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Synopsis

The objective of this work was to examine the variables that infl uence the interaction between water hardness 
metals and human hair. Hair extracts various constituents from the tap water used during daily hygiene 
practices and chemical treatments. Calcium and magnesium metal ions are the most prevalent and give water 
“hardness.” Inductively coupled plasma atomic emission spectroscopy (ICP-AES) was employed to quantify 
the metal content of hair, which was studied as a function of the following variables: hair condition (oxidative 
damage), level of water hardness, and water pH. We have demonstrated that these variables impact water 
hardness metal uptake to varying extents, and the effects are driven primarily by the binding capacity 
(available anionic sites) of the hair. The condition of the hair, a key representation of the binding capacity, was 
most infl uential. Interestingly, water hardness levels had only a small effect on uptake; hair became saturated 
with notable amounts of water hardness metals even after repeated exposure to soft water. Water pH infl u-
enced metal uptake since side chains of hair proteins deprotonate with increasing alkalinity. These insights 
highlight the importance to the hair care industry of understanding the interaction between water hardness 
metals and hair.

INTRODUCTION

The uptake of metal cations, specifi cally redox active metals, by various types of keratin 
fi bers has been investigated in the scientifi c literature (1– 4). However, less attention has 
been focused on water hardness metals, particularly from a consumer-relevant standpoint. 
Calcium and magnesium metal ions are most prevalent in tap water and give water “hard-
ness.” Acting as an cation-exchange resin, human hair has been reported to extract up to 
10,000 ppm of these metal ions from the tap water used during hygiene practices (5), and 
consumers associate the use of hard (and soft) water with differences in various structural 
and cosmetic properties of hair. Given that human hair is exposed to water for a signifi -
cant portion of its lifetime, an understanding of the interaction between the components 
of water and hair is important.

Past research efforts have established the location of water hardness metals in hair. This 
work has indicated that calcium is present primarily in the cuticle of hair fi bers. Kempson 
et al. and Mérigoux et al. used the imaging capabilities of time of fl ight secondary ion 
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mass spectrometry (ToF-SIMS) (6) and scanning X-ray fl uorescence microscopy (SXRF) 
(7), respectively, to study calcium in hair. Mérigoux et al. found calcium in the cuticle 
layers and granules in the cortex and within the medulla. Kempson et al. showed calcium 
accumulations at the cuticle edges where carboxyl groups are likely available from the 
exposed endocuticle, as well as the aforementioned internal structures of this chemical 
nature. There is also evidence that calcium and magnesium may be present as salts of 
lipid material (8,9). Using nanoscale secondary ion mass spectrometry (Nano-SIMS), 
Smart et al. (10) confi rmed calcium accumulation in the A-layer and exocuticle of bleached 
hair, areas containing large amounts of sulfur.

Although the uptake of redox metals by human hair has been documented as a function 
of solution metal concentration, solution pH, and chemical treatment of hair (11,12), 
only a few studies have examined the uptake of water hardness metals under these condi-
tions. Uzu et al. (13) studied calcium uptake by cold-wave permed hair, and observed a 
positive correlation between uptake, solution pH, and hair treatment. Noble (14) exam-
ined the uptake of calcium and magnesium from tap and processed (bottled) water sources 
from various geographic locations. By measuring the change in the pH and the total 
hardness of the test waters before and after vortexing the hair in the water, he concluded 
that both parameters infl uenced the uptake of hardness metals by hair. As the hair sam-
ples were collected from men, women, and children, there was no consideration for the 
condition of the hair or any parameters that would differ with habits and practices, age, 
and/or sex.

The highlighted research efforts clearly provide a lead on understanding aspects of the 
interaction between water hardness metals and hair, but they also indicate the need for 
well-controlled, consumer-relevant work. We have addressed this opportunity area by 
systematically studying the uptake of calcium and magnesium as a function of the follow-
ing key variables: hair condition, water hardness level, and water pH. We hypothesized 
that these variables infl uenced the uptake of water hardness metals by hair because they 
were related to the binding capacity and amount of metal ions available for interaction.

MATERIALS AND METHODS

HAIR SAMPLE PREPARATION AND CHARACTERIZATION

Virgin, dark brown Caucasian hair swatches were the starting substrate for this work (1.5 
g/16 cm; International Hair Importers and Products, Glendale, NY). Slightly damaged 
and highly damaged hair substrates were prepared by treating this hair with a 12% active 
hydrogen peroxide oxidant crème for one cycle of 15 minutes and three cycles of one hour, 
respectively. The oxidant crème contained 5% Crodafos® CES (a mix of cetearyl alcohol, 
dicetylphosphate, and ceteth-10 phosphate; Croda) and 1.2% ammonium hydroxide. The 
oxidative bleaching treatment was carried out in a 30°C oven to simulate scalp tempera-
ture. Immediately following bleaching, the hair swatches were rinsed with deionized wa-
ter (Milli-Q) for one minute, fan-dried, and equilibrated at room temperature for at least 
24 hours before any further treatment. This was considered baseline for the swatches.

The condition of the virgin and bleached hair substrates was characterized by measur-
ing surface cysteic acid content using a previously detailed Fourier transform infrared 
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spectroscopy (ATR-FTIR) method (5). Four measurements were averaged for each hair 
swatch. The swatches were then sorted into groups of three, which were balanced for 
cysteic acid. The lightness value (L*) was assessed to describe the degree of lightening 
imparted by the bleaching treatment. Eight measurements per hair swatch were made by 
a Konica Minolta CM3600D spectrophotometer under a D65 illuminant and 10° ob-
server (Konica Minolta Opto, Tokyo, Japan). Table I summarizes the characterization of 
the hair substrates for this work.

HAIR SAMPLE TREATMENT

To test the effect of water hardness on metal uptake, virgin, slightly damaged, and highly 
damaged hair was subjected to six wash cycles in 2, 9, or 16 grain per gallon (gpg) water. 
These water hardness levels represent the categories of soft, moderately hard, and very 
hard water as identifi ed by the U.S. Geological Survey. The unit originates from the con-
version of calcium and magnesium to an equivalent weight of calcium carbonate. A grain 
is a mass unit that is equal to 64.8 mg of material, and the concentration of water hard-
ness is expressed as this quantity in a gallon (3.78 l) of water. Hence, 1 gpg is equal to 
17.11 ppm CaCO3. The properties of the test water are summarized in Table II. Each 
wash cycle consisted of two thirty-second lathers with a commercial clarifying shampoo, 
thirty-second rinses before and after these two lathers, and fan-drying. The fl ow rate and 
temperature of the rinse water were 1.06 gallons per minute and 37°C, respectively.

To test the effect of water pH on metal uptake, virgin and slightly damaged hair swatches 
were subjected to ten cycles of treatment with synthetic water hardness solutions contain-
ing 1.2 mM calcium sulfate dihydrate (EMD Chemicals), 0.8 mM calcium chloride dihy-
drate (EMD Chemicals), and 1.2 mM magnesium sulfate ( J.T. Baker Chemical) in buffers 
of pH 7 (5 mM bis-Tris; [bis(2-hydroxyethyl) amino)] tris(hydroxymethyl)methane; 
Organics Inc.); pH 8 (5 mM Tris; tris(hydroxymethyl) aminomethane; BDH Chemicals); 
or pH 9 (5 mM ethanolamine; BDH Chemicals). The selected pH values represent 
a consumer-relevant pH range (14), and the resulting hardness of the solutions was 
17 gpg. One treatment cycle consisted of one hour of soaking at a 1:100 hair/liquor ratio 

Table I
Characterization of Hair Substrates

Hair condition Bleaching treatment L* FTIR cysteic acid units

Virgin n/a 22 25
Slightly damaged 15 min 31 56
Highly damaged 1 hour × 3 cycles 49 155

Table II
Characterization of Treatment Water

Water hardness (gpg) Ca (ppm) Mg (ppm) pH Alkalinity (as ppm HCO3)

2 11 4 8.4 80
9 40 13 8.4 175

16 71 23 8.5 285
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(with stirring) and overnight drying in a fume hood. Hair swatches that were soaked in 
buffer solutions containing no hardness ions served as the appropriate controls. Metal 
uptake was calculated by subtracting the average elemental content of the control groups 
from the respective treated groups.

HAIR AND WATER ANALYSIS

The metal content of hair and water samples was determined by inductively coupled plasma 
atomic emission spectroscopy (ICP-AES) with an Optima 5300 DV optical emission spec-
trometer (PerkinElmer Life and Analytical Sciences, Shelton, CT). For hair analyses, 
200–250 mg of samples were digested overnight with 2 ml of high-purity concentrated 
nitric acid (70% v/v, Aristar® Plus; BDH Chemicals). This mixture also contained 150 μ1 
of 100 ppm yttrium internal standard (Inorganic Ventures, Christianburg, VA). The sam-
ples were then heated to 75°–80°C for one hour, cooled to room temperature, and diluted 
to 15 ml with deionized water. Three samples from each hair swatch of the treatment 
groups were analyzed. For water analyses, 10-ml water samples were acidifi ed with 50 μl 
of trace metal analysis grade 50% v/v nitric acid. Three samples from each water treat-
ment group were analyzed. The alkalinity of the water samples was determined using 
the Palintest Photometer 8000 and reagent tablets (Palintest Ltd., Erlanger, KY).

STATISTICAL ANALYSIS

The calcium and magnesium content of hair are reported as the mean plus/minus the 
standard deviation of three hair samples analyzed in triplicate. Treatment (water hard-
ness, damage level, water pH) effects were assessed by univariate analysis of variance 
(ANOVA) and Tukey-Kramer HSD pairwise comparisons ( JMP 7.0.2; SAS Institute 
Inc., Cary, NC). Multiple linear regression was conducted to further examine the infl u-
ence of water hardness and hair condition on water hardness metal uptake by hair, and 
this relationship was characterized by the partial coeffi cient of determination (r2) of each 
independent variable. Statistical signifi cance was established at p < 0.05 for all analyses.

RESULTS AND DISCUSSION

The data highlighted the condition of the hair as the key driver for water hardness metal 
uptake. This was evidenced by the notable differences in metal content between the hair 
types within each water hardness group (p < 0.001) and supports the idea that the bind-
ing capacity of the hair is determined by the amount of anionic groups present within the 
fi ber (Figure 1). Upon treatment with alkaline hydrogen peroxide products, peptide and 
disulfi de bonds inside the hair and 18-methyleicosanoic acid (18-MEA) on the hair’s 
surface are cleaved. This exposes anionic carboxylate and sulfonate (of cysteic acid) groups 
(15–17), which render the hair an ideal cation exchange resin. It should be noted that the 
calcium and magnesium levels of the highly damaged hair are comparable to the levels 
found in the hair of consumers who regularly use oxidative colorant products (5).

Selectivity for calcium over magnesium was exhibited by the hair substrates. The treated 
hair contained seven to nine times more calcium than magnesium, with the virgin hair 
lying at the lower end of this range and both levels of damaged hair equally lying at the 
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upper end. This observation was independent of the water treatment since 3:1 Ca/Mg was 
maintained for all water hardness levels. However, the selectivity for calcium over mag-
nesium cannot be ascribed solely to the predominance of calcium vs magnesium in the 
water. This effect has been previously observed in laboratory experiments where bleached 
hair contained four times more calcium than magnesium following multiple treatments 
with water containing 1:1 Ca/Mg. In addition to the predominance of calcium vs magne-
sium in the water, the sizes of the cations likely infl uenced their keratin-binding affi nities. 
The site-binding interactions that occur between cations in solution and the anionic 
groups of a polyelectrolyte are governed in part by the hydration characteristics of the 
cations (18). Smaller cations possess large, tightly held hydration spheres due to high 
charge density, while the opposite is true of larger cations (19). Since calcium has a larger 
ionic radius (1.18 Å), and thus a smaller hydrated radius than magnesium (0.82 Å), the 
former has been reported to adsorb more easily to polyeletrolytes than the latter (19–21).

Baseline calcium and magnesium levels appeared to decrease as oxidative damage in-
creased. However, we believe this trend was due to the diffusion of calcium and magne-
sium ions out of the swollen hair and into the deionized water used for rinsing the oxidant 
crème from the hair. This hypothesis has been confi rmed by rinsing the oxidant crème 
from hair using local tap water (8 gpg; 1:1 Ca/Mg ratio). When freshly bleached hair was 
rinsed with the tap water, the fi nal calcium and magnesium levels were equivalent to the 
levels in virgin/untreated hair.

The effect of water hardness levels was secondary to the condition of the hair; differences in 
metal uptake between the test water hardness levels were quite small in virgin hair, but they 
increased with oxidative hair damage (Figure 2). Interestingly, calcium uptake from hard 

Figure 1. Effect of hair condition on the calcium and magnesium content of virgin and bleached (damaged) 
hair treated with water of different hardness levels. Calcium content was highly dependent on the condition 
(binding capacity) of the hair substrate. Tukey-Kramer HSD analysis yielded p < 0.001 for all hair condition 
comparisons within the tested water hardness levels.
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(9 gpg) and very hard (16 gpg) water was not signifi cantly different for virgin and highly 
damaged hair, and it was different by only 16% for slightly damaged hair (p = 0.005). 
This clearly indicates that the hair has a fi nite binding capacity, which is determined by 
the number of available anionic sites. Regardless of the water hardness level, the hair will 
reach saturation and not associate with any remaining hardness ions in the water. Even 
upon repeated exposure to soft water (2 gpg), both levels of damaged hair extracted large 
amounts of water hardness metals, and thus approached their saturation point. Based on 
a multiple linear regression analysis, it was found that calcium and magnesium uptake 
was very strongly correlated with hair condition (r2 = 0.98 and 0.99, respectively, 
p < 0.001) and less correlated with water hardness (r2 = 0.59 and 0.72, respectively, 
p < 0.001). This fi nding is signifi cant because it establishes the fact that water hardness 
metal uptake is not confi ned to individuals who live in hard water regions. The popular-
ity of hair treatments that alter the chemical nature of hair, e.g., coloring, bleaching, and 
relaxing, suggests that even more consumers are susceptible to this uptake if they are 
exposed to water with any degree of hardness ions.

A positive relationship between water pH and metal uptake was observed (Figure 3). This 
can be related to the binding capacity of the hair because as pH increases, more groups 
become available for metal interaction due to the progressive ionization of carboxyl groups 

Figure 2. Effect of water hardness levels on calcium and magnesium uptake by virgin and bleached (dam-
aged) hair. n=3. Asterisks (*, **, ***) represent p < 0.05, p < 0.01, and p < 0.001, respectively, obtained by 
Tukey-Kramer HSD analysis. Uptake was calculated by subtracting the average baseline calcium and mag-
nesium content of hair from that of hair treated with water of different hardness levels. Water hardness 
metal uptake was more driven by the condition or binding capacity of the hair substrate (r2 = 0.98 and 0.99 
for calcium and magnesium, respectively, p < 0.001) than by the hardness of the water (r2 = 0.59 and 0.72 for 
calcium and magnesium, respectively, p < 0.001). It should be noted that the negative values of magnesium 
uptake by virgin hair indicate that the hair lost magnesium in an attempt to establish equilibrium between 
the few binding sites and the low amount of magnesium in the water samples. As the magnesium content in 
water increased, the hair absorbed more of the ion and approached the baseline levels.
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and amino groups participating in electrostatic interactions with carboxyl groups (4,22). 
Similar pH-dependent increases in the uptake of cationic moieties by keratin (14,23) and 
other charged macromolecules (24) have been reported. It is realized that the test pH range 
exceeds the observed pKa values of key ionizable protein groups that are capable of bind-
ing metals, e.g., sulfonate groups of cysteic acid (pKa = 1.3), terminal carboxyl groups 
(pKa = 3.5-4.3), and carboxyl groups of aspartic and glutamic acids (pKa = 3.9 and 4.3, 
respectively) (25). However, since keratin is a polyelectrolyte, the effective pKa values of 
the amino acid residues are often different from the intrinsic pKa values of the isolated 
amino acid monomers due to electrostatic interactions, hydrogen bonding, solvation effects, 
conformational changes, and the presence of appreciable levels of counterions (26,27). All of 
these factors can infl uence the ionization of protein groups and their ability to bind cations. 
Creighton (25) reported that the difference in electrostatic environments can cause the pKa 
values of one type of amino acid residue to differ by 3– 4 pH units within a single protein. 
It is, therefore, plausible that the pH dependence of metal uptake was infl uenced by this.

Based on these fi ndings, we can conclude that the hair of consumers who use alkaline water 
will contain higher levels of water hardness metals than hair from those who use neutral or less 
alkaline water. This effect will be compounded if the consumer has chemically treated hair.

CONCLUSIONS

Interesting insights about the interaction between water hardness metals and hair have 
resulted from this work. Our fi ndings suggest that the uptake of water hardness metals is 
driven primarily by the condition of the hair. Hair that contains more anionic moieties, 

Figure 3. Effect of water pH on the uptake of calcium and magnesium by hair. Uptake was calculated by subtract-
ing the average calcium and magnesium content of hair that was soaked in pure buffer from that of hair treated 
with buffer solutions containing hardness ions. Water pH infl uenced calcium and magnesium uptake. Asterisks 
(*, **) represent p < 0.05 and p < 0.001, respectively, obtained by Tukey-Kramer HSD analysis.
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the result of chemical treatments such as bleaching and chemical relaxing, has a higher 
cationic binding capacity and is thus more susceptible to water hardness metal uptake 
than virgin hair. At a certain level, this binding capacity dominates the effect of water 
hardness levels, such that the hair will attract signifi cant levels of metal from water that 
has even a low degree of hardness. This suggests that the effects of water hardness are not 
just confi ned to consumers that reside in areas of very hard water, but to a much wider 
population that encompasses residents of lower water hardness areas. Additionally, the 
pH of the rinse water can also infl uence uptake. We have clearly established the signifi -
cance of water hardness metal uptake by human hair and the conditions under which this 
occurs. This uptake could potentially impact the structural properties of human hair and 
the performance of hair care formulations. An investigation of the effect of water hardness 
on hair properties will be detailed in a future publication.
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