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2. Materials and Methods 90 

2.1 Study sites  91 

The study locations for this work are shown on Figure 1, alongside a schematic diagram 92 

showing the sample points tested. The first sampling site, Loch Calder, provides potable water for 93 

much of the county of Caithness, Scotland, including the town of Wick (Figure 1). Raw water is drawn 94 

from the middle of the loch and taken through mechanically raked fine screens. Lime and aluminium 95 

sulphate are added for pH correction and coagulation prior to passing through flocculation tanks and 96 

sand/anthracite filters (Bateman, 2003). After disinfection with sodium hypochlorite, final pH 97 

correction (with lime) and dechlorination (with ammonium sulphate), resultant drinking water is held 98 

in tanks before pumping to local service reservoirs that supply water to households and businesses in 99 

Caithness towns, including CGH (Bateman, 2003). 100 

 101 
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Figure 1. Caithness, Scotland map with Wick town indicated with sampling sites within the water cycle 102 
surrounding Caithness General Hospital (CGH) in Wick.  103 

CGH is a small, rural hospital in Wick operated by National Health Service (NHS) Highlands, 104 

which offers general medicine/surgery services, diagnostics (X-ray, ultrasound and CT), accident and 105 

emergency, and limited high dependency, renal and palliative care services. This hospital serves a 106 

population of approx. 26,000, and is the referral centre for acute medical services across the Caithness 107 

Highland region covering approx. 1,600 km2 (Healthcare Improvement Scotland, 2019). The hospital 108 

has 20 medical and 42 surgical beds, a limited obstetric/midwifery unit (six beds) and an on-site 109 

laboratory and pharmacy (Caithness General Hospital, Services, NHS Highland, 2020). Wastewater 110 

from all points (patient wards and surgeries, the laboratory and pharmacy, and the kitchen and 111 

laundry services) is routed to one main wastewater outflow which then joins directly to the Wick 112 

sewerage system (containing all other Wick municipal wastewater); all of which is then pumped to the 113 

Wick WWTP.   114 

Wick WWTP (operated by Scottish Water, 2003) was designed for a population equivalent (PE) 115 

of ~13500 PE, and includes primary and secondary conventional activated sludge (CAS) treatment. 116 

Upon entry, raw wastewater is screened (6 mm mesh) and grit is separated (Samson, 2003). 117 

Wastewater is then pumped into a primary holding tank, operated on an ad-hoc basis to control flow-118 

to-full treatment (FFT), before entering primary settlement (Samson, 2003). The maximum FFT 119 

capacity is 14774 cubic metres per day (CMD), and the daily average FFT is recorded (Spreight, 2019). 120 

The CAS process is used for aeration and settlement in two open-air basins; with cycles following six 121 

four-hour or eight three-hour cycles in a day (Samson, 2003). Sludge is stored for five days, before 122 

dewatering (to ~22% dry solids), caking and transport off-site. Treated effluent is decanted every three 123 

or four hours (following CAS cycle completion) from CAS basins and released into the North Sea 124 

through a 500 m long offshore pipe discharging north of Wick harbour.  125 
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ibuprofen, diclofenac and fluoxetine were measured in the WWTP combined influent. Highest average 227 

levels for clarithromycin and trimethoprim were detected in the CGH discharge; whilst carbamazepine 228 

was highest in the WWTP effluent. Concentration differences between sampling points were only 229 

statistically significant for paracetamol, diclofenac and carbamazepine, with the Wilcoxon rank sum 230 

test indicating significant differences between carbamazepine and paracetamol for all wastewater 231 

types, and for diclofenac only between CGH discharge and WWTP influent. Paracetamol and 232 

carbamazepine were the only compounds with a 100% detection rate in all wastewater samples; while 233 

EE2 was never detected (although this had the highest LOQ, at 4.01 ng/L). Ibuprofen and trimethoprim 234 

were detected in 100% of WWTP influent samples, and clarithromycin in 100% of WWTP effluents 235 

samples. 236 

  237 
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  246 

Figure 2.  Boxplots of 
pharmaceutical 
concentrations in CGH 
discharge, WWTP influent 
and WWTP effluent, on a 
logarithmic scale. Boxes 
represent the interquartile 
range and notches indicate 
the median. The whiskers 
show the range of 
concentrations (those <3x 
the interquartile range), 
otherwise points appear as 
outliers (circles). 
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3.3 Pharmaceutical removal 283 

A range of differences between WWTP influent and effluent were observed for the studied 284 

pharmaceuticals reflecting variable removal rates and efficiency of the WWTP process (Figure 4). 285 

Concentrations of both carbamazepine and paracetamol were found to differ significantly (through 286 

one-way ANOVA) between influent and effluent (p < 0.05). Average removal calculation demonstrated 287 

appreciable removal of paracetamol (87%), ibuprofen (54%) and diclofenac (47%), little removal of 288 

trimethoprim (29%) and fluoxetine (15%), and that clarithromycin (-51%) and carbamazepine (-50%) 289 

concentration appeared to increase during treatment. 290 

  291 
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Figure 4. Paired boxplots for 
individual pharmaceuticals  in 
WWTP influent and WWTP 
effluent, with average 
removal (x, in %) and results 
of the two sample t-test (p 
value given, and significance 
indicated by *, **, or *** - 
whereby p < 0.05, <0.01 or 
<0.001, respectively). 










































