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Abstract: In an effort to reduce the occurrence of chlorine derived residues such as chlorate and
trichloromethane (TCM) in milk and ultimately in dairy products, ‘chlorine-free’ cleaning of milking
equipment became compulsory in the Republic of Ireland (ROI) from January 2021. While data
exists on TCM levels in bulk tank milk, little is known about the prominence and typical levels
(mg/kg) of chlorate residue in bulk tank milk. To address this, 3625 bulk milk samples were collected
from six milk processors and were analysed for chlorate and TCM residues across 2020 and 2021,
with 2020 representing a period before chlorine-free cleaning was introduced and 2021 being the
period after chlorine removal. In 2020, 15% of the samples analysed had detectable levels of chlorate
(0.0020–1.6 mg/kg), but this reduced to 8% in 2021 (0.0020–3.9 mg/kg), following the introduction of
‘chlorine-free’ cleaning. Chlorate and TCM residues have not been totally eliminated because sources
of residue other than cleaning chemicals exist, i.e., chlorinated water.
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1. Introduction

Chlorine has formed the basis of cleaning routines across the dairy industry for
decades due to its excellent bactericidal and peptising properties [1]. However, chlorine
has negative aspects as well, such as the occurrence of disinfectant by-product residues
that are deleterious to human health. Chlorate and trichloromethane (TCM) are examples
of such residues. At high concentrations, chlorate is a significant threat to human health
due to its capacity to inhibit the function of the thyroid gland, particularly that of infants
and young children [2], and it is a regulated residue in the European Union (EU) [3]. A
maximum residue limit (MRL) of 0.10 mg/kg is imposed for chlorate in milk in its ‘ready
to use form’ [3].

Chlorate has previously been detected in both staple dairy products and dried dairy
ingredients produced in Ireland [4–6]. Chlorate is of particular pertinence to products
that are destined for consumption by infants and young children, i.e., infant milk formula
(IMF) [7]. A specific MRL of 0.01 mg/kg is in place for such specialist nutrition products [8].
Approximately 13% of the world’s IMF is produced in the ROI [9], earning approximately
one billion euros on an annual basis [7]. Butter is of similar economic importance to the
ROI, with an export value of 1.3 billion euros in 2023 [10].

In contrast to chlorate, TCM is not a product of chlorine degradation. Instead, it forms
as a result of the ‘haloform reaction’ which occurs when chlorine combines with a substance
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that contains methyl ketones, i.e., milk [11]. As opposed to targeting the thyroid gland,
TCM has carcinogenic properties [12]. TCM is a lipophilic residue and therefore, most
likely to be present and concentrate in fat rich products such as butter [1,12]. There are no
statutory limits in place for TCM in milk or butter, but milk processors in the ROI observe
industry-imposed limits. Milk destined for use in butter manufacture must have a TCM
content of <0.00124 mg/kg to yield butter with a TCM level of <0.0248 mg/kg [13].

In an effort to minimise the incidence of chlorate and TCM in farm bulk milk and
subsequently in manufactured milk products such as IMF and butter, dairy processors in
the ROI made the collective decision to prohibit the use of chlorine-based chemicals for
cleaning and disinfection on both dairy farms and in dairy processing plants. This came
into effect on 1 January 2021 [14]. The introduction of alternative ‘chlorine-free’ cleaning
protocols, which predominantly consist of sodium hydroxide detergents, phosphoric/nitric
acid descalers and peracetic acid (for disinfection), were introduced to the industry in
advance of January 2021, i.e., over 2019 and 2020 [14,15].

Despite the dairy industry’s commitment to the removal of chlorine from cleaning
protocols, there was a paucity of data regarding chlorate levels in milk produced on
commercial dairy farms in the ROI. Moreover, little was known about the effect that the
prohibition of chlorine would have on TCM levels in milk, which were already being
monitored in conjunction with strategies focusing on the cognisant use of chlorine to
minimise TCM incidence in bulk tank milk [12,13]. Therefore, the objectives of this study
were to ascertain the baseline levels of chlorate and TCM in bulk tank milk produced in
the ROI when chlorine was still in use on the majority of farms (2020), to ascertain if the
use of chlorine-free cleaning led to a reduction in chlorate and TCM levels in bulk tank
milk, relative to when chlorine was still in use, and to determine if there were any seasonal
trends with regard to chlorate and TCM levels in milk.

2. Materials and Methods

Bulk milk samples analysed as part of this study were supplied by six individual milk
processing companies from across the ROI, hereafter referred to as processors A–F. Milk
production in the ROI predominantly occurs between March and November because the
majority of dairy farms operate spring calving dairy herds in order to align milk production
with grass growth [16]. Therefore, sampling spanned the main milk producing months
(March to November) of 2020 and 2021. Across 2020 and 2021, a total of 3625 bulk milk
samples were analysed for chlorate, of which 3117 samples were also analysed for TCM.
Five of the six collaborating milk processors (processors A–E) were already submitting
samples on a monthly basis for TCM analysis as part of an industry-led TCM monitoring
programme based at Teagasc, Moorepark, Cork, Ireland [13]. Therefore, the samples used
for this study were a randomly selected subset of each milk processor’s monthly submission
of bulk milk samples. This random subset was retained for chlorate analysis following
TCM analysis (TCM status unknown at this time). Processor F selected bulk milk samples
at random at their own premises before transporting them to Teagasc, Moorepark, Cork,
Ireland where they were retained for chlorate analysis only. The samples procured during
each month of both 2020 and 2021 were not from the same farms, and no background
information, such as detail on cleaning procedures, was available for any of the farms. If
the same farms were sampled more than once during the study, it was coincidence. The
number of samples that were selected at random from each processor was equivalent to
2.5% of the total number of milk suppliers that each had. Therefore, the number of samples
retained from each processor depended on the number of milk suppliers that each had.

2.1. TCM Analysis

Upon arrival at the Milk Quality laboratory in Moorepark, samples were logged and
stored in a −20 ◦C freezer. In advance of TCM analysis, samples were removed from
the freezer and defrosted overnight (16 h) at room temperature. Once defrosted, 2 mL
of milk was removed from each sample and used for TCM analysis (remainder of the
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sample remaining in the original sample bottle). TCM was analysed using head space gas
chromatography coupled with electron capture detection (HS-GC-ECD) in accordance with
the method outlined by Resch and Guthy [17]. The minimum level of TCM that could be
reliably detected using this method was 0.00010 mg/kg. Once TCM analysis was complete,
the subset of samples randomly chosen for inclusion in this study were retained for chlorate
analysis in a −20 ◦C freezer.

2.2. Chlorate Analysis

On a monthly basis, bulk milk samples were transported in their frozen state (on ice
and in insulated containers) to the Food Safety laboratory at Teagasc, Ashtown, Dublin,
Ireland for chlorate analysis. This analysis was conducted using ultra high performance
liquid chromatography coupled with tandem mass spectrometry (UHPLC-MS/MS) in
accordance with methods described by [18].

2.3. Statistical Analysis

Statistical analysis was conducted using SAS version 9.4 (SAS Institute Inc., Cary, NC,
USA, 2016). The generalized linear model (GLM) procedure was used for the comparison
of both TCM and chlorate levels (where detected) in milk across spring, summer and
autumn (spring = March/April/May; summer = June/July/August; autumn = Septem-
ber/October/November) and entire milk production seasons (2020/2021). Means were
compared using the Tukey–Kramer test. All tests of difference were at a statistical signifi-
cance level α = 0.05.

3. Results and Discussion
3.1. Chlorate

When results are examined at a fundamental level, the majority (85% in 2020 and 92% in
2021) of samples analysed displayed non-detectable levels of chlorate (<0.0020 mg/kg). Only
15% of the samples analysed in 2020 contained detectable levels of chlorate (≥0.0020 mg/kg),
with the chlorate detection rate reducing to 8% in 2021 (Table 1). This significant reduction
(p < 0.01) in chlorate occurrence is indicative of the benefits of removing chlorine from the
cleaning process. Previous research found that even where chlorinated chemicals were
removed from the bulk tank wash protocol alone, reductions in chlorate occurrence were
found relative to total chlorine-based cleaning, with further reductions observed when
chlorine-free cleaning of both the plant and bulk tank were implemented [19].

Table 1. Chlorate levels in bulk tank milk sampled in 2020 and 2021.

Year Total Samples
Analysed

Total Chlorate
Detected

1 Mean Chlorate
(mg/kg)

2 Range Chlorate
(mg/kg)

2020 1741 a 266 (15%) a 0.0275 0.0020–1.6

2021 1884 b 149 (8%) a 0.040 0.0020–3.9
1 Mean chlorate (mg/kg) is the mean of all samples in which chlorate was detected. 2 Range chlorate (mg/kg) is
the range in chlorate levels (mg/kg) detected from minimum to maximum. Values with common superscripts are
not significantly different from each other. The minimum level of chlorate that could be reliably reported in milk
was 0.0020 mg/kg.

Aside from occurrence rate, the actual levels (mg/kg) of chlorate detected in milk must
also be considered. Mean chlorate levels in 2020 and 2021 were not significantly different
(p > 0.05). Unexpectedly, the mean level of chlorate in bulk tank milk (where detected)
in 2020 (0.0275 mg/kg) was actually lower than the mean level (where detected) in 2021
(0.040 mg/kg). This higher mean chlorate level in 2021 may be the attributed to a minority
of milk suppliers who did not correctly employ ‘chlorine-free’ cleaning, consequently had
hygiene problems in the milking system and then resorted to intense ‘chlorine cleaning’
to address these problems. Notwithstanding the higher mean chlorate level in 2021, the
adoption of ‘chlorine-free’ cleaning had a positive impact on chlorate levels in bulk tank
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milk. As indicated in Figure 1, the percentage of samples with higher levels of chlorate
in 2021 was lower (relative to 2020). For example, in 2020, 25% of samples with detected
levels of chlorate had levels between 0.0051 and 0.01 mg/kg, with a further 15% of samples
with chlorate levels between 0.01 mg/kg and 0.09 mg/kg. In 2021, a greater percentage
(30%) of samples were in the 0.0051 to 0.01 mg/kg category as a result of fewer samples
being in the >0.01–0.09 mg/kg and ≥0.10 mg/kg categories. This clearly demonstrates
a reduction in the number of samples with high levels of chlorate. In both 2020 (95% of
samples < 0.10 mg/kg) and 2021 (97% of samples < 0.10 mg/kg), a minority of samples
analysed displayed levels of chlorate that were in excess of the EU MRL (0.10 mg/kg).
Therefore, it is clear that even when chlorinated chemicals were still in use (2020), the
chlorate burden in bulk tank milk was low and statutory compliance was high.
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Figure 1. Breakdown of chlorate levels in bulk tank milk samples in which chlorate was detected in
2020 and 2021.

In both 2020 and 2021, mean chlorate levels were lowest in summer (June, July and
August) relative to levels detected in both spring (March, April and May) and autumn
(September, October and November) (Table 2). Similar trends have previously been ob-
served and have been attributed to the dilution of chlorate residue in larger quantities of
milk in summer (mid-lactation) relative to autumn (late lactation) [4].

Table 2. Mean chlorate levels in bulk tank milk sampled in spring, summer and autumn of 2020
and 2021.

Year Spring Summer Autumn

2020 0.036 mg/kg a 0.01 mg/kg 0.027 mg/kg a

2021 0.027 mg/kg b 0.01 mg/kg 0.089 mg/kg b

Values with different superscripts are significantly different from each other (p < 0.05); mean chlorate levels
presented are the mean levels of samples in which chlorate was detected; spring (March–May), summer (June–
August) and autumn (September–November).

When studied at milk processor level, it is clear that the incidence of chlorate at detectable
levels varies between milk processors (Figures S1 and S2; Supplementary Materials). For
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example, in 2020, 62%, 71%, 84% and 87% of samples from processors A, E, D and F,
respectively, did not have chlorate detected (<0.0020 mg/kg). This is in contrast to proces-
sors B and C who had no detectable level of chlorate (<0.0020 mg/kg) in 92% of samples
analysed in 2020. In 2021, following the mandatory uptake of chlorine-free cleaning on the
majority of farms, all processors with the exception of processors D (87%) and E (78%) had
<0.0020 mg/kg of chlorate in ≥90% of samples analysed. This is evidence of progress on
the part of all processors, but particularly processor A, who increased the percentage of
samples with non-detectable levels of chlorate by 28% in 2021 relative to 2020.

The presence of chlorate in some milk produced in 2021 is testament to the fact that
implementing ‘chlorine-free’ cleaning alone will not eliminate chlorate residue in milk.
Other than the continued use of chlorinated chemicals on some farms in 2021, a further
reason for the remaining chlorate is the use of chlorinated water for washing milking
equipment [20]. Chlorinated water (water treated with sodium hypochlorite) can cause
chlorate contamination of milk where it has not been drained away properly pre-milking.
Improper drainage leads to milk and chlorinated water mixing, thereby resulting in chlorate
residue in milk [20]. The presence of residual chlorate in sodium hydroxide detergent is
another possible cause of chlorate in bulk tank milk where ‘chlorine-free’ cleaning is
employed [21]. As a consequence of its manufacture alongside chlorine during the ‘chlor-
alkali’ process, sodium hydroxide contains chlorate, albeit at levels that are approximately
140 times lower [21,22]

3.2. Trichloromethane

Relative to 2020 (n = 356), there was a reduction in the number of samples analysed in
2021 (n = 88) that were in excess of the industry limit of 0.00124 mg/kg for TCM in milk
(Table 3). Moreover, the mean level of TCM detected in milk samples was also significantly
lower (p <0.001) in 2021 relative to 2020 (Table 3).

Table 3. Trichloromethane (TCM) levels in bulk tank milk in 2020 and 2021.

Year Total Samples Analysed 1 Range TCM (mg/kg) Mean TCM (mg/kg) Samples > 0.00124 mg/kg

2020 1585 <0.0001–0.081 a 0.00116 356 (22%)

2021 1532 <0.0001–0.023 b 0.00047 88 (6%)

Values with different superscripts are significantly different from each other (p < 0.05). 1 Range chlorate (mg/kg)
is the range in chlorate levels (mg/kg) detected from minimum to maximum.

At individual processor level, this trend is also apparent. The percentage of samples
in excess of the industry limit (0.00124 mg/kg) in 2021 relative to 2020 decreased from 25%
to 8% for processor A, from 15% to 4% for processor B, from 24% to 4% for processor C,
from 33% to 16% for processor D and from 18% to 6% for processor E. The levels of TCM
detected in milk in 2021 (<0.00010–0.02300 mg/kg) were far lower than those detected in
2020 (<0.00010–0.08100 mg/kg) (Figure 2) (Figures S3 and S4; Supplementary Materials).

The levels of TCM detected in 2021 were significantly lower than those detected in
2020 in each season, with TCM reducing incrementally between spring 2020 and autumn
2021 (Table 4). This is in contrast to research conducted by [4] where TCM levels in autumn
(late lactation) milk were higher than those found in summer (mid-lactation) milk. The
trends displayed in this current study are most likely the consequence of the continuous
and systematic removal of chlorine from on-farm cleaning. The occurrence of TCM in
a minority of milk samples at levels >0.00124 mg/kg in 2021 is likely attributable to the
continued use of chlorine on some farms.
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Figure 2. Breakdown of trichloromethane levels detected in bulk tank milk sampled in 2020 and 2021.

Table 4. Mean trichloromethane (TCM) levels detected in bulk tank milk sampled in spring, summer
and autumn of 2020 and 2021.

Year Spring Summer Autumn

2020 0.00164 mg/kg a 0.00096 mg/kg a 0.00081 mg/kg a

2021 0.00060 mg/kg b 0.00046 mg/kg b 0.00030 mg/kg b

Values with different superscripts are significantly different (p < 0.05); spring (March–May), summer (June–August)
and autumn (September–November).

4. Conclusions

The adoption of ‘chlorine-free’ cleaning on dairy farms in the ROI has led to a reduction
in both the levels (mg/kg) and occurrence of both chlorate and TCM residues in bulk tank
milk. This is beneficial from a milk processing perspective as it lowers the risk of residues
being present in all types of manufactured dairy products, but especially in milk powders
(chlorate) and butter (TCM). However, using ‘chlorine-free’ cleaning protocols alone will not
totally mitigate against chlorate occurrence because other sources of contamination exist.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/dairy5020023/s1, Figure S1: Chlorate occurrence in milk from
each participating processor in 2020; Figure S2: Chlorate occurrence in milk from each participating
processor in 2021; Figure S3: Trichloromethane (TCM) occurrence in milk from each participating
processor in 2020; Figure S4: Trichloromethane (TCM) occurrence in milk from each participating
processor in 2021.
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