3 Fe2O3 TiO2 CaO MgO SO3 K2O Na2O

Parameters

αif 0.6227 0.6287 0.1058 0.1191 0.2347 0.6042 0.4635 0.2682 1.1112

Ki 0.7910 0.8703 0.3082 0.1810 0.6498 1.1370 0.3372 0.1203 2.1911

αSiO2,i 0.0000 0.1398 0.1148 0.0336 0.0137 0.1321 0.0033 0.0022 0.1089

αFe2O3,i 0.0067 0.0000 0.1329 0.0534 0.0336 0.1477 0.0170 0.0202 0.1259

αAl2O3,i -0.1580 -0.1876 0.0000 0.4237 0.4461 -0.2079 -0.1016 0.4318 -0.2333

αCaO,i 0.0538 0.0242 0.0307 -0.0179 0.0000 0.0035 0.1106 0.6504 -0.0244

αSO3,i 0.1495 0.1155 0.0823 0.0003 -0.0195 0.0961 0.0000 -0.0246 0.0708

TABLE V: The concentration of the calibration samples

Samples SiO2 Al2O3 Fe2O3 TiO2 CaO MgO SO3 K2O Na2O

CS1

7.0866 2.3136 0.7580 0.0981 37.4783 2.0427 49.1840 0.4424 0.0823

7.0882 2.3106 0.7488 0.0995 37.4482 2.0205 49.2534 0.4383 0.0821

7.0832 2.3112 0.7492 0.0988 37.4684 2.0408 49.2012 0.4395 0.0977

Average 7.0860 2.3118 0.7520 0.0988 37.4649 2.0346 49.2129 0.4401 0.0874

SD/% 0.003 0.002 0.005 0.001 0.015 0.012 0.036 0.002 0.009

CS2

15.6290 3.9734 1.4868 0.2397 33.9419 2.3004 41.0256 0.6019 0.2836

15.6132 4.0442 1.4807 0.2411 33.9983 2.2586 40.9508 0.5946 0.2965

15.5556 4.0234 1.4802 0.2388 33.9211 2.2638 41.0984 0.6054 0.2937

Average 15.5992 4.0137 1.4826 0.2399 33.9538 2.2743 41.0249 0.6006 0.2913

SD/% 0.039 0.036 0.004 0.001 0.040 0.023 0.074 0.006 0.007

CS3

13.3273 3.8398 1.3333 0.1919 34.2711 2.0078 43.6090 0.6655 0.2307

13.2479 3.8071 1.3292 0.1939 34.1487 2.0125 43.8382 0.6592 0.2445

13.2536 3.8291 1.3369 0.1873 34.1415 2.0039 43.8357 0.6608 0.2307

Average 13.2763 3.8253 1.3331 0.1911 34.1871 2.0080 43.7610 0.6618 0.2353

SD/% 0.044 0.017 0.004 0.003 0.073 0.004 0.132 0.003 0.008

CS4

10.1206 3.0264 1.0323 0.1452 35.7470 2.0395 46.6742 0.5509 0.1507

10.1705 3.0546 1.0355 0.1508 35.7867 2.0151 46.5558 0.5514 0.1610

10.1208 3.0616 1.0414 0.1480 35.7080 2.0120 46.6857 0.5498 0.1582

Average 10.1373 3.0476 1.0364 0.1480 35.7472 2.0222 46.6386 0.5507 0.1566

SD/% 0.029 0.019 0.005 0.003 0.039 0.015 0.072 0.001 0.005
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Ki was calculated by a regression analysis that measures the 
intensity of the calibration sample melted using the standard 
dilution ratio (11). The intensity of the fuse converted to the in-
tensity of the standard dilution ratio by using equation 3 (12–14).  
The results of intensity that the three calibration samples mea-
sured three times in parallel at the standard dilution ratio are 
shown in Table III.

I0i = (1 + αifD)/(1 + αifD0) × Ii                                 [3]                                        

where αif represents the MLD coefficient; I0i represents the stan-
dard intensity of the glass frit; Ii represents the measured intensity 
of the glass frit; D represents the dilution ratio of the glass frit of 
the sample to be tested; and D0 represents the standard dilution 
ratio of the glass frit (D0 = 10). 

In the XRF analysis experiment, three crystals are used to 
measure the elements, which are the LiF200 crystal, the PET 
crystal, and the XS-55 crystal, respectively. The angle of the 
element in the spectrum is related to the atomic number; 
and the intensity of the element is proportional to the con-
centration. The analytical angle of each element in the raw 
meal is shown in Figure 2. The MLD coefficient calculated 
with raw meal and the slope Ki values calculated with the 
calibration samples are shown in Table IV. The concentration 
value of the prepared calibration samples were calculated ac-
cording to the relevant parameters of the curve in Table IV,  
and the values are shown in Table V. Compared with the stan-
dard value (Table II), the deviations of the measured value  
(Table V) of the calibration samples are less than the limit 
specified by the standard, and the deviation of the results 
obtained in three parallel determinations is within the allowed 

range of the standard. Therefore, this method has excellent 
accuracy in determining the element content in cement. 

TABLE VI: Dilution ratio and strength value of raw meal with phosphogypsum

Sample D SiO2 Al2O3 Fe2O3 TiO2 CaO MgO SO3 K2O Na2O

0.6 g 12.1978 16.6999 3.0684 4.3304 2.1484 52.1295 0.4056 151.5494 3.9066 0.269

0.7 g 10.4987 19.0241 3.5129 4.7476 2.3649 58.3114 0.4641 171.998 4.3534 0.3081

0.75 g 9.71306 20.3593 3.7425 4.9364 2.454 61.4843 0.4996 183.3047 4.6191 0.3258

0.8 g 9.05892 21.5979 4.0129 5.1223 2.5571 64.6963 0.5182 193.9409 4.8687 0.3637

0.85 g 8.56814 22.7378 4.407 5.2771 2.6426 66.8191 0.5497 202.769 5.0417 0.3837

0.90 g 8.14783 23.497 4.4772 5.3319 2.6826 69.236 0.5693 211.6879 5.2422 0.3957

0.95 g 7.65224 24.8577 4.8027 5.478 2.7436 71.9349 0.6117 220.5925 5.4428 0.4167

1.00 g 7.15609 26.3574 4.9045 5.7016 2.8725 74.985 0.6948 233.0413 5.763 0.4454

1.10 g 6.65524 27.7637 5.136 5.9222 2.9492 78.5386 0.6556 246.5314 5.9554 0.4715

1.15 g 6.37587 28.8737 5.325 5.9614 3.0213 80.5555 0.6919 254.713 6.1538 0.4874

1.20 g 6.09553 29.7804 5.4568 6.0673 3.1069 82.7654 0.7288 263.179 6.3023 0.5042

1.25 g 5.81582 30.981 5.7027 6.1724 3.1668 85.3428 0.7574 272.4358 6.4963 0.5281

1.30 g 5.64443 31.7925 5.9135 6.2345 3.1367 86.6801 0.77 279.2726 6.6196 0.5434

1.35 g 5.40153 33.0518 6.4442 6.3614 3.2098 88.8665 0.8028 288.518 6.759 0.5691

1.40 g 5.26878 33.4422 6.1841 6.4087 3.2712 90.2824 0.8176 293.3205 6.9489 0.5761

1.50 g 4.85872 35.6738 6.591 6.5915 3.3315 94.3513 0.8612 309.6011 7.2541 0.6077
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Preparation of Actual Sample Foil
For this study, 1.2 g of raw meal with phos-
phogypsum, 1.0 g of oxidant, and 6.0 g of 
flux were added in a platinum crucible and 
stored evenly with a thin glass rod. The cru-
cible was put on the electric furnace and 
baked for about 20 min until the oxidant 
was completely evaporated. After that, the 
crucible was transferred to a high tempera-
ture furnace at 600 °C and burned for 10 
min. After cooling to room temperature, 
two drops of the release agent were added 
into the crucible. Finally, the crucible was 
placed in a high temperature furnace at 
950 °C for 12 min before the crucible was 
taken out and shook to drive the bubbles, 
and a platinum mold was placed in a high 
temperature furnace for 5 min. The sample 
was poured into the platinum mold until 
cooling, and then the glass frit was made.

Measurement of Glass Frit and  
Conversion of Sample Concentration
The prepared glass frits were put into the 
instrument to measure the intensity of 
each measurable element in the sample, 
and the mass percentage of the sample 
chemical components (element oxides) 
were determined by an iterative method 

according to the equation 2. The sum of the 
mass percentage of each chemical com-
ponent in the sample was then calculated.  
The statistical results show that the total 
of the nine oxides determined in the raw 
meal with phosphogypsum was 99.78%  
(calculated on a burning basis). If the sum 
of the mass percentages of the chemical 
components in the sample was less than 
99.78%, which indicates that the actual dilu-
tion ratio of the sample glass frit is greater 
than the standard dilution ratio, then we 
would have needed to set a dilution ratio 
greater than the standard dilution ratio and 
calculate the melt strength under the stan-
dard dilution ratio by equation 3, and then 
the sum of the concentration of the sample 
is calculated by using equation 2. 

The above steps are supposed to be 
repeated until the total sample concentra-
tion is 99.78%. Conversely, the sum of the 
mass percentage is greater than 99.78%, 
which implies that the dilution ratio of the 
sample glass frit is less than the standard 
dilution ratio. Then, a dilution ratio that is 
smaller than the standard dilution ratio is 
set. The actual dilution ratio of the glass 
frit and the content of each chemical com-
ponent in the sample could be obtained 

by the same method as above described. 
The commercial MLD calculation program 
automatically calculates the dilution ratio 
of the glass frit and the chemical content 
of the sample, according to the intensity 
result of the glass frit. 

Accuracy of Sample Results with  
Different Dilution Ratios
To start off, 16 fuses were prepared accord-
ing to the fuse method described above. 
The melt dose was fixed at 6 g, and the 
mass of raw meal varies from 0.6–1.5 g. The 
intensity value was measured by the instru-
ment and the calculated dilution ratio was 
shown in Table VI. The concentration val-
ues were calculated using the MLD calcula-
tion program and the statistical standard 
deviation of samples were shown in Table 
VII. In routine measurements, each sample 
was subjected to two parallel tests, and the 
standard deviation was calculated (n = 2). 
The results were compared with the statis-
tical standard deviation. Table VI shows the 
standard intensity of samples with different 
dilution ratios that is corrected by equation 
3, and Table VII shows the concentration 
values calculated by the MLD method. The 
deviation values of the obtained results are 

TABLE VII: Concentration value of raw meal with phosphogypsum

Sample SiO2 Al2O3 Fe2O3 TiO2 CaO MgO SO3 K2O Na2O

0.6 g 12.157 2.484 1.376 0.371 33.593 0.419 47.556 0.436 0.530

0.7 g 12.130 2.491 1.390 0.374 33.663 0.421 47.526 0.434 0.528

0.75 g 12.153 2.484 1.389 0.372 33.638 0.424 47.560 0.435 0.521

0.8 g 12.132 2.506 1.392 0.374 33.701 0.414 47.486 0.436 0.544

0.85 g 12.189 2.626 1.395 0.375 33.530 0.419 47.495 0.434 0.546

0.90 g 12.077 2.558 1.377 0.372 33.614 0.416 47.638 0.436 0.538

0.95 g 12.180 2.615 1.378 0.370 33.634 0.426 47.453 0.436 0.538

1.00 g 12.208 2.525 1.392 0.375 33.573 0.458 47.542 0.441 0.541

1.10 g 12.139 2.496 1.404 0.373 33.657 0.408 47.638 0.435 0.538

1.15 g 12.192 2.499 1.388 0.375 33.628 0.416 47.642 0.437 0.536

1.20 g 12.151 2.474 1.389 0.378 33.677 0.424 47.668 0.436 0.534

1.25 g 12.162 2.487 1.387 0.378 33.741 0.424 47.598 0.436 0.536

1.30 g 12.175 2.516 1.383 0.369 33.654 0.420 47.682 0.436 0.536

1.35 g 12.203 2.643 1.386 0.371 33.585 0.422 47.614 0.432 0.539

1.40 g 12.148 2.496 1.387 0.375 33.732 0.423 47.680 0.439 0.536

1.50 g 12.206 2.505 1.389 0.371 33.777 0.420 47.624 0.438 0.529

Average 12.1628 2.5252 1.3876 0.3731 33.6497 0.4222 47.5876 0.4362 0.5357

SD/% 0.0345 0.0548 0.0068 0.0027 0.0656 0.0106 0.0725 0.0020 0.0065
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all less than 0.1, which shows that the preci-
sion of this method is excellent.

Loss of Sample Components 
During Calcination
Because of the particularity of the raw 
meal with phosphogypsum, the loss of 
the sample was reduced by adjusting the 
different preburning temperature without 
adding the oxidizing agent ammonium ni-
trate. The specific steps are as follows: 1.2 
g of the raw meal and 6.0 g of the flux were 
placed in the crucible. Then, the crucibles 
were placed in a high temperature furnace 
with different temperatures and times.  
The temperature range was 500 °C to 
800 °C, and the time range was 10 min to 20 
min. The two parallel tests were performed, 
and the resulting data is shown in Table VIII. 
The temperature test of the sulfur content 
loss in the raw meal was carried out, and it 
showed that the sulfur content loss was the 
smallest when the temperature was 600 °C.

We can conclude from Table VIII that the 
carbon may not be completely removed 
by combustion at lower temperatures. 
Therefore, to further reduce the loss of 
sulfur, carbon was eliminated by adding 

different amounts of ammonium nitrate 
at a temperature of 600 °C. The influence 
of the amount of different oxidants on the 
experimental results is shown in Table IX. 
The results in Table IX show that about 1.0 
g of ammonium nitrate can completely re-
move carbon from the sample as much as 
possible, and then the sample is melted 
at 950 °C, the sulfur element in the melt is 
stable and will not cause the loss of sulfur 
dioxide volatilization.

To summarize our findings, Table VIII 
and Table IX show that when calcination is 
performed without an oxidizing agent, the 

mass of sulfate sulfur in the raw meal is al-
ways low at a temperature that carbon can 
be removed. Thus, it is necessary to add 
1.0 g of ammonium nitrate to the sample 
and calcine the sample at 600 °C before 
melting it. 

Conclusion
The carbon in the mixture of raw meal 
with phosphogypsum and lithium 
borate salt is completely oxidized 
and removed at 600 °C under the 
coexistence of ammonium nitrate.  

TABLE IX: The effect of different oxidant masses on SO3 analysis

Oxidant mass (g) 0.5 1.0 1.5 2.0

CSO3 47.427 47.612 47.62 47.574

TABLE VIII: The effect of different experimental temperature and time on 
SO3 concentration

     CSO3 t (min)
10 15 20

T(°C)

500 24.513 28.065 30.982

600 38.841 41.227 41.39

700 36.946 38.834 39.238
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When heated to 950 °C, the glass frit mix-
ture of constant mass is formed, and sul-
fate in the mixture will not decompose.

In the range of dilution ratio of 5 to 12, 
the MLD coefficient was used to accurately 
convert the intensity of each element to 
the intensity at the standard dilution ratio. 
Accurate analysis results were obtained by 
preparing the samples with arbitrary dilu-
tion ratio, and the results showed that a 
XRF analysis of an MLD method could be 
applied to analyzing chemical components 
in raw meal with phosphogypsum.
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High-resolution continuum source  
AA systems
Analytik Jena’s contrAA 
800 series of multielement 
analyzers are designed for 
classical atomic absorption 
(AA) spectrometry. 
According to the company, 
the analyzers provide fast-
sequential multielement 
analysis using flame 
techniques and visualization of high-definition absorption 
spectra in both 2D and 3D for interference-free analysis. 
Analytik Jena US, Beverly, MA. 
www.analytik-jena.us

CMOS camera
The Velocity Pro 
complementary metal-
oxide semiconductor 
(CMOS) camera from 
EDAX is designed to 
provide highspeed 
electron backscatter 
diffraction (ESBD) 
mapping with high indexing performance on real-world 
materials. According to the company, the camera is powered 
by a CMOS sensor that is optimized for high-speed ESBD.
EDAX, Inc., 
Mahwah, NJ. 
www.edax.com

Spectral software development kit
Ocean Insight’s 
OceanDirect software 
development kit is 
designed to enable users 
to program custom 
software solutions for the 
company’s spectrometers. According to the company, users 
can engineer and control how they apply spectral data to 
meet various academic research, product development, and 
industrial measurement challenges.  
Ocean Insight, 
Orlando, FL. 
www.oceaninsight.com

Four-in-one XRF pellet die
REFLEX Analytical’s four-
in-one XRF evacuable 
pellet die is designed to 
convert a 40 mm die into 
either a 32 mm, 25 mm, 
or 20 mm die. According 
to the company, when 
using the 40 mm chamber, 
users can fabricate 40 
mm briquettes or use the 
appropriate die conversion 
insert to produce 32 mm, 25 mm, or 20 mm pellets. 
REFLEX Analytical Corp., Ridgewood, NJ.  
www.reflexusa.com

http://www.analytik-jena.us
http://www.edax.com
http://www.oceaninsight.com
http://www.reflexusa.com
mailto:chm_yfl518@163.com
https://patents.google.com/patent/CN103969273B/en?oq=CN103969273
https://patents.google.com/patent/CN105486708A/en?oq=CN105486708
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