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Abstract
Granular activated carbon (GAC) is often used in drinking water treatment to remove dissolved organic carbon (DOC), taste and odour compounds, and organic micro-pollutants. As these chemicals are adsorbed onto the GAC surface, the area available for further adsorption decrease, meaning that the removal of target compounds decreases over time. Ascertaining the correct point to regenerate the GAC is a critical parameter in terms of both water quality performance and operational expenditure for the water company. Using a test case of a UK water treatment works with five GAC beds of varying age we show that current practices of using time-in-use are ineffective for optimal removal of DOC and disinfection by-product precursors. Our data show that assessment of the water extractable organic matter (WEOM) adsorbed onto the GAC can give an accurate indicator of both DOC removal (adjusted R2 =0.985, p=0.001, n=5) and reduction in trihalomethane formation (adjusted R2 =0.970, p=0.001, n=5). These results suggest that simple methods using equipment commonly available at treatment works could be adopted for rapid assessment of remaining GAC bed life.
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1.0 Introduction
Surface and ground waters used for drinking water production must undergo a number of stages of treatment to meet water quality standards. Granular activated carbon (GAC) has become widespread as a method of reducing natural organic matter (NOM) (1,2) and organic micro-pollutants such as pesticides, herbicides, pharmaceuticals and odour forming compounds (3–5) in influent waters. The presence of NOM, often measured as dissolved organic carbon (DOC), is of interest in this process for three reasons. Firstly, it must be removed to minimise the subsequent formation of disinfection by-products (6) which are potentially harmful to human health (7). Secondly, NOM can influence biological growth on the filters (8), and finally, it can occupy pore-space, affecting the ability of GAC to remove micro-pollutants (9).
GAC is effective in removing organic compounds through adsorption due to its high surface area, however adsorption sites can quickly become blocked leading to reduced removal and an increased role for biological removal of pollutants by biofilms growing on the GAC (10). The speed at which this occurs is dependent on the NOM load and the efficacy and type of upstream pre-treatments, such as coagulation – flocculation or pre-ozonation (11).The dominance of biological removal can change the types of compounds removed as less bioavailable components, such as humic substances and high molecular weight biopolymers, are less likely to be removed by biofilms (12) although the removal of taste and odour compounds can continue through biodegradation alone (13). The removal of different fractions of DOC is not only important for factors such as THM formation but this can also affect the removal of organic micro-pollutants such as pesticides (14).
[bookmark: _Hlk13900404][bookmark: _Hlk13900637]Removal of disinfection by-product (DBP) formation can reduce to less than 10% within as little as three months of operation of the GAC bed (15), overall DOC removal can drop from ~65% to around 20% during operation of GAC filters(12) whilst in a different study, the removal of humic compounds was negligible after 50 days of operation (16). The rate at which this decrease in removal occurs will again be dependent on NOM load and the efficacy of upstream treatment processes (11). To achieve the high removal rates observed in the initial operation period, spent GAC media must be regenerated to remove adsorbed contaminants. This is commonly achieved through thermal regeneration at temperatures above 700 oC, however this process is expensive and leads to furnace losses which must be replaced with virgin carbon (17). At the site used in this study, furnace losses were estimated to be approximately 20% per regeneration which occurred offsite by a commercial provider. This means that ascertaining the optimal timing of regeneration is critical for water treatment works (WTW) operators to balance removal efficiency and cost (18).
[bookmark: _Hlk13900726]The remaining adsorption capacity of in-use filters can be assessed via a number of methods such as determining the adsorption capacity for iodine, methylene blue or phenol (19). This involves measuring the adsorption of a compound onto samples of the GAC at a number of concentrations and then fitting an adsorption isotherm model. Whilst widely adopted, these methods are time consuming and typically require samples to be sent to external laboratories rather than being able to generate information onsite at the WTW.
In this research we hypothesise that measuring the water extractable organic matter (WEOM), a parameter often used to assess organic carbon in soil science (20), of the GAC media may offer a rapid way of assessing the carbon loading of the media, and thus the remaining bed life. To do this we performed sampling of GAC from beds of differing age as well as treated water from each filter at a representative WTW. At this WTW six GAC filter beds are operated in parallel with each bed being thermally regenerated approximately every three years. The regeneration is staggered such that one bed is regenerated every six months, resulting in a variation in bed age across the six GAC beds. This provided us with an opportunity to study how filter performance varies with bed age and the impact this has on treatment outcomes such as residual DOC and DBP formation potential.

2.0 Experimental
2.1 Sampling strategy
Samples from the GAC beds of a WTW operated by a UK water company were collected on 15th August 2017. The WTW operates a treatment train of coagulation with aluminium sulphate, clarification, rapid gravity filtration, GAC adsorption and then chlorine disinfection. Before the rapid gravity filtration and GAC, the water is dosed with approximately 1.75 mg l-1 chlorine to limit biological growth on the filters. The GAC used at the WTW is Jacobi Aquasorb 2000 (coal-based, 1050 m2g-1), however, when the GAC had been thermally regenerated the furnace losses had been replaced with Norit 1240W (coal-based, 1100 m2g-1), meaning that the GAC in use was an approximate 70:30 mix between the Aquasorb and Norit carbons. At the time of sampling only five GAC beds were in operation. Details concerning the number of empty bed volumes (EBV) of water treated by each bed were provided by the water company as an indicator of bed age. On the sampling day, we collected both GAC samples from within the carbon beds and water samples before and after each bed.
Water samples were collected in triplicate at six points, viz: before the GAC filters, termed ‘influent’, and after each of the five parallel GAC beds. The raw samples had a small chlorine concentration at the point of collection which was quenched on collection with sodium sulphite. The samples were collected and stored in amber glass and returned to the laboratory on ice. Within 24 hr the water samples were filtered using pre-combusted GF/F filters (Whatman) and stored at 4 oC in the dark until further analysis. The water samples were analysed for pH, UV-Visible light absorbance, DOC and bromide concentration, as well as total trihalomethane (TTHM) formation potential, representing the only group of DBPs currently regulated in the UK. 
Samples of the GAC media within each bed were collected using a peat auger (Eijkelkamp) to give an approximate 50 cm profile at bed depths of 0.5 – 1 m (top), 2.5 – 3 m (middle) and 4.5 – 5 m (bottom). Duplicate samples from these three depths from each bed (1-5) were taken, giving 30 GAC samples in total. As there proved to be no significant effect of bed height on any of the measured GAC properties, we considered all samples from each bed together in the statistical consideration. The GAC media were transported to the laboratory on ice where within 24 hr they were transferred to ovens and dried to constant weight. 
2.2 Laboratory methods
Water samples for DOC analysis were acidified to ~pH 2 using HCl and measured as non-purgeable organic carbon (NPOC) on a Shimadzu TOC-V instrument using UV/persulphate oxidation with a method detection limit (MDL) of 0.05 mg l−1. UV absorbance was measured on a Perkin Elma Lambda 3 using a 1-cm path length quartz cuvette and the specific absorbance, SUVA, was calculated as the absorbance at 254 nm divided by NPOC. TTHM formation potential was assessed using previously published methods which involved buffering at pH 8 and chlorinating in excess for 24 hr (21), followed by quantification using US EPA method 551.1. Analysis was completed on a Perkin Elmer model 8420 gas chromatography system with electron capture detection. 1-bromo-4-fluorobenzene was used as an internal standard and all chromatogram peaks were normalised to this value. We achieved MDLs for the target compounds chloroform, bromo-dichloromethane, dibromo-chloromethane and bromoform of 0.41 µg l-1, 0.05 µg l-1, 0.03 µg l-1 and 0.08 µg l-1, respectively. These target compounds were selected as they are regulated in the UK. Total trihalomethane (TTHM) concentration was calculated as the sum of these compounds using the value of half the MDL when values were below detection limits. Bromide concentration was determined by ion chromatography using US EPA method 300.1. Calibration checks and spiked samples were run as per the method and an MDL of 0.08 ppm was achieved. All water quality analyses were run in duplicate.
We assessed carbon loading by performing extractions using RO water with agitation on a shaker table using dried GAC samples. We investigated three extraction procedures: 30 min cold water, 24 hr cold water and 30 min hot water (80 oC), all at a 20:1 volume ratio of water to sample. The subsequent extracts were filtered through GF/F filters and analysed for DOC as per previous samples and analysed for UV-Vis absorption. Carbon loading was then determined by comparing the extractable DOC to the dry weight of sample used for extraction. 

3.0 Results
A summary of water quality parameters in the filter influent and at the outlet of each filter is available in Table 1.


[bookmark: _Ref2171401]Table 1: Water quality parameters (± one standard error) of influent and post-filtration water for five GAC beds (ordered in increasing time in use).
	Water Sample
	EBV treated
	DOC (mg/l)
	pH
	SUVA254 (L/mg/m)
	Br (ppm)
	TTHM (µg/l)
	DOC removal (%)
	TTHM removal (%)

	Influent
	-
	1.25 ±0.03
	7.41 ±0.04
	8.15 ±0.29
	0.06 ±0.01
	20.35 ±0.35
	-
	-

	Bed 3
	185
	0.10 ±0.00
	7.00 ±0.00
	7.96 ±0.20
	0.04 ±0.00
	8.65 ±0.49
	91.6 ±0.1
	57.5 ±2.4

	Bed 1
	18,556
	0.79 ±0.01
	6.67 ±0.15
	6.37 ±0.35
	0.11 ±0.01
	12.95 ±0.45
	36.7 ±0.8
	36.3 ±2.1

	Bed 2
	23,111
	0.90 ±0.01
	6.90 ±0.04
	6.76 ±0.19
	0.06 ±0.01
	15.26 ±0.45
	27.9 ±0.7
	25.0 ±2.2

	Bed 5
	47,704
	1.00 ±0.02
	7.52 ±0.55
	7.70 ±0.16
	0.08 ±0.03
	15.62 ±0.42
	20.0 ±1.8
	23.2 ±2.1

	Bed 4
	52,815
	1.11 ±0.13
	6.92 ±0.01
	6.77 ±0.60
	0.04 ±0.00
	17.58 ±1.34
	11.0 ±10.3
	13.6 ±6.6



An ANOVA test suggests that there is a significant effect of GAC bed on both resulting DOC (F=30.44, p<0.001, df=4) and TTHM formation (F=17.72, p<0.001, df=4). All beds except #4 caused a significant decrease (Dunnett’s test) in both DOC and TTHM formation. Bed 4 did not cause a significant change in either of these parameters. The results of the DOC in influent and filtered water are shown in Figure 1.

[bookmark: _Ref2172026][image: ]Figure 1: Variation of DOC after filtration with increasing bed age (mean DOC value shown within each bar). Error bars at one standard error. * denotes significant decrease compared to the influent water.
As one of the filters (#4) is no longer able to significantly reduce DOC concentration or DBP formation potential, it is evident that a method of assessing filter exhaustion is needed. For this, we assessed EBV, calculated from filter flow rates, the difference in UV absorption before and after the filter and the contaminant loading as measured by different water extraction procedures. These data were compared to the removal of DOC and the TTHM formation potential, as summarized in Table 2, in which we fitted both linear and exponential models to the data. In all cases it was possible to fit both significant linear and exponential models so here we only present the best fit model for each variable. A graph showing the exponential relationship between cold water-extractable organic matter (CWEOM) and DOC removal across the filter is show in Figure 2.
[bookmark: _Ref2245565]Table 2: Regression models for estimates of filter bed exhaustion and water treatment outcomes.
	Measure
	DOC removal
	TTHM removal

	EBV
	Exponential Adjusted R2 =0.895, p=0.010, n=5
	Linear Adjusted R2 =0.793, p=0.027, n=5

	Reduction in UV
	Linear Adjusted R2 =0.957, p=0.002, n=5
	Exponential Adjusted R2 =0.935, p=0.005, n=5

	DOC concentration – cold water extraction
	Exponential Adjusted R2 =0.985, p=0.001, n=5
	Linear Adjusted R2 =0.970, p=0.001, n=5

	DOC concentration – hot water extraction
	Exponential Adjusted R2 =0.935, p=0.005, n=5
	Linear Adjusted R2 =0.899, p=0.009, n=5

	DOC concentration – 30 min cold water extraction
	Exponential Adjusted R2 =0.974, p=0.001, n=5
	Linear Adjusted R2 =0.959, p=0.002, n=5

	UV absorption – 30 min cold water extraction
	Exponential Adjusted R2 =0.952, p=0.045, n=5
	Linear Adjusted R2 =0.846, p=0.017, n=5




[image: H:\TWENTY-65\GAC project\Exponential.jpg]
[bookmark: _Ref2330045]Figure 2: Cold water extractable organic matter (CWEOM) of the GAC from each filter and the DOC removal across the filter.

4.0 Discussion
The results of the samples from the selected WTW show that the DOC removal decreased, and TTHM formation increased, with bed age, to the point where the oldest filter (52,815 BV) no longer significantly reduced DOC concentration or THM formation potential. This confirms previous studies which have shown exhaustion of DOC removal capacity (8,13). Indeed, previous studies have suggested that GAC media which has been in service for a long time can increase the concentration of certain fractions of DOC due to microbial products being released from the biofilm (12). Removal of haloacetic acids (HAAs), another class of DBPs, was not monitored in our work, but other studies have suggested their precursors are more susceptible to biodegradation than THMs and therefore may be less of an problem in ageing GAC beds (15).
Our results clearly show that current methods of determining when to regenerate the GAC (time-in-use) are insufficient. Adopting a regular measurement of GAC bed life may help operators balance the sustainability of their processes by minimising potential unnecessary thermal regeneration if bed exhaustion has not been reached. Similarly, improved water quality outcomes from identify when the GAC has become exhausted may decrease the need for further treatment processes limiting, capital and operation expenditure and associated energy requirements. Our assessment of simple methods of determining bed life in comparison to water quality outcomes showed promising results. Whilst using EBV, which can be calculated from flows through each filter, was an effective predictor of both DOC removal and TTHM formation, it is likely to be ineffective if influent water onto the filters varies in contaminant concentration. As EBV only accounts for the amount of water passing through the filter, it is unlikely to be a robust measure if there are changes to DOC concentration and thus contaminant loading onto the GAC. 
Measuring the difference in UV absorbance in the influent water and at the outlet of each filter also showed strong correlations to water treatment outcomes and could be implemented with on-line monitoring capacity. This has a significant cost drawback, however, due to the need to install instrumentation at seven points to understand the evolution of bed life across the six filters. Although costly, this option also has the potential to detect issues with individual filters on-line and thus offer early warning of contaminant breakthrough.
Using extractable carbon from the GAC offered the best correlations to both DOC removal and TTHM formation (Table 2), suggesting these could be adopted for assessing bed life and optimising regeneration. In all cases it was possible to fit exponential models to these data and this was often the best fit model (Figure 2). This is most likely due to the change in mechanism of DOC removal from primarily adsorption controlled during the initial period when a large surface area is available for adsorption, to biologically controlled steady-state removal at lower rates once pore sites have become blocked (10). 
Measuring the concentration of carbon after the extraction requires equipment not commonly available at WTWs, namely a TOC analyser. We therefore assessed the use of UV absorbance of the extract as a possible method and this also showed strong correlations with both removal of DOC and TTHM formation potential. This was not as effective as measuring TOC, likely due to the inability to quantify aliphatic carbon, although UV absorbance offers a simple and low cost method to quantify carbon loading on GAC.
[bookmark: _GoBack]Performing the extractions with hot water increased the amount of carbon that was desorbed, most likely due to microbial carbon being released as this type of extraction is used in soil science to assess the microbial fraction of DOC in soils (22). Although more carbon was extracted, poorer correlations to treatment outcomes were achieved with the hot water method, suggesting microbial carbon may be less important for assessing GAC bed exhaustion. 

5.0 Conclusions
Time-in-use is an ineffective method of determining when to regenerate GAC carbon as it does not account for variation in contaminant loading. In this test case we showed that removal of DOC and TTHM formation potential decreased with bed age, reaching a limiting case of no significant removal of either parameter in the oldest GAC bed. Our data suggest that extractions of the carbon adsorbed onto the GAC media offer a simple method for operators to determine bed exhaustion and when to regenerate the carbon. Although better results can be achieved through quantification of the extract DOC concentration with a TOC analyser, using UV absorption after a 30 minute extraction at room temperature also performed well and can be achieved with equipment commonly available at UK WTWs. We therefore propose that to increase the resilience of current treatment practices to changing raw water conditions, WTW operators either implement on-line monitoring of UV after GAC beds or adopt the lower cost solution of regular monitoring of carbon loading on the GAC.
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