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ABSTRACT

The objective of this study was to assess the effects 
of electrochemically activated drinking water (ECW) 
on milk chlorate, milk perchlorate, milk iodine, milk 
composition, milk fatty acid profile, and overall perfor-
mance of dairy cows. Ten Red Danish cows in mid-lac-
tation (203 ± 31 d in milk; average ± SD) were chosen 
from these 2 groups for intensive sampling. The treated 
group drank water with 4 ppm of ECW (29 mg/L of 
chlorate of Neuthox, Danish Clean Water A/S, Sønder-
borg, Denmark). The treatment lasted 60 consecutive 
days, with milk and water sampling on d 0, 30, and 
60. Additionally, milk samples from both the control 
group and treated group were taken on d 90 to assess if 
any carry-over effect was present. Interactions between 
period and milk yield and somatic cell for the full group 
and period and milk fat content and milk urea nitrogen 
in the selected animals occurred. Milk yield was not 
significantly affected by treatments. Milk fat, milk fatty 
acid profile, chlorate, perchlorate, and iodine contents 
were not significantly different between treatments. 
Milk urea increased, whereas β-hydroxybutyrate and 
somatic cell count decreased significantly in the treated 
groups. Results showed that at a dosing of 4 ppm of 
ECW, both chlorate and perchlorate concentrations in 
milk (<0.002 mg/kg) were low, and no deleterious ef-
fects on milk production or milk chemical composition 
were observed. These data can be of use when assessing 
the effects of ECW on milk and milk powder chlorate 
and perchlorate levels and provide a context for assess-
ing the potential for influencing human health under 
the conditions prevailing on a commercial dairy farm.
Key words: chlorinated water, fatty acids, milk 
quality, chlorate, iodine

Short Communication

Water is essential for health and performance in 
dairy herds (NRC, 2001). Despite the attention paid 
to other nutrients, the quantity and quality of water 
has not been sufficiently considered by researchers 
(Beede, 2012). Furthermore, farmers often disregard 
water quality by prioritizing other aspects of cattle 
production, thus failing to consider it as a possible 
source of disease and low herd performance. Chlorine 
has been used for water sanitization (Cheswick et al., 
2019). However, chlorate (McCarthy et al., 2018) and 
other chlorine-derived residues (perchlorate; Capuco et 
al., 2005) have become a growing concern within the 
dairy, food, and beverage industries in recent years. In 
humans, consumption of inorganic chlorine derivatives 
has been related to hematotoxic and nephrotoxic effects 
and inhibition of thyroid function (EFSA, 2015). In 
dairy cows, increases in perchlorate intake can reduce 
iodine in the thyroid gland and consequently affect the 
thyroid hormone during pregnancy and lactation (Ca-
puco et al., 2005).

For dairy products, the entry points for chlorate 
lie both at the primary producer (on-farm practices: 
drinking water) and at the processing level (process-
ing practices, dilution), which are linked to chlorinated 
water usage, sanitation practices, or both (McCarthy 
et al., 2018). Water usage, in all aspects of dairy pro-
duction, remains a critical entry point of chlorate into 
the supply chain, thus it is necessary to understand 
how sanitation of water itself influences this risk of 
cross-contamination into the dairy supply chain. Elec-
trochemically activated water (ECW) can be used for 
the prevention and control of microorganism and it is 
feasible to use because it is relatively easy to produce 
continuously through electrolysis using commercial 
equipment (Koide et al., 2011).

Until now, no research has been published on the oc-
currence of chlorates in foods of ruminant origin when 
animals are fed with ECW. Therefore, the objective 
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of this study was to assess the effects of ECW on milk 
chlorate, milk perchlorate, milk iodine, milk composi-
tion, milk fatty acid (FA) profile, and overall perfor-
mance of dairy cows.

The experiment was performed at Assendrup Ho-
vedgård (Haslev, Denmark). Two groups of Red Danish 
cows (61 cows per group) were assigned to 2 treatments: 
control (no ECW in their drinking water) and ECW 
(with ECW in their drinking water). The ECW group 
drank water with a dosage of 4 ppm of Neuthox (29 
mg/L of chlorate; Danish Clean Water A/S, Sønder-
borg, Denmark), which is an ECW additive based on 
hypochloric acid (HOCl). The ECW was dosed into the 
drinking water for 60 consecutive days. Monthly milk 
yield and SCC from both groups were analyzed. To 
analyze chemical composition of milk and FA profile, 
a subset of 10 cows (5 cows per group) in their sec-
ond parity in mid-lactation (203 ± 31 d in milk) were 
selected based on milk yield (35 ± 4 kg/d). Milk and 
water samples were collected in different experimental 
periods: at the beginning of the study (0 d) 30, and 60 
d. Additionally, milk and water samples from both the 
control and ECW were taken on d 90 (30 d after cessa-
tion of any water treatment) to assess if any carryover 
effects were present.

Animals received the same partial mixed ration ad 
libitum based on maize and grass silages supplemented 
by concentrate in the milking robots according to their 
daily milk yield. The overall forage to concentrate ra-
tio of the diet was 66:34. Animals were fed to fulfill 
the nutritional requirements for lactating cows based 
on daily consumption of 23.5 kg of DM according to 
the Nordic Feed Evaluation System (NorFor; Volden, 
2011). Information about milk yield was extracted from 
the Danish Dairy Management System (SEGES, Land-
brug & Fødevarer, Denmark). Cows were milked with 
a Lely automatic milking system (Lely, Maassluis, the 
Netherlands).

On each milk sampling date at approximately 1100 
h, cows were fetched to be milked. At the end of that 
milking, samples were collected using an external 
pipeline from each milking robot (250 mL per cow per 
date). Samples were analyzed at a certified laboratory 
(Eurofins, Vejen, Denmark). Contents of fat, protein 
lactose, urea, acetone, and BHB were measured by 
Fourier transform infrared spectroscopy. Somatic cell 
counts were analyzed by flow cytometry. Chlorate and 
perchlorate were analyzed by liquid chromatography 
tandem-mass spectrometry (LC-MS/MS). Iodine was 
analyzed by inductively coupled plasma MS. Milk FA 
profile was analyzed using a MilkoScan FT+/FT6000 
(Foss, Hillerød, Denmark) equipped with special soft-
ware (Foss Application Note 64, Foss) for predicting 

7 FA fractions, namely SFA, MUFA, PUFA, short-
chain FA, medium-chain FA (MCFA), long-chain FA 
(LCFA), and trans FA, as well as 4 individual FA, 
namely C14:0, C16:0, C18:0, and C18:1.

Five liters of milk was taken on d 60 and 90 from 
each experimental group. Milk samples were frozen 
at −20°C. These samples were used to produce milk 
powder at the Dairy Pilot Plant at the University of 
Copenhagen. The milk powder was produced by spray 
drying using a Silverson Mixer and GEA Mobil Minor 
Spray Dryer Type MM-I (Søborg, Denmark) run in a 
co-current spray nozzle. Before spray drying, the 5-L 
frozen container of milk was thawed for 24 h in a re-
frigerator at 4°C followed by heating in a warm water 
bath until the temperature of the milk had reached 15 
to 20°C. After heating, the milk was homogenized with 
a Silverson Mixer at a low speed for 30 s and fed to 
the spray dryer, keeping the milk temperature at 20°C 
during agitation. The spray drying was performed at an 
inlet temperature of 190°C and outlet temperature of 
70°C. Flow of inlet air was around 40 kg/h and spraying 
air pressure was 1,500 kPa. During spray drying, feed 
flow was regulated to keep 70°C as outlet temperature. 
The total drying time for 5 L of milk was between 4 
and 5 h. Four milk powder samples (150 g per sample) 
were analyzed at Eurofins Milk Testing Denmark A/S 
for contents of chlorate and perchlorate by LC-MS/MS.

Water samples were analyzed for chlorate and per-
chlorate by LC-MS/MS (Eurofins Miljø, Denmark). 
Water samples (250 mL per sampling site per sampling 
date) were taken with a sterile syringe. Water samples 
were placed into plastic sterile containers covered with 
aluminum foil to protect samples from the potentially 
harmful effects of exposure to UV radiation. Water 
samples were taken from 5 different sites: drinking 
troughs (n = 2 per sampling date; with or without dos-
ing), water pipelines (n = 2 per sampling date; with or 
without dosing), and tap water (n = 1 per sampling 
date) from the farm. Water valves from pipelines and 
tap water were opened for 15 min before sampling to 
ensure a representative sample.

Data were analyzed using R 3.5.1 (R Core Team, 
2018). A linear mixed model (Pinheiro et al., 2018) 
was used for data analysis. For each measurement, the 
following model was used:

 Y = date × treatment + random (cow) + error, 

where date = 0, 30, 60, and 90 d; and treatment = 
control and ECW. Experimental period, treatment, 
and interaction between experimental period and treat-
ment were considered as fixed effects and cow as a ran-
dom effect. Normality of the model was assessed using 
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quantile-quantile plots of the residuals of the full and 
reduced models. Analysis of variance was used to assess 
the significance of the predictor of the model. Insig-
nificant terms were eliminated from the model through 
model reduction. Significance was considered at P < 
0.05. All the results are expressed as least squares 
means with standard error of the mean.

Milk yield was not significantly affected by treat-
ments for the entire group (61 cows per treatment) or 
the subset of selected animals (5 cows per treatment), 
but decreased throughout the experimental period. The 
decrease was not the same for both and this resulted in 
a significant interaction (Figure 1). This was expected 
due to advancing lactation stage (Table 1). Except for 
milk urea (increased in ECW cows), milk composition 
was not significantly affected by treatments; however, 
the urea content fluctuated in the ECW group, result-
ing in a significant interaction. A numerical decrease 
in milk protein contents was also observed in cows 
provided ECW. Milk urea N reflects the blood urea N 
content, and thus, MUN is often used as an index of N 
utilization efficiency in lactating cows (Broderick and 
Clayton, 1997). However, additional studies with higher 
numbers of cows would be needed to establish whether 
the elevated MUN in ECW could be due to a reduced 
protein and energy supply to rumen microbes (Gross 
and Bruckmaier, 2019).

Contents of milk BHB were significantly lower in the 
ECW group. β-Hydroxybutyrate is used as an indica-
tor for the metabolic rate in cows, with a low value 
indicating a high level of energy metabolism (Gross and 
Bruckmaier, 2019) or a change in rumen fermentation 
patterns resulting in higher production of butyrate 
relative to acetate and propionate. In this study, it is 
possible that cows treated with ECW were more energy 
efficient. The significant interactions observed between 
fat %, MUN, acetone, and iodine point at changes in 
the rumen fermentation patterns. Additional experi-
ments are needed to explain such effects of ECW at the 
rumen level and on rumen microbial populations.

Milk FA profiles, chlorate, and perchlorate levels were 
not different between treatments. However, milk SCC 
were significantly reduced in the subset of selected cows 
with ECW, but this was not the case for the whole 
groups (61 cows per treatment). This discrepancy may 
be explained due to the difference in the number of 
animals and the huge variation normally seen in SCC. 
Despite the fact that the milk FA profile showed no dif-
ferences between treatments (Table 2), total PUFA and 
total trans FA changed significantly over time. This 
further indicates that there may have been effects of 
the ECW on rumen fermentation patterns or bacte-
ria, or both, which are responsible for the formation 
of these FA mainly through rumen biohydrogenation 

(Vargas-Bello-Pérez et al., 2016; Vasta et al., 2019). 
Further research is advised to confirm the long-term 
effects of ECW on the rumen microbiome.

Milk iodine content was not affected by ECW, and 
this finding is very important for dairy production be-
cause iodine and thyroid hormones play an important 
role in general body metabolism and mammary gland 
function (Capuco et al., 2005). A reduction of iodine 
by the ECW will reduce thyroid hormone activity. For 
example, thyroid hormone administration can increase 
milk production in dairy cows, which is because triio-
dothyronine potentiates the activity of lactogenic and 
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Figure 1. Interactions between treatment (control vs. electrochem-
ically activated water) and experimental periods for milk composi-
tion and milk metabolites. Gray diamonds are the control, and black 
diamonds are the electrochemically activated water. The ECM and 
SCC are based on data from 61 cows per treatment. Fat and MUN 
are based on data from 5 cows per treatment. Error bars denote SEM.
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galactopoietic hormones (Bhattacharjee and Vonder-
haar, 1984).

Significant interactions between treatments (control 
vs. ECW) and experimental periods in yield (ECM), 
SCC, milk fat percentage, and MUN were observed 
(Figure 1). Milk yield and SCC from the all animals 
(61 cows per treatment) had significant interactions be-
tween treatment and periods. Milk yield from all cows 
started at different basal points but later decreased in 
both treatments. This was expected due to advanced 
stage of lactation. With regard to SCC from all cows, 
SCC were the same at the onset of the experiment, 
but on d 60 the control group showed elevated SCC 
compared with ECW and this points to a possible ef-
fect of ECW on SCC. It is noteworthy to mention that 
ECW animals remained below 300 × 103/mL SCC over 
the experiment.

Milk fat contents were similar in both treatments at 
the beginning of the study and on d 30, milk fat was de-

creased by ECW, then on d 60 both treatments reached 
similar milk fat contents and were likewise similar on 
d 90. Milk urea N was different at d 0 and 60 with the 
highest contents from ECW. It appears that the ECW 
disrupted the rumen balance, most likely at the ru-
men level, and thereby affected the milk fat production 
and protein metabolism (as shown in MUN); however, 
that remains unclear. Further research is advised to 
corroborate such effects. The iodine content in milk 
decreased from the beginning of the study until d 90 
in both ECW and the control with no interaction with 
period. This may be attributed to the advancing stage 
of lactation with decreasing metabolic activity of the 
mammary gland.

Significant interactions between treatments and 
experimental periods were found in C16:0, total SFA, 
total MCFA, and total LCFA (Figure 2). These are 
supporting results showing that ECW had a short-term 
effect at rumen level, especially during the first 30 d of 
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Table 1. Milk production, milk composition, and milk metabolites from cows fed with or without electrochemically activated water (ECW; n 
= 5 cows per treatment unless otherwise stated)1

Parameter

Treatment

SEM

P-value

Control ECW Treatment (T) Period (P) T × P

Milk yield, kg of ECM (61 cows per treatment) 32.6 33.4 0.87 NS <0.001 <0.001
Milk yield, kg of ECM 30.4 32.7 1.50 NS <0.001 NS
Milk composition      
 SCC, × 103/mL (61 cows per treatment) 311.78 243.59 49.98 NS NS 0.026
 SCC, × 103/mL 547.75 138.40 137.24 0.01 NS NS
 Fat, % 5.42 5.26 0.38 NS NS 0.040
 Lactose, % 4.51 4.46 0.05 NS NS NS
 Protein, % 4.06 3.88 0.07 NS 0.06 NS
 MUN, mmol/L 3.95 4.59 0.17 0.02 <0.001 <0.001
Milk metabolite       
 Acetone, mmol/L 0.06 0.05 0.01 NS <0.001 0.083
 BHB, mmol/L 0.11 0.04 0.02 0.03 0.01 NS
 Iodine, µg/kg 173.10 178.40 22.04 NS <0.001 NS
 Chlorate, µg/kg <0.002 <0.002 <0.002 — — —
 Perchlorate, µg/kg <0.002 <0.002 <0.002 — — —
1The ECM was calculated according to the Nordic feed evaluation system (NorFor; Volden, 2011).

Table 2. Individual fatty acids and groups of fatty acids in milk from cows fed with or without electrochemically activated water (ECW)1

Fatty acid, g/100 g

Treatment

SEM

P-value

Control 
(n = 5)

ECW 
(n = 5) Treatment (T) Period (P) T × P

C14:0 0.66 0.62 0.05 NS NS NS
C16:0 1.74 1.72 0.13 NS NS 0.02
C18:0 1.11 1.07 0.08 NS NS NS
Σ SFA 3.73 3.58 0.29 NS NS 0.04
Σ MUFA 1.31 1.26 0.09 NS NS NS
Σ PUFA 0.16 0.17 0.02 NS <0.001 NS
Σ Short-chain fatty acids (C6: 0–C10: 0) 0.54 0.54 0.06 NS NS NS
Σ Medium-chain fatty acids (C12: 0–C14: 0) 2.69 2.65 0.19 NS NS 0.02
Σ Long-chain fatty acids 1.89 1.82 0.14 NS NS 0.04
Σ trans fatty acids 0.14 0.13 0.02 NS <0.001 NS
1Values are means and pooled SEM = 5 cows per treatment.
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treatment. It is known that half of C16:0 contents in 
milk come from the de novo synthesis and also MCFA 
originate during rumen fermentation (Vasta et al., 
2019). In addition, it should be noted that C16:0 is one 
of the main SFA found in milk (Vargas-Bello-Pérez et 
al., 2017) and this group of FA followed the same trend 
over the time.

In the milk powder samples, contents of chlorate 
remained below 0.01 mg/kg and perchlorate levels 
were below 0.015 mg/kg (Table 3). Those levels are 
relatively low compared with EFSA guidelines (EFSA, 2014, 2015). However, more samples will be needed for 

a more robust and conclusive result. It is important 
to note that the maximum residue limit allowed for 
chlorate [regulation (EC) no. 396/2005] in all foodstuffs 
and drinking water is 0.1 mg/kg (EFSA, 2015).

To ensure the dosing of ECW, chlorate and perchlo-
rate contents in different sites from the farm water 
supply were monitored in all experimental periods as 
shown in Table 4. There were some fluctuations in the 
pipeline and drinking troughs with ECW. An automat-
ic system delivered ECW to the water supply in pulses 
according to water flow. Therefore, it is possible that 
the ECW dose was given during the 15 min of water 
flow on d 30 and 60. The pipeline values reflect the 
differences between treated and untreated water enter-
ing the troughs, whereas trough values reflect what the 
cows could drink.

The low concentrations of chlorate and perchlorate 
found in milk, given an intake of approximately 100 L 
of water per cow per day, suggest that these substances 
are largely metabolized within the gastrointestinal 
tract, and not absorbed in significant amounts. This 
agrees with Capuco et al. (2005), who discussed that the 
rumen of the dairy cow might serve as a biological filter 
reducing the transfer of perchlorate into milk as well as 
in urinary and fecal outputs. Over a 5-wk period, they 
continuously rumen-infused cows with doses up to 40 
mg of perchlorate (supplied as NaClO4) and reported 
that up to 80% of dietary perchlorate was metabolized, 
most likely in the rumen, which would provide cattle 
with a degree of adaptation to perchlorate.

Overall, at a dosing of 4 ppm of ECW, both chlorate 
and perchlorate concentrations in milk (<0.002 mg/
kg) and milk powder (<0.01 mg/kg) were low, and no 
deleterious effects on milk production or milk chemi-
cal composition were observed. Our data can be of use 
when assessing the effects of an ECW additive on milk 
chlorate and perchlorate levels and provide a context 
for assessing the potential for influencing human health 
at least under the conditions prevailing on a commer-
cial dairy farm.

From an animal research perspective, further studies 
should consider the following: (1) ECW seems to have 
positive effects by reducing SCC, but a larger study 
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Figure 2. Interactions between treatment (control vs. electrochem-
ically activated water) and experimental periods for milk fatty acid 
profile. SFA = Σ saturated fatty acids; MCFA = Σ medium-chain 
fatty acids (C12: 0–C14: 0); LCFA = Σ long-chain fatty acids. Gray 
diamonds are the control, and black diamonds are the electrochemi-
cally activated water. Data are based on 5 cows per treatment. Error 
bars denote SEM.

Table 3. Chlorate and perchlorate contents in milk powder samples

Sample
Chlorate, 
mg/kg

Perchlorate, 
mg/kg

Control group at d 60 <0.01 0.006
Control group at d 90 <0.01 0.007
ECW1 group at d 60 <0.01 0.011
ECW group at d 90 <0.01 0.015
1ECW = electrochemically activated water.
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with more animals and longer experimental periods will 
be advised to confirm any beneficial effects of chlori-
nated drinking water on udder health. (2) Analyses of 
chlorate, perchlorate, and iodine in blood, urine, and 
feces in addition to milk and milk powder should be 
considered. Determining iodine contents in body flu-
ids and excretions as well as analyzing total contents 
of blood thyroxine and triiodothyronine will help to 
ensure that chlorinated drinking water does not have 
adverse effects on thyroid hormones, which are crucial 
for general body metabolism and mammary gland func-
tion.

From a food science perspective, it is important to 
note that while the European Commission will set a 
legal maximum residue limit for chlorate in milk and 
dairy products, it is expected that key players in the 
milk processing industry and dairy ingredients, in 
particular the infant formula manufacturers, will set 
their own more stringent levels and those are likely to 
remain at 0.01 mg/kg. It will be therefore crucial for 
further studies to consider increasing the number of 
milk powder samples to be able to analyze the effects of 
chlorinated drinking water on this food and other milk-
derived products under commercial farm conditions.
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Table 4. Chlorate and perchlorate contents in different sites from the water supply of the farm

Location  Period, d
Chlorate, 

mg/L
Perchlorate, 

mg/L

Pipeline without ECW1  <2 <0.5
Pipeline with ECW  <2 <0.5
Tap water 0 <2 <0.5
 Drinking troughs without ECW  <2 <0.5
 Drinking troughs with ECW  <2 <0.5
 Pipeline without ECW  <2 <0.5
 Pipeline with ECW  190 <0.5
Tap water 30 <2 <0.5
 Drinking troughs without ECW  <2 <0.5
 Drinking troughs with ECW  280 <0.5
 Pipeline without ECW  <2 <0.5
 Pipeline with ECW  490 <0.5
Tap water 60 <2 <0.5
 Drinking troughs without ECW  <2 <0.5
 Drinking troughs with ECW  330 <0.5
 Pipeline without ECW  <2 <0.5
 Pipeline with ECW  <2 <0.5
Tap water 90 <2 <0.5
 Drinking troughs without ECW  <2 <0.5
 Drinking troughs with ECW  <2 <0.5
1ECW = electrochemically activated water.
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