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Introduction

The ceramic utensils used for eating and drinking such
as plates, cups, bowls and other items have been a fun-
damental part of many societies since ancient times. The
word “ceramics” is itself derived from the Greek word
kepapkog (“Keramikos”)! meaning “of or for pottery”.
The art of making ceramics dates back thousands of years
with evidence of pottery from 20,000 years ago? being re-
ported recently from Xianrendong Cave in China. Ceram-
ics manufacture depends on a source of various materi-
als, namely clay, e.g. kaolinite, silica and feldspar.* When
these clay and mineral materials are mixed and soaked in
water with removal of the excess water, a wet clay is pro-
duced which can then be fashioned into the desired shapes
using moulds. Water is then removed via drying and the
articles fired at temperatures up to 1170 °C during which
complex chemical transformations occur in the clay with
physical changes in the added silica and feldspar. Kaolin-
ite (ALSi,0(OH),) is converted via a series of precursor
compounds to mullite (Al Si,O,,) and cristobalite (SiO,).
The feldspar acts as a flux with the alkali metal ion content
(Na, O, K O and CaO) causing a lowering of the melting
point of the silica early on in the firing process. This melt
effectively forms a glass which then draws the individual
particles of the fired mixture together and additionally re-
acts with them so giving the ceramic body strength (when
it cools) and reducing porosity.

The most distinctive and aesthetic features of ceramic ar-
ticles are the glazes applied to them. Glazes are comprised
of glassy substances or glass and crystals that are able to
be formulated to produce certain colours and textures
when applied to the clay body. It is oxides like silica and
boric oxide that will form glasses when heated to melting
point. However, stoichiometric proportions of the sodi-
um, potassium, calcium, aluminium and lead oxides need
to be included for tailoring properties. Colouring agents
can also be added if needed. Lead silicate was often a fa-
voured glaze in the past due to the brightness of colours it
produced and the ease with which transition metal oxides
(which are responsible for some of the beautiful colours
possible) could dissolve in it. Certain elements are associ-
ated with particular colours, e.g. blues in glazes are due
to Co?" ions in a tetrahedral coordination environment.®
Unfortunately due to the risk of lead (and other poten-
tially toxic metals) leaching out of glazes when in contact
with liquids or food, many industrialised nations such as

those comprising the EU** have long since introduced di-
rectives to curtail or regulate the leaching of potentially
harmful substances from glazed ceramics.

The history of food and drink ceramics in New Zealand is
restricted to a narrow time-frame of about 170 years since
European colonisation occurred, which is brief when
compared to the global history of such materials which
stretch back millennia. The first chinaware to come to
New Zealand would have been predominantly British in
origin. As an illustration of this historical fact, the Christ-
church earthquake, which brought down many old build-
ings in the central business district, proved a boon for
archaeologists as clearing and excavation of land under
these old buildings revealed many old domestic artefacts
and broken china.’ It is obvious from what has been found
that English sourced crockery from Staffordshire (which
possessed a china industry buoyed by the Industrial Revo-
lution”) was a very common sight in those times.

The next part of ceramics history in New Zealand was
played by a local West Auckland-based company known
from 1948 as “Crown Lynn”.® The precursor of this com-
pany began manufacturing the first household ware for
the New Zealand market in the late 1930s. However, pro-
duction stepped up from 1940 onwards when World War
II temporarily stymied imports of crockery from Britain.
Under the direction of the company’s charismatic owner
Sir Tom Clark (1916-2005), the company reached its hey-
day in the 1970s where it was reputed, according to Val-
erie Ringer Monk’s book,? to be turning out about 15 mil-
lion pieces of china every year. Hence ceramic ware from
Crown Lynn was prevalent in New Zealand homes along-
side the usual British, European and Japanese/Asian ce-
ramics which were also being imported at the same time.
In the mid 1980s, the process of removal of these import
controls was accelerated under “Rogernomics” so open-
ing up trade and allowing even more extensive flooding of
the New Zealand domestic market with a wide variety of
inexpensive chinaware, mostly from Asia. This provided
a great deal of choice for the local consumer. Crown Lynn
eventually closed its doors in 1989.

Nowadays, a stroll through the premises of various New
Zealand retailers who sell imported china and other goods
from abroad reveals how completely dominant the take-
over of mostly Chinese-manufactured domestic ceramics
has been. Earlier New Zealand-made or British domestic
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ceramics now tend to be found in secondhand, antique
and collectable shops, charity shops, specialist modern
craft shop outlets and on online auction sites like Trademe
and eBay.

The variety of glaze colouring of this current era of
overseas-manufactured china in New Zealand is as vast
as it was for past ceramic ware. The quality of import-
ed ceramic ware that dominates our domestic market is
also widely varying, and in the case of Chinese ware is
made by a range of largely anonymous or hard-to-trace
manufacturers. A search through a global trade website
like www.alibaba.com® reveals the diversity of products
produced and the large number of Chinese manufacturers
and suppliers who provide these wares for sale. To date
there has been no dedicated academic study of this cur-
rent batch of china in New Zealand nor any attempt made
to chemically characterise the glazes. From an environ-
mental health perspective, it is also of interest to establish
the leaching behaviour of such ceramics in various me-
dia. Such tests form a crucial part of assessing the safety
of use of these items when placed in contact with food
and drink. In particular, Pb used in glazes is a significant
health concern'® as levels in blood from 10-150 pg/dL are
associated with health problems ranging from preterm/re-
duced birthweight in unborn children and decreases in 1Q
and growth in young children through to brain and kidney
damage at high doses in adults. Barium (Ba), which is
often used in ceramic glazes, can cause gastrointestinal
disturbances and muscular weakness when poisoning due
to its ingestion is acute. It also has a chronic long term
effect of causing hypertension when consumed above a
maximum consumable level of 2 ppm.!"! There are also
other commonly used elements in ceramic glazes which
are of concern such as Cd, Co, Sn and Zn.

The main aims of the study presented here are thus to
sample some selected ceramic ware which is presently
available on the market in New Zealand and to charac-
terise the glaze/bulk composition of such modern day
ceramics using standard solid state and spectroscopic
techniques. As it is of interest to compare such findings
with what was available historically, some examples of
ceramic materials from Britain (Staffordshire) from the
Victorian era, mid-20" century British wares and exam-
ples from the extensive New Zealand-made Crown Lynn
range of china that exists (and is used) still to this pres-
ent day, were also studied. The study does not pretend to
be truly representative of all ceramic types imported into
New Zealand over the ages but serves to give a cursory in-
dication of how these materials have changed in terms of
glaze characteristics over the decades and whether, on the
basis of these cursory leaching tests, they are of concern
from an environmental health perspective.

Experimental
The food and drink ceramics used in the
investigations

Ceramic food wares including bowls, plates, tea mugs,
saucers and dinner or bread plates made by various manu-
facturers from New Zealand and overseas and from differ-
ent eras (1890 to present day) were obtained from various
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sources (see Table 1). Most of the present day Chinese ce-
ramic wares and one Indian bone china tea mug analysed
were purchased from well-known retailers. The selection
of the modern items were also based on the various glaze
colours of the items. The traditional New Zealand made
Crown Lynn and English made ceramic wares were either
purchased from antique and charity shops or borrowed
from personal collections. Since some intact pieces of
English Victorian bone china would be too valuable to be
subjected to some of the destructive analytical techniques
used in this study, samples of these for characterisation
and experimentation were instead sourced from broken
eBay or Trademe online purchases. Hence the choice of
Victorian/Edwardian era (1892-1911) or mid-20th cen-
tury British-made ceramic samples investigated in this
study is entirely fortuitous.

Type 1 water (distilled deionised) (G =18 + 2 us) from a
Barnstead water purification system was used for all ex-
periments. All ceramic samples were cleaned thoroughly
and dried prior to analysis. Scanning electron microscopy
(SEM) and Energy Dispersive X-ray (EDX) Analysis (Hi-
tachi S-4700), Fourier transform infrared spectroscopy
(FT-IR) (Perkin Elmer Spectrum 100), solid state NMR
spectroscopy (Bruker Avance 300 MHz spectrometer with
a 4 mm bore magic angle spinning (MAS) solids probe),
X-ray fluorescence (XRF) (Spectro X- Lab 200) and in-
ductively coupled plasma mass spectrometry (ICP-MS)
(for elemental analyses of leachate solutions) were used
in the study. The major and minor aims of the instrumen-
tal characterisation of the ceramic wares were respectively
to 1) provide an elemental analysis of the ceramic ware
particularly of the glazes applied so that a list of elements
to analyse by ICP-MS of leaching solution could be de-
termined, and, ii) to provide some structural characterisa-
tion of the bulk ceramic item. SEM/EDX techniques were
found to be unreliable for providing an idea of elemental
composition because EDX analysis sometimes failed to
detect elements known to be in the ceramics glaze, e.g. Pb.
EDX can suffer from reduced accuracy due to overlapping
of peaks' as well as from sample inhomogeneity which
may prevent escape of X-rays from the sample for analy-
sis. Instead, XRF was found to be very useful for providing
a list of elements to analyse for by ICP-MS. Samples anal-
ysed by XRF were examined as pressed pellets. Blanks for
the XRF measurement were pressed pellets of analytical
grade aluminium oxide. XRF calibration standards were
Geostandard BX-N (Bauxite) containing major and trace
elements similar to elements present in the ceramic sam-
ples. FT-IR spectral analysis of the ground ceramic pow-
ders was performed using KBr disks with spectra acquired
in the range 4000 — 400 cm™ at 4 cm™! resolution. *Si,
Z7Al and *'P NMR magic angle spinning (MAS) nuclear
magnetic resonance (NMR) spectra of the various ceramic
wares were obtained using direct polarisation scanning
techniques with packing of the ground ceramic powders
into zirconia rotors with KEL-F caps. These were spun at
the magic angle of 54.74° in a solids probe. Specific pa-
rameters used in the spectra for each nuclei are detailed in
Table 2. NMR spectra chemical shifts were referenced to
3-trimethylsilyl-1-propanesulfonic acid sodium salt (*’Si),
yttrium aluminium oxide (garnet) (*’Al) and ammonium
dihydrogen orthophosphate (*'P).
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Table 1. List of samples with sample code, picture and manufacturer’s details

Sample
type

Sample
Code

Sample picture

Manufacturers' details and Colour

Bowl

Al

Made in: China
Source: The Warehouse
Colour: Black

Bowl

A2

Made in: China
Source: The Warehouse

Colour: Blue

Tea mug

A3

Made in: China
Source: The Warehouse
Colour: Red

Brand: Nova

Sauce Dish

A4

579

B ——
HARRISON & LANE

Made in: China
Source: The Warehouse
Colour: White

Brand: Harrison & Lane

Bowl

A5

Made in: China
Source: The Warehouse

Colours: Yellow, red, black and blue

Plate

A6

Made in: China
Source: The Warehouse
Colour: Red

Brand : Harrison & Lane
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Made in: India
Source: The Warehouse
Colour: White

Brand : Home Concepts

Tea Mug A7

Made in: China

Source: The Warehouse
Bowl A8 .
Colours: Blue and white

Made in: China
Source: The Warehouse
Tea Mug A9
Colour: Blue

Brand : Nova

Made in: China
Source: Farmers
Tea mug Al10 .
Colours: Green, white and yellow

Brand : Haven

Made in: Thailand

All Source: The Warehouse

Tea Mug Colours: Bluish green and yellow (outer), white

(internal)

Made in: England (1893-1905)
Source: Broken online purchase from eBay, UK

Colours: White, blue, green, gold and brown (inner
surface mostly white)

Brand: David Chapman and Sons Ltd, Stafford-
shire

Bowl Bl
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Plate

B2

Made in: England (1892-1911)
Source: Broken online purchase from Trade me
Colours: Blue and white (inner and outer surface)

Brand: Wileman & Co, Longton, Staffordshire
(precursor to Shelley Potteries)

Small Plate

B3

Made in: England (1892-1911)
Source: Broken online purchase from eBay, UK
Colours: Red and white
Brand: Wileman & Co, Longton, Staffordshire.

Bowl

B5

Made: England (post World War 2, mid-20"
Century)

Source: Antique shop, Hamilton
Colours: Blue and White, high gloss glaze
Brand : Bleu De Roi Alfred Meakin, England

Tea mug

B6

Made in: England (mid 20th century) N.B. tested
cup exhibits heavy crazing

Source: Personal collection of M. Mucalo

Colours: Cream, pink and green with transfers on
the outer surface

Brand : Alfred Meakin England

Tea Mug

Ul

Made in: Unknown, possibly British made
Source: Antique and collectables shop, Hamilton
Colour: Grey

Brand : None recorded

Tea Mug

C2

Made in: New Zealand
Source: Antique and collectables shop, Hamilton
Colour: Blue
Brand : Crown Lynn

Saucer

C3

Made in: New Zealand
Source: Antique and collectables shop, Hamilton
Colour: Pink
Brand : Crown Lynn
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Small Plate Cc4

Made in: New Zealand

Source: Antique and collectables shop, Hamilton

Colour: Brown and Green

Brand : Crown Lynn

Plate (05}

Made in: New Zealand
Source: Antique and collectables shop, Hamilton
Colour: Purple, green, brown red and white

Brand : Crown Lynn

Small plate Co

Made in: New Zealand
Source: Salvation Army Shop, Hamilton
Colour: Dark brown with yellow-orange coloura-
tion

Brand : Crown Lynn

Plate c7

Made in: New Zealand
Source: Salvation Army Shop, Hamilton
Colour: Yellow

Brand : Kelston ceramics (Crown Lynn)

Coffee Mug C8

Made in: New Zealand
Source: Salvation Army Shop, Hamilton
Colour: Honey brown colour

Brand : Crown Lynn

Inductively Coupled Plasma Mass
Spectrometry (ICP-MS)

The ICP-MS instrument used for measuring elemental
concentrations of various metals in the ceramics leaching
studies was a Perkin Elmer ICP-MS spectrometer ELAN
DRC 11. The materials and methods involved in prepar-
ing the leaching solutions for analysis were as follows:

Materials in which extract/leaching samples were
prepared

Polypropylene beakers and volumetric flasks were used in
experiments involving the exposure of the ceramic ware
to various leaching solutions as well as various single user
filters, pipette tips and Falcon tubes. Calibrated auto pi-
pettes were used for pipetting out sample solutions.
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Solutions used for leaching experiments on ce-
ramics

4% acetic acid solution prepared from 60.5% glacial ace-
tic acid (Ajax Finechem Pty Ltd) was used as a standard
leaching solution'® (see below). Other leaching solutions
were cold doubly distilled water, domestic beverages such
as Coca-Cola, and Lipton Tea (black tea and lemon tea).

Elements analysed by ICP-MS and the standards
to calibrate the analysis.

For ICP-MS analysis carried out on leachate solutions,
the elements chosen for analysis (see later for discussions
on how these were selected) were as follows: °B, »Na,
24Mg, VAL YK, $Ca, 5'V, 3Cr, *Fe, $Mn, ¥Co, “Ni, Cu,
66Zn’ 75AS, SZSe’ 85Rb’ 109Ag’ lllcd’ IISSn’ 137Ba, 205Ti’ 207Pb’
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Table 2. Solid state NMR spectrometer acquisition parameters for the ceramic materials investigated in this study.

Relaxation Pulse length | Power level Acquisi.tion Frequency Number of Spinning
Isotope delay (AQ) time used Frequency
(sec) (p sec) dB (sec) (MHz) seans (kHz)
»Si 8 3.5 2.0 0.043 59.69 5000 5
Al 1 1.0 0.50 0.0346 78.2 2000 10
3p 2 4.0 3.0 0.021 121.5 1000 10

28U, A number of calibration, quality control and certified
reference material (CRM) standards were used in the ICP-
MS analysis for check and balances. The main calibration
standards used were an Inorganic Ventures multiclement
calibration standard IV-ICP-MS 71A which consisted of
most elements tested at a concentration of 50 ppb in 3%
(v/v) nitric acid as well as 2 further standards from Merck,
one of which contained similar elements to the Inorganic
Ventures standard plus Na, K, Ca and Fe. An additional
standard was used for Sn and Zr analysis (Plasma CAL
from SCP Science). The performance of the ICP-MS
was checked against a CRM called SLRS-5 or “Ottawa
River Water”. Interferences were overcome using drift
corrections through recalibrating the instruments every
24 samples by running a flush blank followed by qual-
ity control standards and calibration standards. It should
be noted that although results obtained were carefully
checked against standards, the University of Waikato is
not an accredited analytical laboratory hence all results
presented and discussed should be taken as indicative.
Samples were generally analysed in duplicate.

Leaching test solutions used

The 4% acetic acid leaching test followed an American
Society for Testing and Materials (ASTM) C738-94 pro-
tocol" for determination of the leaching of heavy met-
als extracted into the 4% acetic acid from glazed ceramic
surfaces. Ceramic samples for testing were cleaned, dried
and then pre-weighed prior to filling with the testing solu-
tion, i.e 4 % acetic acid, up to the rim until overflowing.
Ceramic wares tested were covered with para-film and
then with aluminium foil to prevent evaporation and any
light induced processes. No contact between the Al foil
and testing solution occurred. Samples stood undisturbed
for 24 hours at room temperature (22 °C — 24 °C) with 5
mL aliquots of the testing solution being withdrawn into
15 mL Falcon tubes, stirred and then diluted with 5 mL
Typel water followed by mixing. For leaching in cold
water, Type 1 water at about 2° C was added to the clean
drinking mugs (with codes A3 A7, A9 A10, A1l B6, Ul,
C2 C8, see Table 1). After 10 minutes, the weight of each
was recorded and a 10 mL aliquot of test solution was
pipetted from each into a 15 mL Falcon tube. Blanks for
this test were the unexposed cold Type 1 water. For tests
involving exposure to tea samples, 2 L of Type 1 water
was boiled in a conical flask containing 8 tea bags (ap-
proximately 2 g each) and left to soak for several minutes
until the tea extracts in the bags were infused into the boil-
ing water. 0.5 L of milk was then stirred in and the drink-
ing mugs/cups were filled to the rim, the weights were
recorded and the mugs/cups were sealed in a similar man-
ner to the 4% acetic acid samples and allowed to stand for
10 minutes. The blank was the unexposed tea solution. A

hot water blank test was also done to check for any con-
tamination from the glass conical flask used to contain the
tea. Samples were filtered through a 0.45 pum filter and
diluted to 10 mL (v/v) with Type 1 water. Lemon tea was
also used and sampled following an identical procedure
for tea but without milk being added. pH was measured
of both the tea with milk and lemon tea solutions used for
leaching. For samples exposed to Coca-Cola solutions,
the ceramic drinking mugs/cups tested were filled with
Coca-Cola and sealed in a similar manner to items tested
with 4% acetic acid and tea. The blank was unexposed
(to ceramic ware) Coca-Cola solution. Sampling followed
similar procedures to other leaching solutions. A 1 mL ali-
quot was taken from each sample tested then mixed with
9 mL (v/v) of Type 1 water prior to analysis.

Results and Discussion

Molecular spectroscopic characterisation of ce-
ramic wares used in this investigation

FTIR spectroscopy and solid state MAS NMR were per-
formed on the ceramic wares to gain some insights into
what ceramic molecular species existed in the bulk of the
materials being tested. This, however, did not provide any
information on glaze components which was important
for guiding ICP-MS studies into leaching from the ceram-
ics. For this purpose, XRF was used to obtain information
on the bulk elemental and glaze components in the ce-
ramic ware. It should be noted that the ground up ceramic
material contained mostly bulk and some glaze hence
the (trace) levels reported will represent only indicative
values of glaze components due to the unknown dilution
factor due to mixing of the glaze and bulk components.
The actual levels in the glaze would be higher than these
numbers suggest.

IR and solid state NMR characterisation of the
ceramic wares studied in this investigation

IR spectra

The FTIR spectra obtained from all ceramic ware sam-
pled in this study typically either showed mullite/silica
type features or showed evidence of the presence of added
tricalcium phosphate as in bone china ware. Fig. 1(a)/(b)
illustrate the two IR spectra types. The IR spectra repre-
senting bone china specimens were exhibited by samples
B1, B2, B5 and A7. Sample B2 produced the spectrum
shown in Fig. 1(a) and shows peaks at 1043 cm™! and
602, 558 and 462 cm™ which are due to the fundamen-
tal stretching and bending vibrations of the -PO, func-
tional group' from the added tricalcium phosphate. Bone
china is known to be a mixture of tricalcium phosphate,
silica glass and anorthite.’* Anorthite has the formula
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Fig. 1(a). FTIR spectrum of Wileman bone china (B2) of the
Victorian era.
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Fig. 1(b). FTIR spectrum of sample C5, a Crown Lynn manu-
factured item.

CaAlLSi,O, hence Si-O- or Al-O-associated vibrations in
this phase are probably responsible for the broad underly-
ing band structure for the intense peak centred at 1043
cm! and other features as shown in Fig. 1(a). As for the
other ceramic wares studied in this investigation, all gave
practically identical IR spectral patterns (with peaks at
1083, 796, 778, 693, 555 and 455 cm™) corresponding to
the mullite and cristobalite phases present in these wares.

Solid state NMR spectra

Table 3 provides a summary of features observed in the
»Si, YAl and 3'P MAS NMR spectra acquired from most
of the ceramics samples. Fig 2(a)—(e) represent typical
ZAl, ¥Si and 3'P spectra of some selected domestic ce-
ramics items. All samples of ceramics examined by #Si
and Al MAS NMR produced peaks as would be ex-
pected from materials containing mullite and cristobalite
phases. The following tentative interpretations follow for
spectra observed. Ideally these solid state NMR spectra
should have been accompanied by an extensive XRD
analysis. However, this was not done because the main
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Fig. 2. Solid state NMR spectra of ground domestic ceramic
ware: (a) 2?Al MAS NMR of a Chinese made white ceramic
(A4) sample, (b) Al MAS NMR of sample B2, Wileman and
Co bone china manufactured in Britain in Victorian/Edwardian
times (1892-1911), (c), Si MAS NMR of a Crown Lynn “Fleu-
rette” patterned breadplate, (d) Si MAS NMR of the B2 sample
and (e): *'P MAS NMR of the B2 sample.
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aim of this study was to study leaching which involved
learning more about glaze elemental composition rather
than the bulk ceramic body itself.

The modern era Chinese-made ceramics (all “A” coded
ceramic samples except for A7) and the New Zealand
made Crown Lynn ware (“C” coded samples) gave mostly
similar Al MAS NMR spectra. In general, an asymmet-
ric and generally strong ?’Al peak was observed from 45-
52 ppm with a weak/broad (sometimes barely discernible
peak) at 0.6 to -15.6 ppm. These ceramics contain'® mull-
ite or “AlSi,0 ,” which has a structure consisting of col-
umns of octahedral AlO, units cross linked by SiO, and
AlO, tetrahedra. *’Al peaks at -0.9 to 3.5 ppm represent
octahedral “AlO,” species in mullite'” while peaks in the
same compound occurring over the range 57-63 ppm cor-
respond to “normal AlO,”, i.e. tetrahedrally coordinated
aluminium species, with a distorted tetrahedral “triclus-
ter” environment in regard to the Al centre (and called
the “Al*” unit ) producing peaks at 42-48 ppm. The Al*
designation represents environments in mullite phases
which involve three distorted tetrahedral Al-O groups
where charge imbalance in structure (caused by cross-
linking SiO, and AlO, tetrahedra) is compensated for by
formation of characteristic oxygen vacancies in conjunc-
tion with three distorted tetrahedral Al-O groups.!” In ?’Al
spectra of the ceramics shown in Table 3, the peaks refer-
ring to the fetrahedral Al species in mullite, i.e. over 45-
52 ppm, are considerably broad and hence may contain
a range of tetrahedral aluminium species extending into

the chemical shift ranges discussed for mullite above, i.e.
above 50 ppm. It is also important to note that ground ce-
ramics specimens contain not only the bulk ceramic ma-
terial but also the glaze which will contain various metal
ions for colourant or opacifier purposes such as zirconia/
zirconium silicate or tin oxides which may have unknown
effects on the width and chemical shift of the Al peaks
observed. Sample A2 (the blue glazed Chinese made
bowl) differed from the other samples in that the *’Al
spectrum of this sample exhibited a relatively more in-
tense peak at 0.7 ppm and a /ess intense peak at 37.7 ppm,
which means that octahedrally coordinated Al species in
this ceramic were more prevalent than tetrahedrally coor-
dinated Al species prevalent in other samples of ceramics.

»Si MAS NMR spectra of the modern Chinese made
and Crown Lynn ceramics featured peaks varying from
-103 ppm to -109.4 ppm [see Fig. 2(c)]. The peaks were
partially symmetrical in shape but broadened consider-
ably in the case of bone china specimens [see Fig. 2(d)
and later discussion]. In general, according to McKenzie
and Smith,'” mullite gives *’Si shifts at -86, -90 and -94
ppm. It has been shown by *Si MAS NMR! that as ka-
olinite-containing clays are fired, dehydration occurs and
metakaolinite forms with a “sudden” appearance of free
silica in the mix (at 970 °C), which is then followed by
the formation of the mullite above 1100 °C. The *Si MAS
NMR spectrum of the finally developed mullite phase in-
dicated by McKenzie et al'® in their study is practically
identical to the spectrum exhibited by the Chinese made

Table 3. Chemical shifts observed in the 2° Si, ’Al and *! P solid state MAS NMR spectra of selected ground ceramic wares studied

Sample Code »Si shift/ ppm 27A1 shift /ppm 3P shift /ppm

Al Black Chinese-made bowl -102.1 51.6 (strong) 2.9 (broad,weak) No peaks detected

A2 Blue Glaﬁi’vclhmese-made -103.7 46.2 (medium) , 0.6 (strong) No peaks detected

A3 Red NOVA brand Chinese- -107.3 45.4 (major) -15.6 (weak,broad) No peaks detected
made mug

A4 White Harrison and Lane
Chinese made bowl

-107.6 (major), -88.4 (weak
shoulder)

46.0 (strong), -11.0 (weak, broad) No peaks detected

A7 White Bone China Indian
made Home Concepts brand

-86.9,-90.4,-95.7,-101.4 and
-106.1 (one broadened peak with

51.3 (broad, major), -20.3

(narrower, minor) 0.5 (with spinning side bands)

Fruit on outside. Chinese made

Mug splittings)
A10 Green/Yellow Mug, Haven
Brand with printed transfer of -106.2 46.2 (strong, broad), -11.5 No peaks detected

(medium)

-84.3,-85.8,-90.1,-95.4,-100.3,
-101.9, -105.9 (peak positions
of one broadened peak with
multiple splittings)

B2 (Wileman and Co,
Staffordshire)

47.9 (major, broad)), -19.8
(medium, narrower)

0.5 (strong), 2.8 (sh) (with
spinning side bands)

-90.2,-96.6, 101.59 (peak
positions of one broadened peak
with multiple splittings)

BS5 (Alfred Meakin, Bleu du Roi
bowl, Staffordshire)

50.5 (strong) and -20.6 (medium) | 1.1 (with spinning side bands)

C4 Crown Lynn Breadplate, New
Zealand made with Tartanesque

on broader base)

made breadplate

design, Roydon Tam O Shanter -106.9 46.6 (strong), -9.8 (weak, broad) No peak detected
brand.

C5 Crown Lynn Breadplate New

Zealand made with floral design | -109.3 (sharp peak superimposed

under glaze “Fleurette Brereton on broader base) 45.0 (strong), -12 (weak.broad) No peak detected

‘Ware” pattern.
C7 Crown Lynn (Kelston .
Ceramics brand) New Zealand -109.4 (sharp peak superimposed 46.1 (strong), -10.3 (weak) No peak detected
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plain white dish sample (A4) which in composition (see
later for XRF studies and Table 4) contains mostly Si and
Al and possibly some Zn oxide as an opacifier/to prevent
crazing. Hence this ceramic would contain mullite and
silica, i.e. cristobalite, which gives a ?°Si chemical shift
at -109 ppm', in its composition. Though not directly
comparable to the A4 sample, a library-referenced XRD
analysis of a sample of ground A5 (striped multi-coloured
Chinese made bowl) indicated that cristobalite and mull-
ite phases were principally responsible for the XRD peaks
detected. The Chinese-made samples A1 and A2 exhibited
»Si shifts of -102.1 and -103.7 ppm, respectively, which
differs from shifts given by the A4 sample suggesting a
different mineral mix alongside mullite phases. Without
extensive XRD analysis, it is difficult to confirm. In these
particular specimens which are highly coloured (black
and blue respectively), the influence of the glaze colou-
rants and other additives (XRF indicates the presence of
Cr, Zr, Zn, Ba and Sn in these ceramic wares) should also
be considered. The 2Si MAS NMR spectra of the C5 and
C7 Crown Lynn samples featured a sharp peak at -109.3
to -109.4 ppm superimposed on a broader peak indicating
cristobalite to be present in these specimens.

The bone china containing ceramic items (A7, B2, BS) ex-
amined by MAS solid state NMR spectroscopy were the
only samples to give *'P MAS NMR spectra due to the use
of tricalcium phosphate in these items. Hence samples B1,
B2 (Victorian bone china), B5 (mid-20" century British
bone china) and sample A7 (modern Indian made bone chi-
na mug) gave intense peaks centred at 0.5 to 1.1 ppm in 3'P
MAS NMR spectra. The positioning of the peak was in the
region expected for the orthophosphate (-PO,) functional
group'®. The #Si signals for the bone china specimens were
different to those given by the other ceramics samples as
they gave characteristically broad signals centred at ca. -95
to -100 ppm and consisting of several superimposed peaks
on top ranging from -86 ppm to -106 ppm. In the case of the
Wileman (B2) British Victorian Era ceramic, a library ref-
erenced XRD analysis of the sample indicated among other
phases the presence of anorthite (CaALSi,O,) as expected.
Anorthite, a plagioclase feldspar is known'” to exhibit *Si
chemical shifts from -83 ppm to -105 ppm. The Al MAS
NMR spectra of the bone china specimens (A7, B2 and BS)
invariably featured two peaks, an intense peak at ~50 ppm
corresponding to tetrahedrally coordinated Al as in mullite
and a weaker and sharper peak at -20 ppm £1 ppm which
could be due to an AIPO, phase in the material."

XRF studies of the food and drink ceramics

In general, XRF detected a total of 48 trace elements (lev-
els reported as ppm levels) and 10 major elements (re-
ported as oxides presented in percentage (%) values) in
the analysed ceramic wares. Table 4 presents a complete
summary of the results for all samples investigated. Some
interesting comparisons can be shown between the dif-
ferent types of china studied. Some surprises have also
been thrown up by the results especially with regard to
New Zealand made ceramics but can be well understood
in terms of the age and history of the pieces and normal
practices used for glazing in the relevant eras of produc-
tion of the domestic ceramics.
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Bulk compositions of the ceramics studied

General comments on the bulk composition (shown as %
units in Table 4) of ceramic items investigated by XRF
can be made as follows. The modern non-bone china
Chinese-made ceramics (A1-AS5, A9, A10 and A11) gave
a % Si signal from 27.26 to 33.8 %. The % Al was 9.42
to 13.27. Mullite and cristobalite phases would comprise
the bulk composition of these ceramic wares. The New
Zealand-made Crown Lynn ceramic ware and unknown
origin (British made) grey cup exhibited similar % values
as the Chinese-made ceramics with respect to Si and Al,
i.e. for C2-C8, and Ul(British) % Al was 9.89 to 14.28
and % Si was 32.14 to 34.63. As for the Victorian and
mid-20" century British bone china bulk compositions,
the presence of calcium phosphate from bone in the bulk
composition affected the % Al and % Si values. % Al
varied from 7.43 to 8.66 while % Si varied from 16.8 to
21.53. The Wileman (B2) bone china cup had the lowest
% Si value. In addition to the Al and Si signals, the % P
varied from 5.54 to 6.38 in specimens and the % Ca var-
ied from 14.45 to 15.08. The modern A7 (Indian made)
bone china cup, exhibited % Si and % Al values of 20.93
and 7.43 respectively while % Ca and % P were 15.08 and
6.38 respectively.

Glaze components of the ceramics studied

XRF analysis of the ceramic wares in this study provided
indicative levels of the specific glaze components. These
informed ICP-MS analyses of solutions exposed to vari-
ous leachate solutions and helped in understanding the
colours and finish of the ceramics in question. In addition,
the XRF analyses threw up some surprises with respect
to glaze compositions of locally made ceramics. These
could, however, be well understood in terms of the age of
the pieces. Current trends in glazing practices can also be
understood from the XRF results obtained for the modern
Chinese-made and Indian or Thai-made ceramic pieces.

It is important to understand the basic function of glazes
and what some specific compounds formulated in glazes
are for. In general, a glaze can have the dual function of
acting as a pottery or ceramic sealant as well as provid-
ing a way of decorating the piece. Colomban et al."® dis-
cuss glaze attributes in relation to old French porcelain
ware made in Sévres. It should be noted that many types
of glaze exist with varying chemical composition. Fac-
tors like the Al/Si ratio and the fluxing agent used in the
glaze can vary widely between glaze types. This area is
complex both in practice and in study. When decorating
ceramic ware, common colourants are oxides of metals
such as iron, cobalt, copper, chromium, manganese, an-
timony and titanium. These metals give a characteristic
range of colour tones though these will depend on factors
like the glaze composition (which acts to enhance the co-
louration), the firing temperature, the atmosphere in the
kiln, the degree of grinding of the glaze components, etc.
The actual colour arises from various outcomes'® such as
the dissolution of the colourant in the glaze mixture, pre-
cipitation of new phase in the glass matrix or dispersion
of a preformed phase in the glaze. It is also possible to
have underglaze colours as an alternative to externally ap-
plied colourants which consist of a pigmentary oxide or a
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mix of oxides with flux used to bind the colourant to the
surface of the ceramic to be decorated. Sometimes pig-
ments used can also be sulfides such as cadmium sulfide
for instance though glaze colourants are mainly oxides.
Other functions added to the glaze mixture are compo-
nents known as opacifiers which are compounds which
disperse the incident light on the ceramics, making it look
“opaque”. Typical opacifiers are zirconium(IV) silicate®
and tin(IV) oxide. Zirconium silicate is also recognised
as being highly resistant to corrosion by alkali materials
which would be of relevance when cleaning these items
using caustic cleaning agents in a dishwasher. Other addi-
tives are very useful in preserving the functional integrity
of the glaze when subjected to the usual wear and tear of
domestic use. Zinc oxide®! has a high heat capacity, ther-
mal conductivity and high temperature stability. It also
has a low coefficient of expansion which is a desirable
attribute to possess when used in ceramics production.
When added to the glaze, it can hence affect the melt-
ing point and optical properties. Due to its low expansion
properties, it can be beneficial to the elasticity of glazes
by inhibiting viscosity changes as a function of tempera-
ture. This attribute hence prevents crazing and shivering
in food and drink ceramic items. Thermal conductivity is
increased and heat capacity decreased if ZnO substitutes
BaO and PbO in a glaze. Zinc oxide is also useful for
providing a glossy and attractive look to ceramic surfaces.

The colours present in glazes are mostly due to metal
oxides included in the glaze composition known as co-
lourants. Specific elements are associated with specific
colours. Black and grey colours can be created via use of
Co, Mn, Ni, Cu, and Cr-based colourants.' Blue is most
often provided, at least historically, by the use of Co, al-
though Zr-V-based pigments are nowadays used for this
purpose. Greens are provided by Cu, Ti, Fe and Cr(III)
oxide colourants, while yellows can be created by the
use of colours like “Naples Yellow” which utilises chro-
mium titanate mixed with titania. “Naples Yellow Hue”
uses synthetic iron mixed with titania to create the colour.
The original but now defunct Naples Yellow colour had
been created by Pb(Il) antimonite, Pb(SbO,),/Pb,(Sb,0,),
which was toxic.”? Other compounds used in the past to
achieve yellow colouration were CdS* and lead chro-
mate. Brown and tan pigments for ceramics can be cre-
ated via the use of Zn/Fe/Cr spinels or use of Cr, Fe or
Sn-based compounds in a zinc oxide glaze."”

(a) XRF analysis of British-made Victorian and mid 20"
century ceramics (Samples Bl, B2, B5)

Examination of Table 4 indicates that the B1 sample con-
tained, apart from the usual bulk Si, Al, Ca and P compo-
nents, 12,010 ppm of Pb together with 266-268 ppm of
Rb and Sr most likely emanating from the bulk ceramic
composition. This clearly indicates that this item of bone
china contained lead oxide in the glaze. The item was
mostly glossy white in appearance with a sparse amount
of decoration and gold gilt. B2 exhibited a similar trend
composition-wise to the B1 sample with Pb (8179 ppm)
being a prominent feature (in the ppm concentration
range). The mid-20" century-manufactured Alfred Mea-
kin bone china (B5) contained the highest amount of Pb

(27,420 ppm) of all the ceramics samples investigated.
The only other British-manufactured item subjected to
XRF analysis was the grey teacup sample Ul. XRF in-
dicated 3974 ppm of lead in Ul and a variety of other
components (S: 997 ppm, Co: 500 ppm, Zr: 795 ppm, Sn:
2082 ppm), which could have been used as colourants,
opacifiers and fluxes.

(b) New Zealand-made Crown Lynn ceramics

XRF analyses of samples C2-C8 are as detailed in Table
4. The Crown Lynn wares gave variable results in terms
of glaze components which depended on the colouring
of the glaze present in the ceramic wares. The most in-
teresting aspect of the analysis was the fact that high Pb
content was indicated by XRF ranging from 4000 to >
18,000 ppm. The honey-glaze brown Crown Lynn bread-
plate (C7) had the highest level of Pb in its glaze of the
Crown Lynn items. These results were an initial surprise
but could be understood in terms of the usual practice in
the 1960s and 70s of using lead-based glazes on domestic
crockery. The presence of a large amount of Pb oxide in a
glaze should not be automatically regarded with alarm be-
cause lead oxide has been used successfully and safely for
many years but glazes containing it must be properly for-
mulated if leaching is to be avoided.!® This is normally ac-
complished by fritting, where the lead oxide is combined
with high amounts of silica in a frit (premelted and pre-
ground glassy materials that are composed of measured
percentages of glaze oxides). In these, Pb is bound tightly
in the silicate matrix making it less leachable. Items man-
ufactured earlier like some items of British bone china
as in samples B1 and B2 (see later in ICP-MS leaching
studies section) did appear to suffer from greater relative
leachability of the Pb from glazes under stress. Later tech-
nological developments led to glaze formulations involv-
ing Pb oxides becoming more food safe.

Other components indicated by the XRF analyses in the
Crown Lynn ceramic items can be understood in terms
of their roles as opacifiers or fluxes and their colour. The
C2 sample, a dark blue teacup, contained a relatively
high amount of Zn (3586 ppm), Zr (3586 ppm), Sn (448
ppm), and Ba (5478 ppm). The glaze on this particular
Crown Lynn item was more matte than shiny and could
perhaps be understood in terms of the high Zn content
which is reputed to have a complex effect on glaze colour-
ings when present at high concentrations.?! Compared to
all other Crown Lynn samples investigated for Cd, this
was the only item to show a value for this element (88
ppm) suggesting it could possibly be contributing to the
glaze colouring. The XRF analyses for the C3, C4, C5,
C6 and C7 specimens were not especially remarkable and
apart from their prominent lead content contained varying
amounts of Ba, Zr, Sr and other minor elements. How-
ever, zinc oxide as a glaze component is noticeably absent
in the Crown Lynn wares, apart from sample C2 (cf XRF
analyses of Chinese, Indian and Thai-made ceramic wares
later) and might explain why some of these older Crown
Lynn items are subject to more crazing in their later life.
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Table 4. Summary of XRF results of ceramic ware studied. Not all ceramic ware illustrated in Table 1 was subjected to XRF analysis.

Element | Measured as Al A2 A3 A4 AS A7 A9 A10 All B1 B2
Na % 3.075 0.735 1.16 1.06 0.685 1.18 1.115 1.06 1.35 1.4 0.655
Mg % 0.15 0.13 0.42 0.32 1 0.38 0.468 0.53 0.08 0.26 0.23
Al % 10.345 13.27 10.48 10.84 | 12.275 7.43 11.97 11.52 9.42 7.98 7.515
Si % 30.465 27.26 30.04 33 | 28.005 20.93 338 32.19 30.74 21.53 16.8

P % 0.05 0.03 0.05 0.01 0.05 6.38 0.050 0.03 0.04 5.54 5.705

ppm 84.5 93 169 85 142.5 57 162.8 1034 95.00 <19 <14

Cl ppm 113 116 53 <12 114 71.7 <13 187 | 119.00 <3.6 63.45
K % 1.08 2.77 1.8 1.92 1.25 1.51 1.949 2.97 1.75 1.63 1.5

Ca % 0.8 0.615 0.54 0.15 1.1 15.08 0.409 0.16 0.63 14.05 14.5
Ti % 0.14 0.415 0.05 0.03 0.345 0.06 0.065 0.04 0.05 0.01 0.01
A% ppm <4.0 117 4 13.7 112 <53 <3.6 26 <4.1 <22 <24

Cr ppm 880 99.5 106 9.3 110.5 36 473.2 59 23.50 87 26
Mn % 0.04 0 0.03 0.03 0.01 0.00 0.029 0.06 0.03 0 0
Fe % 0.97 0.47 0.41 0.28 0.44 0.20 0.413 0.42 <42 0.23 0.20
Co ppm 320 209 23 16.5 51 15.8 261.6 104 12.70 23 36
Ni ppm 40 22 29 17.1 25.5 <19 16.4 24 2.55 5 5.55
Cu ppm 18.7 7.4 42 11.1 12.4 13.4 7.8 29 4.50 33 26.5
Zn ppm 822.5 282.5 1210 42 550 100 568.1 269 | 3243.50 314 129.5
Ga ppm 26.5 28.5 33 34 25.5 12.3 36 15.2 31.50 17.3 23.5
Ge ppm 2.35 3.05 22 0.9 2.1 <0.7 2.9 3.1 430 <0.9 <0.8
As ppm 13.85 3.75 <0.9 <0.6 1.8 126 1.2 <53 29.50 19 11.9
Se ppm 1.3 2.15 55 0.3 5.7 <0.5 0.7 <0.6 0.90 <1.1 <0.9
Br ppm 0.8 1 0.4 0.2 1.9 <0.5 0.5 1.4 <4.5 <0.6 23
Rb ppm 127.5 111 243 346 83.5 78 259.6 695 | 421.00 268 255.5
Sr ppm 38 291.5 291 28 124 386 381 31| 115.50 266 279.5
Y ppm 30 30.5 66 152 23.5 9.4 99.2 16.7 43.50 <0.5 <0.5

Zr ppm 453.5 413 3397 99 774.5 127 1287 114 | 738.00 43 38
Nb ppm 19.45 23 35 36 19.1 10.2 339 23 42.00 27 22.5
Mo ppm 2.45 4.05 7.3 2.7 4.25 1.5 5.7 0.8 2.90 0.7 0.4
Ag ppm <0.4 <0.4 1.1 <04 <0.4 <04 <04 10.6 <04 0.8 0.8
Cd ppm <0.5 0.55 191 <0.5 17.4 2.9 <0.5 <0.5 1.20 <0.5 <0.5
In ppm <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7
Sn ppm 29.5 7.4 1413 153 7.9 18 20.7 262 44.50 10.6 39
Sb ppm 2.55 <0.9 0.8 <0.9 <0.9 8.4 <09 294 <4.6 4.2 0.4
Te ppm 4.8 1.55 2.8 <12 1.6 <1.2 3.8 <12 6.50 <1.2 <1.2
Cs ppm 40.5 19.4 16.5 13 20.25 3.8 35.8 45 87.00 9.6 9.75
Ba ppm 3345 1906 2534 120 1122 1393 2784 98 4203 218 376
La ppm 61 61 47 61 48 <49 94.9 18.4 44.50 <49 <4.9
Ce ppm 110.5 114 71 77 93.5 8.2 127.6 38 69.00 11.8 <5.8
Nd ppm 29 42.5 42 68 43 <10 64.6 19.4 44.00 <10 <10
Hf ppm 16.3 14.35 77 12 20.05 <3.7 33.1 7 2.80 11.8 9.3
Ta ppm 10.15 6.95 14.9 16.4 7.7 <59 12.9 9| 110.00 <4.0 <35
w ppm 15.25 6.65 4.1 13.6 3.7 2.9 43 22 7.80 20 22.5
Hg ppm 1.1 0.55 1.7 <0.4 0.7 <1.0 0.9 <0.9 23.00 <15 <1.2
Tl ppm 3 245 2.1 1.7 1.65 <1.6 2 <2.1 14.90 <42 <34
Pb ppm 49.5 29 132 71 56 288 154 3907 111 12010 8179
Bi ppm 6 2.7 6.1 <04 1.75 <1.6 5.2 <1.9 7.8 <4.6 <3.5
Th ppm 28.5 325 50 35 29 13.5 48.4 2.6 23 <15 <lL.5
U ppm 15.6 12.1 7.5 13.5 10.4 2.1 <15 10.5 14.5 13.7 7.6
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Element B5 Ul C2 C3 C4 C5 Co6 C7 Cc8 Blank 1 ALO, Blank 2 ALO,
Directly Ground for
sampled analysis

Na 1.116 1.33 1.51 1.21 1.43 0.93 1.31 1.03 1.27 0.36 0.43
Mg 0.262 0.34 0.29 0.28 0.14 0.27 0.36 0.38 0.10 <0.0067 <0.0068
Al 8.655 10.53 12.54 12.07 9.89 12.64 12.58 14.28 12.96 49.71 50.41
Si 20.76 32.14 33.6 31.69 33.19 343 33.95 36 34.63 0.10 0.35
5.815 0.08 0.05 0.06 0.02 0.03 0.09 0.04 0.08 <0.0030 <0.0030
S <27 997 240 185 1047 240.7 259 443 227.5 132.8 153.1
Cl <43 82 30 33 77 <29 <3.8 <3.6 <2.7 <10 <10
K 2.016 1.1 1.21 1.26 1.15 1.06 0.96 1.24 1.38 0.00 0.01
Ca 14.45 0.55 1.74 1.69 0.32 0.35 0.34 0.24 0.38 0.04 0.05
Ti 0.011 0.41 0.3 0.31 0.34 0.42 0.47 0.58 0.50 0.00 0.00
A% <2.1 58 49 61 63 71 50 85 72 3.4 4.6
Cr 10.2 31 116 41 54 44.5 28 433 9.8 <0.3 14.7
Mn 0.005 0 0.01 0 0 0 0.03 0 0.30 0.00 0.00
Fe 0.20 0.37 0.45 0.45 0.46 0.46 0.59 0.47 0.60 0.01 0.01
Co 92 500 58 15 53 58 86 74 61 <0.5 <0.6
Ni 31.6 24 38 11.4 11.5 9.9 11.2 9.6 12.3 39 3.4
Cu 33.1 4.4 6.6 49 4.1 7.2 6.1 10.6 24 <03 <03
Zn 69.7 80 1360 43 47 64 38 47 35 6.8 6.2
Ga <6.2 11.1 19.3 9.9 11.1 <29 <4.0 <4.1 <28 59 58
Ge <15 <0.5 <0.6 1.5 <0.5 <0.7 <1.0 <1.0 <0.7 <0.2 <0.2
As <22 <52 <6.6 <6.2 <52 <9.6 <14 <15 <9.4 <02 <0.2
Se <2.1 <0.5 <0.7 <0.6 <0.5 <0.9 <14 <15 <0.9 0.6 0.5
Br 9.1 0.9 0.9 0.9 0.6 1.7 2.9 3 1.1 0.2 <0.1
Rb 402.4 62 64 64 67 61 80 72 117 0.6 1.2
Sr 163.2 41 78 89 49 305 71 382 64 1.7 1.5
Y <05 26 36 40 32 5.1 <0.5 <0.5 6.1 1 0.9
Zr 55.7 795 3586 1309 215 286 235 330 297 18.6 18.8
Nb 29.8 28 23 21 19 22 29 31 24 0.9 1
Mo <1.0 43 8.7 4.5 2.3 2.8 2.1 3.1 4.7 0.8 0.6
Ag <0.5 2.1 1 0.5 <04 1 1.3 <04
Cd <0.7 <0.5 88 <0.5 <0.5 <0.5 <0.5 <0.5 1.1 <0.5 <0.5
In 137.8 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7 <0.7
Sn 13.3 2082 448 290 9.7 14.2 12 9.6 8.8 <0.7 0.7
Sb <12 2.5 6.9 1.4 1.5 25 3 0.4 1.2 0.9 0.7
Te <15 <12 1 <12 2.3 <12 0.7 <12 <12 2 1.3
Cs 10.2 6.1 11.1 7 24 5.7 3.4 3.4 8.1 10.2 8.7
Ba 121.1 367 777 121 590 242 139 311 231 10.7 14.1
La <49 11.2 19.3 14.5 49 10.9 10.7 10.2 23 18.6 23
Ce <58 27 208 34 75 28.9 33 29 52 24 22
Nd <10 10.5 13.5 <10 54 <10 10.9 <10 <10 29 47
Hf 8.9 22 78 31 9.8 14.5 132 10 13.1 33 33
Ta <5.1 <20 <2.7 <2.1 <19 <25 <29 <3.1 <3.0 35 2.6
w <3.5 12.9 <4.7 15.1 10.3 11.4 13.1 12 9.8 35 2.7
Hg <2.6 <0.8 <0.9 <0.9 <0.8 <13 <18 <18 <12 1.3 1.1
Tl 16.6 <2.0 <2.6 <25 <2.0 <3.6 <53 <55 <3.5 1.7 1.4
Pb 27420 3974 5478 5229 4087 9992 17180 18010 9756 2.1 3.5
Bi <8.8 <2.0 <2.7 <24 <2.1 <3.8 <5.6 <5.1 <33 1.1 0.8
Th <15 17.7 48 16.3 9.1 26.3 <15 <15 6.1 23 24
U 5.4 9.4 9 8 9.7 8.1 8.3 5.6 4.8 4.4 4.1
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(¢) Modern ceramic wares (made in China, India and
Thailand)

The XRF analyses of the modern ceramic wares (see Al-
All entries in Table 4) gave variable glaze content de-
pending on the colours of the items tested. However, some
commonality of trends can be observed between the sam-
ples. The first observation is that apart from sample A10
(Haven brand screen printed coffee mug made in China),
Pb content of these items was either low or insignificant
compared to the British-made or New Zealand-made ce-
ramic wares. This is a consequence of modern manufac-
turing practices in ceramics industries which have leant
towards non-Pb oxide based glazes in domestic food and
drink items. The replacement for Pb oxide in the glazes of
the modern ceramic items appears (at least as to what can
be implied from these current XRF analyses) to be Ba-
based glazes as compared to the older ceramic items stud-
ied. Ba features strongly in all the analyses of the modern
ceramic items apart from A4 and A10 (which are either
colourless ceramic items or only contain transfer printing
as in the case of A10 where this printed pattern contained
Pb in the colouring/glaze). Even the bone china cup made
in India that, had it been an older British made item would
have been glazed using a Pb oxide glaze, contained signif-
icant Ba and only a moderate amount of lead (288 ppm).
Hence Ba-containing compounds are important for devel-
oping strong colours in the glazes. Most of the modern
ceramic wares apart from a white glazed dish (A4) and
white bone china mug (A7) contained significant levels
of Zn with the highly coloured Thai-made mug (All)
containing a very large amount of Zn (3243.5 ppm). Zr,
presumably present as zirconium silicate, is also common
in the modern wares where it functions as an opacifier.
Samples A4, A7 and A10 do not have such high levels
compared to the rest of the samples. Other common com-
ponents were Sn, likely present as tin (IV) oxide and used
in a similar manner to zirconium silicate as an opacifier.

Some individual samples exhibited unique components.
The A1 sample (black glazed bowl) featured a significant
Cr content (880 ppm) which is likely correlated to its use
as a colouring agent, along with 320 ppm Co, in the glaze.
Sample A3 (red coffee mug) was the only item of the mod-
ern ceramic items analysed by XRF to give a significant
(above baseline) level for Cd which is likely correlated to
its red colouration. S content was similar at 169 ppm, so
a CdS colourant might have been used (Table 4). The cup
had a matte finish to its glaze and this might be correlated
to the relatively high Sn content (1413 ppm) if the tin
functioned in its role as an opacifier. Blue coloured items
A2 and A9 would have had Co-containing compounds in
their glaze (analysed at 209 and 261.6 ppm respectively).
As stated earlier, ceramic item A10 contained an unusu-
ally high level of Pb in its glaze which can probably be
attributed to the printed pattern on its outer surface. The
S level in the XRF analysis for this item was correspond-
ingly high at 1034 ppm implying that PbS or galena may
have been used as the source of the lead glaze, though
without further analyses this is speculative. As mentioned
above, lead was detected in all the modern ceramic sam-
ples but at comparatively modest levels compared to the
Crown Lynn and British ceramics. The detection of lead
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in the modern ceramic item A 10 shows that Pb can still be
used in some items which may be of concern if it is not
food safe.

Inductively Coupled Plasma Mass
Spectrometry Results

As stated earlier, the following elements were analysed
in the ICP-MS investigations: '°B, #*Na, *Mg, ’Al, ¥K,
#Ca, 5V, 53Cr, 4Fe, Mn, ¥Co, “Ni, $Cu, %Zn, "5As, *Se,
$5Rb, 1¥Ag, 1'Cd, 1%Sn, 137Ba, 2°5Ti, 27Pb and »*U. Some
of these elements were chosen based on their presence in
the XRF analyses while others were chosen out of general
interest, e.g. As, and because they had standards associ-
ated with them.

The 4% acetic acid test was used because metals such as
Pb may have a higher tendency to leach from glazes when
exposed to acid conditions.!® Table 5 summarises the ICP-
MS detection limits for some of the metals of interest that
may leach from ceramics. All ICP-MS results should be
taken as indicative.

Table 5. Instrument detection limit (for the Perkin Elmer instru-
ment used in this study) in ppb for analysis of selected metals
by ICP-MS

Ba 137
0.04

Pb 207
0.02

Cr53
0.10

Co 59
0.00

Cd 111
0.01

4% acetic acid leaching results

(i) British Victorian era and mid 20"-Century bone
china ceramic wares

The results for the British Victorian era and mid-20" centu-
ry bone china ceramic wares after leaching with 4% acetic
acid in the dark (covered with Al foil) at ambient tempera-
tures are shown in Table 6. Included is the sample labelled
“U1” which is also British made (mid 20"-century).

Table 6. Leaching results from the first leaching test for selected
elements in 4% acetic acid leachate solution from British Vic-
torian era and mid 20"-century ceramic samples after a contact
period of 24 hours. Values shown as means and errors (where
given) are 95% confidence errors.

Elements | B2 BS B6 Ul
(ppb)
Pb 46992 * 1616268 1 618 | 1000 | 2893
cd <DL* | 1+01 | <DL | <DL | <DL
Ba | 4 401 |522+39| 13211 083 27
Cr <DL | 35:48 | <DL | <DL 3
Co | 3<01 | 9411 5+04 | o001 102

2 < DL indicates below detection limit.

The results clearly indicate that the bone china items from
earlier eras (B1 and B2, Victorian era) leached a signifi-
cantly larger amount of lead into the acetic acid relative
to later Pb-glazed bone china items from Britain manu-
factured in the mid-20™ century (BS5, B6). However, the
grey cup (Ul) leached lead levels which were high for a
supposedly more modern item. According to Lehmann’s
article,' lead glazed ware subjected to the acetic acid test
should release less than 500-2000 ppb of lead if it is con-
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sidered to be safe for use with food. Samples B5 and B6
casily pass the test, however B1, B2 and Ul clearly fail
the test. It may be important to note however that due to
the fact that samples of B1 and B2 were received as bro-
ken chinaware that this necessitated the soaking of broken
pieces in the 4% acetic acid solution which might have
enhanced extraction of Pb via acid action on the fracture
edges of broken chinaware. Although the Ul sample is
clearly an exception, the apparent differences in lead
release noted reflect different glazing practices with the
Victorian bone china wares being less well fritted com-
pared to the more modern British bone china pieces from
the 1950s where lead glaze fritting technology would
have been more developed to prevent lead release. This is
especially the case with the B5 sample as this contained
the highest level of Pb detected amongst all ceramic spec-
imens tested based on its XRF analysis and yet this item
showed a very low release of Pb in the 4% acetic acid
test. As a test of reproducibility of behaviour some of the
Victorian era bone china test pieces were subjected to a
second 4% acetic acid leaching test and the behaviour ex-
hibited was largely reproduced.

(i) New Zealand-made Crown Lynn ceramic wares

The Crown Lynn samples (C2-C8) were shown to have
appreciable levels of Pb in their glazes by XRF analyses
(see Table 4). Crown Lynn samples analysed included a
mix of plates and tea mugs and some account must be
taken of release when occurring from different shaped
ceramic ware, for instance bowls vs. plates. The results
obtained from the 4% acetic acid leaching test with regard
to the amount of Pb, Cd, Cr, Co and Ba leached from the
Crown Lynn wares are given in Table 7.

Table 7. Heavy metal concentration in 4% acetic acid leachate
solution from Crown Lynn samples after a contact period of 24
hours. Values are shown as mean values.

Elements | ) | 3 | c4 | 5| c6 | €7 | 8
(ppb)
Pb 75 | 215 | 16 | 33 | 353 | 688 | 4880
Cd |<DL*| <DL | <DL | <DL | <DL | <DL | 1
Ba 10 | 9 | 32 [ 41 | 11 | 54 | 9
Cr <DL | 4 7 |<pDL| <DL | 14 | 5
Co 2 1 4 15 | 11| 12 | 69

# < DL indicates below the detection limit of the instrument.

The results of the Pb release are interesting as despite
having high levels of Pb in their glazes as indicated by the
XRF analyses, most of the Crown Lynn pieces leached
relatively low — and from a safety viewpoint, acceptably
safe — levels of Pb into the 4% acetic acid solution (with
the exception of the C7 and C8, a honey glaze coloured
mug). This indicates the Pb glazes on most of the Crown
Lynn specimens were well fritted to immobilise Pb. How-
ever, unusually C8, which represented a honey glaze co-
loured mug (see Table 1 for illustration) leached a rela-
tively large amount of Pb into the solution (4880 ppb).
It is not obvious from the XRF analysis as to why this
mug should release an exceptionally greater level of Pb
although of the Crown Lynn items analysed by XRF, the
C7 mug exhibited the highest level of Pb present (18,010
ppm). As stated earlier, values of Pb released into 4% ace-

tic acid should be below a range of 500 to 2000 ppb'® and
in line with this definition, most pieces apart from C8 and
arguably C7 broadly passed this test though, it should be
borne in mind, that this conclusion was based on the con-
centration of Pb detected by ICP-MS and does not take
into account the ceramic items’ shapes.

As for other elements leached, the amount of barium
leached out was in the range 9 ppb to 95 ppb while the
values for Cd, Co and Cr leached in all the dishes were
perceived as benign.

(iii) Modern ceramic wares (China, India and
Thailand)

Leaching results for the modern ceramic wares (A1-A9)
in 4% acetic acid are shown in Table 8. The modern ce-
ramic wares were usually tested 2-3 times with the acetic
acid solution to assess reproducibility of trends. Those
which contained mostly colourless glazes were not tested
twice.

The amount of lead leached from the modern ceramic
wares during the first leaching test was extremely low and
not above 40 ppb, well within the lower safety limit of
500 ppb. The leaching potential of Ba is of far greater
relevance in these ceramic wares due to its greater preva-
lence in the glazes, especially of highly coloured items
as shown by XRF. In general, the amounts leached were
variable but generally judged to be low and below 50 ppb
except for sample A6, a Chinese-made red glazed plate
for which, unfortunately, an XRF analysis was not done,
nor was a second leaching test done. This leached Ba at
a concentration of 815 ppb, which we regard to be some-
what high and hence a measurement to be regarded with
some suspicion. Other elements analysed showed that
little had leached out of the modern ceramics into the 4%
acetic acid. Although health hazards related to the acute
ingestion of barium are known, especially barium car-
bonate or barium chloride, no standard limit for leaching
of barium from ceramic wares has been set. As per the
US Environmental Protection Agency (EPA)’s “Ba fact
sheet” the “maximum contaminant level goal (MCLG)
and “maximum contaminant level” for Ba in drinking
water is 2 ppm for each (MCL and MCLG)." The levels
shown in Table 8 for samples A1-A9, with the possible
exception of A6, are well below this level

Summary of leaching tests involving black and
lemon tea, cold water, and Coca-Cola

In general these tests were not carried out as per a des-
ignated standard procedure like the 4% acetic acid test
which is a globally recognised test but were designed
specifically by the authors as part of this study. As such
the results from these will be summarised as bar graph
figures where interesting trends arise to show the relative
leaching behaviours of items tested. Furthermore, testing
was generally restricted to items which could reasonably
contain the testing solutions so ceramic items tested were
generally teacups or mugs. Flatware ceramic dishes and
broken bone china, e.g. samples B1 and B2, were not able
to be tested conveniently in this manner.
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Table 8. Heavy metal concentration in 4% acetic acid leachate solution in ppb from modern ceramic samples after a contact period
of 24 hours. Tests were repeated 2-3 times for most coloured ceramic items studied. Mean values of replicates are reported for each
leaching test with fresh 4% acetic acid used to conduct each test. (a) samples A1-A3, (b) samples AS-A9, (c) samples A10-A1l.

(a)
Tests Al A2 A3 A4
Elemeﬂts 1 sta 2nd 3rd 1 st 2nd 3rd 1 st 2nd 1 st
Pb 8 16 3 15 14 <DL 18 20 <DL
Cd <DL <DL <DL <DL <DL <DL <DL <DL <DL
Ba 33 34 5 7 7 31 7 7 1
Cr 1 2 1 20 5 2 4 <DL 4
Co 10 62 3 7 6 21 <DL 1 <DL
(b)
Tests AS A6 A7 A8 A9
Elements ls! 2l|d 3rd ls( lst ls( 2nd lst
Pb 5 3 <DL 6 <DL <DL <DL 1
Cd <DL <DL <DL 15 <DL <DL <DL <DL
Ba 12 11 8 815% 6 46 18 34
Cr <DL <DL <DL 8 5 5 2 <DL
Co 1 1 <DL <DL <DL 13 6 <DL
* unusually high level of Ba which is considered suspect and is subject to confirmation.
(©)
Tests Al10 All
Elements lsl 2nd 3rd lsl 2nd
Pb 37 <DL 2 3 <DL
Cd <DL <DL 2 <DL <DL
Ba <DL <DL <DL 15 6
Cr 6 <DL <DL <DL <DL
Co 1 <DL <DL <DL <DL

a st 2m 31 refers to the first, second and third samplings respectively. ® < DL indicates below the detection limit of the instrument.

Figs. 3-4 are bar graphs showing the comparative leach-
ing behaviour of the selected ceramic ware in the various
liquids or beverages that had been placed in them. A quick
comparison of the bar graphs reveals that heat and low pH
on average produced more leaching in the items than with
cold water which is to be expected. In general, the pH of
the lemon tea was measured to be 3.2 and the tempera-
ture 85-90 °C. Coca-Cola beverages are known?* to have
a pH as low as 2.5, hence are reasonably acidic. Black tea
(Tetleys brand) has been reported® to have a pH at ap-
proximately 4.9 and is stated as being less of a problem in
terms of acidity to teeth compared to more acidic carbon-
ated drinks like Coca-Cola.** Adding milk to black tea,
however, increases the pH of the beverage and in fact this
was measured in the current study to be 6.73 for the leach-
ing solution consisting of the black tea with milk added.
Other components are present as well in black tea which
may have chelating abilities for metal ions such as the
salks of oxalic and citric acid®® which will have chelating
abilities depending on the pH of the medium. Cold water
exposed to CO, will generally*® have a pH approximately
equal to 5.5. In general, lemon tea and Coca-Cola can all
be regarded as being relatively more acidic solutions rela-
tive to black tea with milk added and cold water. With this
information in mind, the results for these leaching tests
involving various beverages can now be compared.

It is clear from looking at Fig. 3, which summarises leach-
ing data for ceramic items exposed to hot lemon tea, that
the acidic nature of this beverage has influenced results.
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There may also be an influence of chelating ions like ci-
trate or oxalate which could form complexes with metal
ions leached from the glaze, e.g. Pb** though this may be
highly dependent on pH and solubility issues in the case
of oxalate.”’” Samples U1 and C2 gave the most significant
concentrations of leached elements in the samples tested.
The largest numbers in the set relate mostly to Pb and to a
much lesser extent Ba leaching occurring with the Crown
Lynn cup C2 with the dark blue outer surface and light
blue inner surface. Pb leaching would be the most promi-
nent due to its level in the glaze (see XRF data in Table
4) whereas Ba content in the glazes for Ul and C2 were
moderate to low. The higher release of Pb may be under-
stood in terms of its physical state as there were scratches
due to former use on the inner surfaces of the cup and this
could be a point of release of metals when under stress
(hot, acidic liquids like lemon tea). These were also older
items. The other more modern ceramic items from China
or India either returned no significant readings (below de-
tection limit for the elements concerned) or else returned
very low readings for any elements tested suggesting
more leach proof glazes under the conditions tested.

The results for hot black tea with milk added (pH = 6.73)
showed apparently low numbers below 20 ppb for all el-
ements tested, indicating that this beverage causes low
leaching, especially for items Ul and C2 which normally
gave higher values (especially for Pb) in the other tests
(see Figs. 3 and 4). The same was observed when the
items were exposed to cold water.
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Amount of heavy metals leached from ceramic tea cups with hot lemon tea
120
100 | Tea Cups
80 - Hph
a Modern HBa
g 60 A3, A7, A9, A1l cd
| British cup/ Crown H(Co
40 Lynn mcr
20 U1, C2
Alfred Meakin
0 f T T BG
A3 A7 A9 Al10 All B6 U1 Cc2
Sample code
Fig. 3. Leaching results for ceramic mugs/teacups exposed to hot lemon tea
Amount of heavy metals leached from the ceramic tea cups with Coca Cola
Tea Cups
120 Modern
A3, A7,A9, A1l
100 - British cup/ Crown
Lynn cup -
B Pb
80 u1, c2
a Alfred Meakin ®Ba
. 60 -
o B6 cup cd
40 - HCo
20
0 ‘ ‘ - - B
A3 A7 A9 Al10 All B6 Ul c2
Sample code

Fig. 4. Leaching results for ceramic mugs/teacups exposed to Coca-Cola.

Conclusions

Overall the FTIR, XRF, solid state NMR and ICP-MS
analyses have indicated some interesting trends in the
glaze components of New Zealand domestic food and
drink ceramics. It is obvious that past ceramic ware was
predominantly glazed with Pb-containing compounds,
even New Zealand-made wares manufactured in the re-
cent past during the 1960s and 70s. The contemporary
Chinese, Indian and Thai-made ceramics sampled show
that Ba has replaced Pb in glazes where colours are in-
volved in the glaze patterning. In addition, other compo-
nents such as Sn or Zn oxides and zirconium silicate are
detected in the modern ceramic wares which probably
function as opacifiers in the glazes. Leaching testing on
older wares shows some concerns with Pb leaching on
selected items in 4% acetic acid, especially the British
Victorian bone china specimens. In contrast, more recent
(1950s) British manufactured bone china containing Pb in
the glazes are better fritted in comparison given the lower
leaching of Pb observed in these specimens by ICP-MS.
In general, with the shift to Ba-based glazes, this element
and its leaching potential should be placed under greater
scrutiny in leaching studies of modern ceramic items. Ad-
ditional work in this area would be of great interest.
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