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Abstract:



Granular activated carbon (GAC) adsorbers for drinking water treatment were operated for approx. 14 months and the breakthrough of dissolved organic carbon (DOC) and trace organic chemicals (TOrCs) was monitored. Effluent concentration profiles of gabapentin and valsartan acid increase already at throughputs of <10,000 BV. The corresponding breakthrough curves flatten out without reaching the influent concentration level. This strongly indicates biological degradation of these substances in the GAC adsorbers under aerobic conditions, contributing to a more efficient use of GAC. The observed biodegradation in pilot GAC adsorbers also confirms recent reports of biodegradation of gabapentin and valsartan acid during managed aquifer recharge. Oxypurinol is comparatively well adsorbed and no breakthrough was observed during the experimental period. Adsorption capacity and breakthrough characteristics of oxypurinol appear very similar to carbamazepine. Breakthrough of GAC adsorbers operated with drinking water was compared to those of groundwater-fed adsorbers. The results show, that it is generally advisable to use previously aerated influents for GAC fixed-bed adsorbers because this can substantially improve biological removal of otherwise poorly adsorbable compounds and ensure full GAC accessibility for adsorbates by avoiding the undesirable formation of inorganic precipitates on adsorption sites.
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1. Introduction


The trace organic chemicals (TOrCs) gabapentin, valsartan acid, oxypurinol and carbamazepine are mostly very polar and the effluents of municipal wastewater treatment plants have been shown to be a significant entry path into receiving surface waters [1]. This is particularly relevant in Berlin (Germany), where drinking water is produced from groundwater, whose supply strongly depends on bank filtration and artificial groundwater recharge. Approximately 70% of the extracted groundwater originates from these sources [2]. Drinking water treatment consists of iron and manganese removal by aeration, followed by rapid filtration. The produced drinking water is distributed without prior disinfection. About a quarter of the city area is protected as drinking water protection area. Thus, the city’s surface waters are important water resources used indirectly via bank filtration and managed aquifer recharge (MAR) to produce drinking water.



The pharmaceutical gabapentin was detected in the Berlin water cycle in 2014 and was assessed as largely persistent in bank filtration and drinking water treatment by aeration followed by rapid filtration [3]. However, both laboratory tests [4] and pilot studies using powdered activated carbon (PAC) for the removal of organic micro-pollutants as an additional advanced wastewater treatment step [5,6] show that gabapentin is biodegradable under aerobic conditions. Valsartan acid, a transformation product of angiotensin receptor blockers (“sartans”), is described as being poorly removed during bank filtration [3,7], but nearly complete removal (>90%) was observed in activated carbon filtration during drinking water treatment (Mülheim process) [7]. Oxypurinol, the pharmaceutically active metabolite of allopurinol, is highly persistent and occurs widely in wastewater treatment plant effluents. Therefore, it is currently being discussed as a possible new marker for the influence of WWTP effluents on surface waters and drinking water resources, groundwater and also drinking water [8]. The antiepileptic carbamazepine is generally characterized as persistent under most conditions, although partial removal under reducing conditions during bank filtration has been reported [9,10]. Its occurrence in the urban water cycle is well documented.



In order to evaluate treatment options for trace organics removal, the use of granular activated carbon (GAC) was tested at a pilot scale in one of Berlin’s waterworks. This study focused on the removal of selected TOrCs and the corresponding operation time of the adsorbers until breakthrough.




2. Materials and Methods


2.1. Water Quality


Two GAC fixed-bed adsorbers in series were fed with drinking water (DW) from the water works Berlin-Tegel (Germany). Table 1 shows typical water quality characteristics of the drinking water. In addition, a single adsorber was fed with un-aerated groundwater (GW) from a nearby production well. The well was among approximately 130 drinking water wells supplying the water works. Dissolved organic carbon concentrations in Berlin ground and drinking water are typically as high as 4.5 mg/L and can be characterized as non-biodegradable and, to a large extent, composed of humic substances [2].



Table 1. Drinking water quality data from Berlin-Tegel (Germany), annual median values, 2016 [11].







	
Parameter

	
Median Value

	
Limit Value 1

	
HRIV 2






	
Iron (mg/L)

	
<0.03

	
0.2

	
-




	
Manganese (mg/L)

	
<0.005

	
0.05

	
-




	
Conductivity (µS/cm)

	
750

	
2790

	
-




	
Turbidity (NTU)

	
<0.2

	
1.0

	
-




	
pH

	
7.5

	
6.5–9.5

	
-




	
Temperature (°C)

	
12.9

	
-

	
-




	
Dissolved oxygen (mg/L)

	
8.0

	
-

	
-




	
TOC (mg/L)

	
4.5

	
-

	
-




	
UVA254 (L/m)

	
10.4

	
-

	
-




	
Colour (L/m)

	
0.3

	
0.5

	
-




	
Carbamazepine (µg/L)

	
0.13

	
-

	
0.3




	
Gabapentin (µg/L)

	
0.55

	
-

	
1.0




	
Oxypurinol (µg/L)

	
0.43

	
-

	
0.3




	
Valsartan acid (µg/L)

	
1.0

	
-

	
0.3








Notes: 1 German drinking water ordinance TrinkwV 2001; 2 Health-related indication values are set by the German Environment Agency [12].









2.2. GAC Pilot Plant


A scheme of the GAC pilot plant is shown in Figure 1. Each filter cell had a diameter of 1.30 m and a height of 1.50 m. The adsorber units were rented from Jacobi Carbons and were already filled with the granular activated carbon AquaSorb 5010 (8 × 30 mesh). The activated carbon manufacturer’s data state a specific surface area of approx. 1000 m2/g, an iodine number of at least 900 mg/g, and an apparent density of approx. 400 kg/m3. The adsorber units were operated in down-flow mode with a volumetric flow of 8 m3/h, resulting in an empty bed contact time (EBCT) of 15 min in the individual adsorber and a total of 30 min for the two adsorbers in series. The corresponding hydraulic loading rate (HLR) was 6 m/h.


Figure 1. Scheme of the GAC pilot: (a) two fixed-bed adsorbers in series fed with drinking water; (b) single fixed-bed adsorber fed with un-aerated groundwater. Sampling and pressure measuring points (PIR) are indicated.
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The total throughput was determined using a water meter. The influent and effluent of the adsorbers were sampled twice a week during the first six months. Sampling was later reduced to once a week. During sampling, head loss and volumetric flow were routinely checked and adjusted if necessary. During the first 90 days of operation, the GW-fed adsorber was backwashed with drinking water every three weeks, and later the backwashing interval was shortened to once every two weeks. The DW-fed adsorbers were generally operated without backwashing, except for a single backwash of the first adsorber in series after approximately 270 days of operation.




2.3. Analytical Methods


The analytical procedures of the monitored water quality parameters are contained in the routine monitoring program of the Berlin water works and were performed according to standard operating procedures. Dissolved organic carbon (DOC) (TOC-L, Shimadzu, Kyoto, Japan) and ultraviolet absorbance at 254 nm (UVA254) (DR 5000, Hach Lange, Berlin, Germany) were analyzed according to DIN EN 1484 (H03) and DIN 38404-C03, respectively. The trace organics were quantified using a UHPLC-MS/MS multi-method as described elsewhere [13,14], using either a tandem mass spectrometer (Xevo-TQ-S, Waters, Milford, MA, USA) or a high-resolution mass spectrometer (Exactive PlusTM, Thermo Scientific, Bremen, Germany). A list of the quantified TOrCs and their limit of quantification is shown in Table S1. Iron and manganese were analyzed by an inductively-coupled plasma—optical emission spectrometry (iCAP 6000 Series, Thermo Scientific, Bremen, Germany) based on DIN EN ISO 11885 (E22).





3. Results and Discussion


3.1. Pilot Operation


The GAC pilots have been in operation for approx. 14 months. More than 80,000 m3 of drinking water has been treated, which corresponds to more than 40,000 bed volumes (BV), based on the bed volume of a single adsorber and 20,000 BV of the combined bed of two adsorbers in series. Head loss in the DW adsorbers increased with duration of operation, but was always <0.4 bar until a throughput of 25,000 BV. When head loss exceeded 0.4 bar in the first adsorber, the adsorber was backwashed. Apart from that, the GAC adsorbers were operated without backwashing. Hydraulic loading was maintained at 6 ± 0.5 m/h (Figure 2a).


Figure 2. Volumetric and hydraulic loading rate (HLR) during operation of (a) two fixed-bed adsorbers in series fed with drinking water; and (b) a single fixed-bed adsorber fed with un-aerated groundwater. Backwashes are indicated by dotted lines.
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The GW-fed adsorber was operated until approximately 20,000 BV were reached, corresponding to 40,000 m3 of treated groundwater. Head loss increased much more rapidly and after three weeks, and hydraulic loading decreased to 3.5–4.5 m/h. Therefore, backwash intervals were shortened so that the hydraulic loading could be maintained constant at 6 ± 0.5 m/h (Figure 2b). Precipitation of ferric hydroxides in the influent of the fixed-bed filter was clearly visible.




3.2. Redox Parameters


In the DW-fed adsorbers, influent dissolved oxygen (DO) concentrations were approx. 7.4 mg/L and, thus, close to saturated conditions. This value was reduced by an average of 1.3 mg/L until the end of the first adsorber. In the second adsorber, an additional average of 2.0 mg/L DO is consumed (Figure 3a). Redox conditions in the DW-fed adsorbers were, therefore, kept oxic during the whole time. The decrease in DO concentration indicated biological degradation processes in the adsorbers.


Figure 3. (a) Dissolved oxygen concentration in the influent and effluents of two DW-fed fixed-bed adsorbers in series (n = 49); (b) Dissolved oxygen, total iron (Fe), dissolved manganese (Mn), and ammonia (NH4+) concentration in the influent and effluent of a GW-fed fixed-bed adsorber (n = 18–53).
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In the GW-fed adsorbers, DO concentrations measured in the influent and effluent were below <0.2 mg/L. No removal of manganese or ammonia was observed, confirming low redox conditions in the adsorbers (Figure 3b). However, during the first two months of operation, the influent iron concentration of approximately 1.2 mg/L was completely removed. In the following months of operations, effluent iron concentrations rose until only approximately 50% of the iron in the influent was removed. This might be explained by oxygen present in the fixed-bed system and likely adsorbed on the fresh activated carbon. After the stored oxygen was used up, complete oxidation of the influent iron was no longer possible, although oxygen was still entering the system during backwash with oxygen-rich drinking water. Another explanation could the adsorption of positively-charged Fe ions onto the negatively-charged carbon, which resulted in breakthrough after the adsorption capacity of the iron had been reached. Visible ferric hydroxide precipitates in the backwash water might support the first hypothesis.




3.3. Breakthrough of Dissolved Organic Carbon


Natural organic matter (NOM)—measured as DOC—is a complex, multi-component mixture of unknown composition. The numerous compounds have different affinities to adsorb onto GAC. Therefore, the breakthrough of the sum parameter DOC cannot be directly compared to that of the individual TOrCs. However, DOC breakthrough curves can provide information on the average adsorbability of the multicomponent mixture, as well as on the biodegradability of DOC. Figure 4 shows the breakthrough curves for dissolved organic carbon (DOC). The influent DOC concentration in drinking water was relatively constant over the experimental period at about 4.6 mg/L. The effluent DOC concentration increased quickly, so that after 8000 BV, only 20% of the DOC was retained by the adsorbers. The breakthrough curve flattened and slowly approached the feed concentration. After approximately 37,000 BV complete breakthrough was reached, as the effluent concentration equaled the influent concentration. Since the downstream adsorber was operated with the effluent of the first adsorber, the breakthrough of the second adsorber showed an offset. The GW-fed adsorber showed very similar breakthrough characteristics with approximately 95% breakthrough after 20,000 BV. Plots of the relative breakthrough curves (c/c0) of both DW-fed adsorbers, as well as the GW-fed adsorber against the respective throughputs, showed high similarity and no offset (Figure S1). Accordingly, the DOC in Berlin ground and drinking water was not reduced further by biological processes in the fixed-bed systems, but removal depended largely on adsorption. The bulk organic compounds represented by DOC were adsorbable to a poor to medium extent, resulting in early DOC breakthrough. Part of the DOC was slowly transported into the adsorbent grain, as indicated by the long flat breakthrough curve. Mass transport and adsorption of DOC in the groundwater-fed system do not appear to be significantly hindered by ferric hydroxide deposits likely to be present on the adsorbent surface.


Figure 4. Concentrations of DOC in (a) the influent and effluents of the first and second DW-fed adsorbers vs. throughput and in (b) the influent and effluent of the GW-fed adsorber.
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The breakthrough curves of UV absorbance at 254 nm (Figure 5) also showed an early breakthrough of UV-active bulk organic compounds with only 25% removal after 10,000 BV in the first DW-fed adsorber (15 min EBCT). However, effluent UVA254 approached the feed concentration extremely slowly after 10,000 BV. At 40,000 BV, roughly 10% of UV254 were still reduced in the first adsorber, indicating the biological transformation of UV-absorbing moieties within the bulk organics to less UV-absorbing compounds. This is underlined by the DOC breakthrough (cf. Figure 4) which approached the influent concentration at this throughput. Similar effects of preferred biodegradation of UV-absorbing compounds were shown in managed aquifer recharge systems treating groundwater from the same regional background as in the current study [15]. Another 10% concentration decrease was observed in the second adsorber, corresponding to a total EBCT of 30 min. On the other hand, breakthrough of UVA254 in the GW-fed adsorber occurred slightly earlier (15% removal after 10,000 BV) and effluent UVA254 approached the influent level quickly. This further indicated biological transformation of UV-absorbing moieties in the GAC columns under aerobic conditions.


Figure 5. UVA254 breakthrough curves of (a) two fixed-bed adsorbers in series fed with drinking water; and (b) a single fixed-bed adsorber fed with un-aerated groundwater.
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3.4. Breakthrough of Trace Organic Chemicals


In the following, the breakthrough curves of the TOrCs gabapentin, valsartan acid, oxypurinol, and carbamazepine are discussed. The breakthrough curves for all 11 TOrCs related to throughput, as well as normalized effluent concentrations are shown in the supplementary material (Figures S2 and S3).



The concentrations of gabapentin and valsartan acid in the drinking water feed slowly decreased from 0.6 μg/L to 0.4 µg/L in the case of gabapentin and from 1.2 μg/L to 0.8 µg/L the case of valsartan acid (Figure 6). These variations of DW quality probably occurred due to changes in well operation, as well as changed operation of artificial groundwater recharge basins. Pharmaceutical consumption patterns and operational changes also influence TOrC concentrations in the upstream WWTP effluent and impacted surface water ultimately translating to changes in the generated drinking water. In contrast to the drinking water which originated from several groundwater wells, groundwater for the pilot experiments was exclusively from one nearby production well, which showed less variations.


Figure 6. Breakthrough curves for (a,b) gabapentin and (c,d) valsartan acid in two fixed-bed adsorbers in series fed with drinking water (left) and a single fixed-bed adsorber fed with unaerated groundwater (right).
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Effluent concentrations of both TOrCs increased during the first 10,000 bed volumes and then maintained a relatively fixed level, with concentration fluctuations in the influent also visible in the effluent. This means that after approximately two months of operation, more than 50% of the influent valsartan acid and almost 30% of influent gabapentin were constantly removed by biological degradation in the filter bed of the DW-fed adsorbers. The relative biodegradation capacity in the second adsorber was even higher than in the first adsorber. Even after 39,000 BV (425 days of operation), a total of 40% gabapentin removal and 75% removal of valsartan acid were observed after sufficient contact time (EBCT 30 min). At lower contact time, approximately 20% of the influent gabapentin and roughly 50% of valsartan acid were removed (15 min EBCT after 39,000 BV). This behavior cannot be explained by adsorption alone. Instead, biodegradation under aerobic conditions [4] is confirmed in the adsorbers. The comparison with the identically-operated adsorber using un-aerated groundwater showed the necessity of dissolved oxygen for degradation of the two TOrCs mentioned above. Here, more than 95% breakthrough of valsartan acid and gabapentin occurred after 20,000 BV.



These results are in agreement with pilot studies on GAC fixed-bed adsorption [5] and PAC dosing [16] as advanced wastewater treatment steps, which clearly showed poor adsorbability of gabapentin, as well as indications for biodegradation of gabapentin in GAC fixed-bed and tertiary filtration systems. The documented biodegradation in pilot GAC adsorbers also confirms recent reports of biodegradation of gabapentin and valsartan acid during managed aquifer recharge. In soil column experiments, Hellauer et al. [15] showed gabapentin to be redox-sensitive, but significantly removed (53%), under oxic conditions. Earlier studies reporting gabapentin to be largely persistent in bank filtration [3] and SAT [17] might be explained by quick depletion of oxygen in the mentioned processes. Gabapentin-lactam was identified as the main transformation product of gabapentin [3]. Breakthrough curves of gabapentin-lactam are shown in Figure S2. Similarly, valsartan acid was recently shown to be removed in laboratory-scale soil columns under oxic conditions [15]. To clarify whether gabapentin and valsartan acid form other stable transformation products or will be mineralized, further research is needed. In order to confirm biological degradation of TOrCs and link it with biofilm growth on the GAC, rapid assays, such as adenosine tri-phosphate (ATP) determination, could be used to measure active biomass [18].



Figure 7 shows the breakthrough curves of oxypurinol and carbamazepine. The drinking water influent concentration of oxypurinol was initially about 0.3 μg/L, but rose to >1 μg/L, and then decreased after one year of operation. Even after 425 days of operation (39,000 BV), concentrations in the effluent of the second adsorber (EBCT 30 min) were below the limit of detection, and the effluent concentrations of the first adsorber were only slightly higher, ensuring >80% removal of oxypurinol at all times already after 15 min EBCT.


Figure 7. Breakthrough curves for (a,b) oxypurinol and (c,d) carbamazepine in two fixed-bed adsorbers in series fed with drinking water (left) and a single fixed-bed adsorber fed with un-aerated groundwater (right).
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Breakthrough of carbamazepine showed similar characteristics. Although less distinctive, the carbamazepine influent concentration rose from approximately 0.13 to 0.23 µg/L and, again, decreased after about 25,000 BV. Carbamazepine is very persistent and well adsorbable [19], resulting in effluent concentrations below the limit of detection for the second adsorber (EBCT 30 min). Very similar to oxypurinol, approximately 80% carbamazepine removal occurred in the first adsorber, even after 39,000 BV. Thus, oxypurinol is readily adsorbable onto activated carbon at extents roughly comparable to carbamazepine. This finding could be of practical importance since mass-spectrometric monitoring of carbamazepine is generally less laborious: oxypurinol requires dimethyl sulfoxide for the preparation of standard solutions and most conventional HPLC columns cannot retain this substance due to its poor interaction with most C18 reversed phase columns which are commonly used for multi-residue analysis.



Interestingly, breakthrough of both carbamazepine and oxypurinol in the GW-fed adsorber occurred significantly faster than in the DW-fed adsorbers. Here, effluent concentrations of oxypurinol and carbamazepine reached 50% of the influent concentrations after around 15,000 and 12,000 BV, respectively. Since carbamazepine degradation has been exclusively reported under reducing conditions [9], this does not point to improved removal caused by biological transformation in the DW-fed adsorbers. Instead, carbamazepine adsorption in the un-aerated column could be hindered by ferric hydroxide precipitation which might effectively block or restrict activated carbon pores and hinder mass transport into the adsorbent. In this regard, breakthrough characteristics of carbamazepine and oxypurinol are rather different from DOC breakthrough, where no significant difference between drinking water and un-aerated groundwater can be observed. Activated carbon micro-pores are likely to be more accessible for small molecules such as carbamazepine and oxypurinol and might also be more strongly affected by ferric hydroxide precipitation. Mass transport of higher molecular weight compounds which represent a significant share of DOC will thus be less hindered by ferric hydroxide precipitation.



The molecules encompassed in the entity of background organic matter (measured as DOC) in typical ground and drinking waters have average molecular sizes in the range of 400–1200 g/mol [20]. This is larger than the molecular sizes of the examined organic micro-pollutants (~100–400 g/mol). Variable molecular sizes of organic compounds were associated with size differences of the preferably occupied pores and the corresponding competitive adsorption effects on the activated carbon internal surface [21,22,23]. Accordingly, the adverse effects of pore blocking materials (such as Fe-precipitates forming in the internal pore system of activated carbon) are likely to be different for organic molecules with different molecular sizes. Possibly, precipitates forming in a small pore would quickly block the entire pore, whereas precipitates forming in a larger pore would not block the entire pore as quickly.





4. Conclusions


The breakthrough behavior of gabapentin, valsartan acid, oxypurinol, and carbamazepine was studied in pilot-scale GAC fixed-bed adsorbers operated with drinking water and (un-aerated) groundwater to study the influence of empty bed contact time and redox conditions. The results showed clearly that gabapentin and valsartan acid were poorly removed by adsorption onto activated carbon. Instead, the observed moderate to high removal of gabapentin and valsartan acid were attributed to biodegradation in the GAC pilot adsorbers under aerobic conditions. This was confirmed by a decrease in dissolved oxygen concentrations in drinking water-fed adsorbers and significantly earlier breakthrough in an adsorber fed with un-aerated groundwater. Oxypurinol, which was only recently found in significant concentrations in ground and drinking waters, has been shown to be readily adsorbable and can be equally well removed by activated carbon adsorption as carbamazepine. For these two compounds, the performance of the groundwater-fed adsorber was poorer than that of the drinking water-fed adsorber. The likely reason is activated carbon pore blockage induced by iron/manganese precipitation in the groundwater-fed adsorber. Our results show that it is generally advisable to use previously-aerated influents for GAC fixed-bed adsorbers because (i) this can substantially improve biological removal of otherwise poorly-adsorbable compounds; (ii) it ensures full GAC accessibility for adsorbates by avoiding the undesirable formation of inorganic precipitates on adsorption sites; and (iii) it reduces the need for filter backwashing.








Supplementary Materials


The following are available online at: www.mdpi.com/2073-4441/9/7/479/s1, Figure S1. Normalized effluent concentration vs. throughput (breakthrough curves) for (a) DOC and (b) UV absorbance in two fixed-bed adsorbers in series fed with drinking water (DW, EBCT 15 and 30 min) and in a single fixed-bed adsorber fed with un-aerated groundwater (GW, EBCT 15 min). Figure S2. Normalized effluent concentration vs. throughput (breakthrough curves) for (a) acesulfame, (b) benzotriazole, (c) carbamazepine, (d) gabapentin, (e) gabapentin-lactam, and (f) tolyltriazole in two fixed-bed adsorbers in series fed with drinking water (DW, EBCT 15 and 30 min) and in a single fixed-bed adsorber fed with un-aerated groundwater (GW, EBCT 15 min). Figure S3. Normalized effluent concentration vs. throughput (breakthrough curves) for (a) primidone, (b) oxypurinol, (c) valsartan acid, (d) candesartan, and (e) olmesartan in two fixed-bed adsorbers in series fed with drinking water (DW, EBCT 15 and 30 min) and in a single fixed-bed adsorber fed with un-aerated groundwater (GW, EBCT 15 min). Table S1. List of monitored TOrCs.
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