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1  Physical and chemical properties 
Melamine (CAS 108-78-1; IUPAC name: 1,3,5-triazine-2,4,6-triamine) 

is a heterocyclic aromatic compound with the chemical formula 

C3H6N6 (1, Figure 1). It is sold as white, powdered crystal and its 

solubility is 5, 0.06, 0.03, and 0.01 g/L in water, ethanol, acetone, and 

dimethylformamide, respectively, at 30°C [1]. Melamine has an 

octanol/water partition coefficient (log KOW) of -1.37 [2]. 

 

2  Production and use 
First industrial synthesis routes for melamine used dicyandiamide as 

starting material, but by the end of the 1960s this process was 

replaced by an alternative using urea. Six molecules of urea form one 

equivalent of melamine under the release of three carbon dioxide and 

six ammonia molecules. The process runs at 400°C either under low 

pressure using aluminum catalysts or at high pressure without 

catalysts. Depending on the pressure, melamine is produced as gas 

or liquid. Byproducts that are formed during production include 

melam, melem, and melone, as well as oxotriazines such as 

ammeline (2), ammelide (3), and cyanuric acid (4), but the 

commercially available melamine generally has purities of >99.9%. 

Melamine is used as monomer in the production of melamine resin (or 

melamine formaldehyde; CAS 9003-08-1) (5, Figure 1). One molecule 

melamine generally reacts with three formaldehyde molecules at 

basic pH values under the formation of hydroxymethylmelamines. 

These molecules are cross-linked at high temperatures and react with 

polyester, acrylics and epoxides. A look into the catalogue of Cytec, a 

chemical company specialized in coatings, helps to get a first 

overview on the diversity of different melamine-containing coatings 

[3]. 

In general, melamine resin is used to produce two different types of 

food contact articles:  
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Figure 1. Chemical structures of melamine 1, ammeline 2, ammelide 

3, cyanuric acid 4, and melamine resin 5. 

 

 

 Modified and cross-linked melamine resins are used as surface 

coatings for paper, board, beverage cans and jar lids [4, 5]. 

Additionally, these materials are applied in the production of 

automotive body panels and household appliances (Figure 2, 

yellow).  

 Melamine resins are also blended with cellulose fillers, pigments 

and other additives to form molding compounds for the 

productions of dinnerware, chopsticks and electrical equipment 

(Figure 2, orange). The unbreakable kitchenware and plates find 

special applications in nurseries and camping. 

Furthermore, melamine adhesives are applied in the furniture and 

construction industries to form boards, beams and wood-based 

panels. Different melamine preparations are used in the production of 

laminate floorings. Further applications include banknotes, printed 

textiles, concrete additives and flame retardants. 

 
Figure 2. Applications of melamine (Data were derived from [6]). 

Melamine-containing FCMs either belong to the molding compounds 

(orange) or coating resins (yellow). 

 

3  Market data 
Melamine belongs to the high-production volume chemicals. In 2004, 

the global production capacity was about 1 million tons per year [6, 7] 

(Table 1). Estimates from previous decades showed lower global 

production capacities of 200,000 and 610,000 tons per year in 1970 

and 1994, respectively. These data were derived from the peer-

reviewed Hazardous Substances Databank of the National Library of 

Medicine [7]. The production capacity in the US was around 100,000 

tons per year in the nineties and decreased to 80,000 tons per year in 

this century (Table 2). From the data presented in Figure 2, we 

assume that less than 10% of the total melamine production volume 

is used as food contact materials.  

 

Table 1. Global production capacity of melamine. 

Year Global capacity  

(1000 tons/year) 

Reference 

1994 520 / 610 [6] / [7] 

1998 660 [6] 

2003 900 [6] 

2004 990 / 1,000 [6] / [7] 
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Table 2. US production capacity of melamine. 

Year US capacity  

(1000 tons/year) 

Reference 

1991 97 [7] 

1997 102 [8] 

2006 80 [7] 

2009 80 [9] 

2012 80 [10] 

 

 

4  Historical dates  
 In 1834, melamine was prepared by Justus Liebig. 51 years later 

its chemical structure was elucidated by A.W. von Hoffmann [1].  

 In the late 1930s, the two companies Henkel & Co. and 

American Cyanamid developed industrial processes for the 

production of melamine resins. In the 1950s and 60s, melamine 

tableware was widely used in households and also restaurants, 

but it became less fashionable in the following decades. 

Nevertheless, melamine resin is still frequently used in tableware 

for specific purposes such as camping and nursery. 

 In 2004, at least 6 000 cats and dogs died of renal failure in 

Southeast Asian countries. Four years later, this epidemic was 

related to melamine-contaminated pet food produced at a Thai 

factory.  

 In 2007, pet food that was adulterated with melamine and 

cyanuric acid, and possibly ammeline and ammelide, was 

recalled from the US market after serious illness and deaths of 

thousands of dogs and cats [11]. 

 In 2008, melamine was measured in milk and infant formula in 

China. In particular, milk powders of the brand Sanlu contained 

high levels of melamine (150-4700 mg/kg) [12]. Melamine that is 

composed of 67% nitrogen by molecular weight was added to 

imitate higher protein concentrations in the adulterated milk. As a 

result, nearly 300 000 people became ill, 50 000 infants were 

hospitalized and six of them died [13]. 

 

5  Current regulations and risk 
assessment 

The 2008 milk scandal in China showed the possible large health 

impacts of melamine. As a consequence, the WHO convened an 

expert meeting and published a report on the toxicological and health 

aspects of melamine and cyanuric acid in 2009 [12]. On the basis of 

two 13-week studies in rats [14], which were administered melamine 

in the diet, the lower limit on the benchmark dose for a 10% response 

rate (BMDL10) was calculated to be 35 mg/kg body weight/day [12]. 

The toxicological endpoint selected in this study was the development 

of urinary bladder stones. The Tolerable Daily Intake (TDI) of 0.2 

mg/kg body weight/day was calculated by dividing the BMDL10 by a 

safety factor of 200. The safety factor is derived from the intra- and 

interspecific variability (factor 100) combined with a further uncertainty 

factor of 2 that accounts for the potential increased sensitivity of 

infants and data uncertainties. 

In the European Union, melamine is authorized for use as monomer 

and additive in food contact plastics according to regulation EU 

10/2011, but its derivatives cyanuric acid, ammelide and ammeline 

are not on the EU positive list. Its widespread use as monomer is 

described in the section “Production and use”, whereas only one 

possible application as additive is known [15]. In 2010, EFSA reduced 

the Tolerable Daily Intake (TDI) from 0.5 to 0.2 mg/kg body 

weight/day following the WHO recommendations [15]. As a 

consequence, the Specific Migration Limit (SML) was also reduced 

from 30 to 2.5 mg/kg food in 2011 (Commission Regulation 

1282/2011). The TDI of 0.2 mg/kg is not applicable if there is 

significant concomitant exposure to cyanuric acid, ammelide or 

ammeline, because the risk of urinary crystal formation is highly 

increased [15]. Cyanuric acid is on the on the Swiss inventory list of 

substances for printing inks [16].  

In the US, melamine and melamine formaldehyde resins are 

authorized as adhesives and components of coatings (21CFR, §175). 

Latter is additionally approved as paper and paperboard component 

(21CFR, §176), and as polymer and copolymer (21CFR, §177). In 

2007, the FDA set a TDI of 0.63 mg/kg body weight/day on the basis 

of a 13-week rat study. The observed NOAEL of 63 mg/kg body 

weight/day was divided by a safety factor of 100. In 2008, the TDI 

was decreased further from 0.63 to 0.063 mg/kg body weight/day, 

because a 2007 study indicated increased toxicity from combined 

exposure to melamine and cyanuric acid [17]. This finding has also 

been supported by more recent studies [18, 19]. 

 

6  Toxicity of melamine 

6.1 General toxicity 
Melamine has a relatively low general toxicity with an LD50 of 3.2 g/kg 

in rats [16]. Only low cytotoxicity of melamine was observed in vitro 

when it was tested in kidney epithelial cell lines of cats and dogs [20]. 

In contrast, more recent in vitro assays using human kidney cell lines 

showed a variety of molecular and cellular effects in the presence of 

melamine. These effects could all lead to renal tubular cell injury via 

apoptosis, inflammation, and fibrosis at concentrations up to 

1000 µg/mL [21]. No genotoxicity was shown for melamine in in vitro 

and in vivo tests [5]. The NOAELs for fetal and maternal toxicity in 

rats are about 400 and 1060 mg/kg body weight/day, respectively 

[12]
1
. The International Agency for Research on Cancer (IARC) 

evaluated the carcinogenicity of melamine in 1999 [22]: Melamine 

produced urinary bladder tumors in male rats by a non-DNA-reactive 

mechanism and only under conditions in which calculi were produced. 

It was not classifiable as to its carcinogenicity to humans (Group 3).  

 

6.2 Nephrotoxicity 
Dalal and Goldfarb concluded in 2011 that “melamine was an 

unknown substance to nephrologists until very recently” [23], but the 

pet food and milk scandals initiated detailed investigations on the 

effects of melamine-contaminated food onto animal and human health 

with a strong focus on the renal system. The adulterated pet food not 

only contained melamine, but also cyanuric acid and possibly 

ammeline and ammelide, whereas the infant milk was solely 

contaminated with melamine. Nevertheless, the deaths and illnesses 

of infants and animals were all due to renal failure that was caused by 

crystal formation in the urinary system with some associated evidence 

for kidney toxicity. The calculi that were isolated from the urine of 

Chinese infants who drank melamine-contaminated milk were 

composed of melamine and uric acid with varying molar ratios (from 

1:2 to 2.1:1) [24]. Ultrasonographic imaging studies showed that the 

melamine-related stones were found in the renal calyces, pelvis, the 

ureters, the bladder and the urethra [25, 26]. The presence of the 

calculi led to obstructive renal failure in some of these infants [24].  

After the pet food scandals, experimental studies clearly showed that 

melamine has increased toxicity when it is fed in combination with 

cyanuric acid [17-19]. Animals fed with a combination of both 

chemicals developed severe renal dysfunction due to the formation of 

stones that consisted of melamine-cyanuric acid complexes. This 

                                                                 
1
 The WHO report cites these numbers. We do not have access to the original file: Helwig J, 

Gembrandt C, Hildebrandt B (1996). Melamine—Prenatal toxicity in Wistar rats after oral 
administration (diet). Ludwigshafen, BASF AG, Department of Toxicology (Project No. 
32R0242/94007). 
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observation is in accordance with the renal histopathological changes 

observed in dogs, cats and pigs that were accidentally fed with the 

contaminated food in 2004 and 2007 [23].  

A very recent study reports that melamine is converted to cyanuric 

acid by the bacterial strain Klebsiella terrigena that can be present in 

the gut of mammals [27]. It demonstrates that microbial activities can 

affect and even increase the toxicity of food contaminants. 

Wu et al. found out that individuals with stones in the renal system 

(both uric acid and calcium urolithiasis) had significantly higher 

urinary melamine concentrations than controls [28]. It has been 

hypothesized that chronic exposure to low levels of melamine may 

lead to the formation of kidney stones in adults, but further research is 

needed [29].  

 

6.3 Further effects 
Very recent reports include further toxicological effects of melamine. 

An in vivo study describes adverse effects on the male reproductive 

system of mice at dosages between 2 and 50 mg/kg body weight/day 

[30]. These effects include histopathological changes in the testes, 

abnormal sperm morphology and an increase in the apoptotic index of 

spermatogenic cells when the mice were treated with 50 mg/kg body 

weight/day. Yang et al. showed that the behavior of 2-3 month-old 

rats was slightly influenced by single melamine doses of 5 and 25 

mg/kg body weight [31]. Additionally, the synaptic plasticity of 

hippocampal slices was clearly affected by melamine at bath 

concentrations of 50-500 g/mL. In 2010, it was reported that 

melamine affects the potassium currents in rat hippocampal neurons 

in vitro at concentrations that were below the safe blood concentration 

of 0.5 g/mL as proposed by the US Food Safety and Inspection 

Service [32, 33]. The authors suggest that this effect could explain 

melamine-induced neurotoxicity. An et al. hypothesized that 

melamine induces oxidative damage in the hippocampus of rats and 

that it damages the cholinergic system [34, 35]. Melamine was fed at 

a dose of 300 mg/kg per day for four weeks and, subsequently, 

behavioral, histological and biochemical tests were performed. The 

authors add oxidative damage as one further possible reason for 

melamine`s neurotoxicity. 

Biochemical investigations report inhibition of heme peroxidases by 

melamine [36]. Analyses of the urinary metabolome of rats after 

administration of melamine (600 mg/kg body weight/day) and 

melamine-cyanuric acid mixtures (50 mg melamine and 50 mg 

cyanuric acid/kg body weight/day) resulted in disrupted amino acid 

metabolism including tryptophan, polyamine, and tyrosine 

metabolism, and altered TCA cyle and gut microflora structure [37].  

 

7  Migration, exposure and 
biomonitoring  

The WHO report distinguishes two exposure scenarios: (1) “Baseline” 

levels of melamine in food that result from migration and/or the food 

from accepted uses and (2) “adulteration” levels, which refer to the 

intentional addition of melamine to food to pretend higher protein 

concentrations [12]. Further dietary sources of melamine are 

degradation products of the pesticide cyromazine and disinfectants 

such as trichloromelamine. Although the toxicological effects of high 

doses of melamine were considered in the previous paragraphs, in 

this section we will only focus on the baseline levels of melamine that 

are a result of the consumption of non-adulterated food.  

Melamine migrates from can coatings into food, probably due to 

decomposition of the coating [4]. The migration is strongly influenced 

by the temperature of the heat treatment and less influenced by the 

time of heating and the acidity of the food. Bradley et al. observed 

migration levels up to 332 g/kg food [4]. These results are in 

agreement with a previous study in which the migration of melamine 

from melamine tableware into food and food simulants was tested: 

high temperature and also long heating times promote the migration 

of melamine, but the type of food does not have such a strong 

influence [38]. Chien et al. confirmed the temperature dependency of 

migration and they even observed melamine migration at 30 and 

40°C [39]. In general, it is likely that the concentration of melamine in 

food caused by migration is less than 1 mg/kg food [12]. A small 

biomonitoring study with twelve participants showed that urinary 

melamine levels were statistically significantly increased in 

participants eating from melamine plastic table ware in comparison to 

ceramic bowls. Study participants excreted more than 8 g of 

melamine (mean values) after consumption of 0.5 L hot noodle soup 

from melamine bowls within the next 12 hours [40]. The findings 

strongly suggest that melamine migrated from the tableware into the 

hot food even after short contact times. 

 

8  Metabolism and biodegradation 
Melamine undergoes renal clearance, is excreted in the urine of 

mammals, and does not accumulate. It has a relatively low half-life of 

4.9 hours in rats [41] and 4 hours in pigs [42]. In humans, the 

estimated half-life of urinary melamine elimination was approximately 

6 hours [40]. These two factors, the renal clearance and the low half-

life, might cause the organ specific toxicity of melamine that is related 

to the excretory route. A study by Zheng et al. demands caution, 

because bacterial strains in the gut can convert melamine into 

cyanuric acid, thus increasing the potential of stone formation [27]. A 

rat study showed that melamine passes the placenta and is 

transferred to breast milk [43]. Melamine is not easily degradable in 

activated sludge and it might even inhibit bacterial growth resulting in 

decreased effluent water quality [44]. 

 

Abbreviations 
FCM  Food Contact Material 

FDA  Food and Drug Administration 

LD50  Lethal Dose, 50% 

NOAEL No Observed Adverse Effect Level 

TCA  Tricarboxylic Acid Cycle 

TDI  Tolerable Daily Intake 

SML  Specific Migration Limit 

 

 

 

 

Disclaimer 

The Food Packaging Forum provides all information for general information purposes only. Our aim is to provide up to date, scientifically correct and relevant 
information. We distinguish to the best of our knowledge between facts based on scientific data and opinions, for example arising from the interpretation of 
scientific data. However, we make no representations or warranties of any kind, express or implied, about the completeness, suitability, accuracy, availability or 
reliability regarding the information and related graphics contained therein, for any purpose. We will not be liable and take no responsibility for any loss or 
damage arising from or in connection with the use of this information. In particular, we do not take responsibility and are not liable for the correctness of 
information provided pertaining to legal texts. 
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