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1. INTRODUCTION 

This Pilot Test Report has been prepared by Geosyntec Consultants, Inc. (Geosyntec) on behalf 
of the Capital Region of Denmark (CRD) to present the results from an aerobic bioactive 
granular activated carbon (BioGAC) pilot test performed in an existing pump-and-treat (P&T) 
system for removal of chlorinated solvents in groundwater at the Knapholm site in Herlev, 
Denmark (Site).  The pilot test evaluated the performance of BioGAC using aeration and nutrient 
amendment between October 2015 and October 2016 and was performed in accordance with the 
Pilot Test Work Plan (Work Plan; Geosyntec, June 2015).  The pilot test modifications to the 
P&T system and operations and control of the pilot test were performed by Arkil.  Data 
collection, sample collection and submittal for laboratory analysis, and data synthesis were 
performed by Rambøll Group (Rambøll).  Laboratory analysis was performed by ALS.  
Molecular analysis was performed by Aarhus University.  Operations, maintenance, and 
monitoring oversight, data evaluation and reporting was performed by CRD, in collaboration 
with Geosyntec. 

This document presents: 

• Section 2 – Background information about the Site and the P&T system; 
• Section 3 – Pilot test objectives; 
• Section 4 – Pilot test design and implementation details; 
• Section 5 – A summary of the pilot test operations and an evaluation of its performance; 
• Section 6 – Conclusions and recommendations; and 
• Section 7 – References. 
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2. BACKGROUND 

The Site is located in the Herlev industrial area, which is an old industrial area with multiple 
potential sources of contamination from companies that have historically used chlorinated 
solvents during their operation.  Groundwater at the Site, which is contaminated with 
trichloroethene (TCE) and its degradation products cis-1,2-dichloroethene (cDCE) and vinyl 
chloride (VC), is treated using a P&T system with granular activated carbon (GAC) for removal 
of chlorinated ethenes (CEs).  The P&T system at the Site is typical for the type of P&T systems 
used at other CRD sites and consists of extraction wells, sand filters for treatment of iron and 
manganese, and GAC filters for sorption of CEs.  The P&T system is comprised of two 
processing streams operating in parallel, Process Stream A and Process Stream B, both of which 
contain two sand filters (FA1/FA2 and FB1/FB2, respectively) and two GAC filters (KA1/KA2 
and KB1/KB2, respectively) in series.  Groundwater from several extraction wells is combined at 
the influent to the P&T system and then diverted to the two parallel treatment trains.  Following 
treatment, effluent from the process streams is combined and the treated water is then discharged 
to a surface water stream.  The pumped groundwater at the influent is typically slightly reduced 
with low or no dissolved oxygen (DO) content and dissolved iron and manganese concentrations 
that are on the order of 1 milligrams per liter (mg/L) and 0.1 mg/L, respectively (based on data in 
the February 2015 analytical report for the Site, provided by CRD in an email dated 22 April 
2015, and consistent with analytical data from May 2015, provided by CRD in the email dated 4 
June 2015). 

As advised during a Site walk conducted between Geosyntec and CRD in April 2015, the 
combined extraction flow rate through the P&T system at the Site varies and is influenced by 
local industrial demand, which intermittently diverts approximately 20 cubic meters per hour 
(m3/h) every 3 minutes from the influent to the P&T system.  As a result of this demand and 
other system fluctuations, the flow rate through Process Stream A ranges from 5 to 35 m3/h, and 
the overall flow rate for P&T system historically ranges from approximately 25 to 75 m3/h.  
Influent concentrations of CEs range from 1 to 90 micrograms per liter (μg/L) based on 2013 and 
2014 quarterly monitoring results, and typically the contaminant concentrations in Process 
Stream A are higher than concentrations in Process Stream B (CRD, 2014).  The 
groundwater/drinking water limits specified in the Municipality’s permit for the facility, which is 
outdated and subject to revision, is 15 μg/L for TCE and 10 μg/L for cDCE (CRD, 2014).  It is 
expected that when the permit is updated, the treatment criteria will be modified to 10 μg/L for 
TCE, 6.8 μg/L for cDCE, and 0.05 μg/L for VC in the surface water stream that receives the 
effluent from the P&T system.  These limits require the P&T system to be highly efficient in 
treating VC.  Since VC is consistently the first CE to breakthrough in GAC reactors, enhanced or 
alternative technologies may be required to treat the VC and extend the reactive lifetime of the 
GAC reactors. 

In January 2014, Geosyntec, in collaboration with Krüger and with oversight from CRD, 
performed a brief literature review to identify viable technologies and/or operational 
improvements (design enhancements) thought to extend the reactive life of GAC reactors in 
CRD P&T systems, thereby reducing operation and maintenance (O&M) costs and 
environmental impact (Geosyntec, 2014).  Geosyntec’s review of technologies for extending the 
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reactive life of GAC in systems treating groundwater impacted with CEs found that BioGAC 
with aerobic oxidation presents a feasible and potentially cost-effective approach for increasing 
treatment efficiency for VC, extending the GAC service life. 

Following a detailed evaluation of the existing P&T system configuration and operations at 
CRD’s Knapholm Site, in June 2015 Geosyntec prepared a Work Plan to provide supporting 
design documentation for P&T system modifications to implement a BioGAC pilot test at the 
Site.  Design drawings, design specifications, and a Sampling and Analysis Plan for the pilot test 
were included in the Work Plan.  Recommended modifications included: a nutrient amendment 
system, aeration injection system, and instrumentation, piping, and controls modifications 
(sampling ports, flow meters, pressure gauges, manual flow control valves, associated piping and 
fixtures).  Modifications were made by subcontractors to CRD (Arkil) in the second half of 2015.  
The nutrient amendment system was implemented in accordance with the Work Plan.  The 
venturi air injection system that Geosyntec specified in the pilot test design was not incorporated 
into the system; instead, CRD chose to aerate the BioGAC reactors using an existing air 
compressor at the Site.  Further details on the pilot test design and implementation and deviations 
from the Work Plan are described in Section 4. 

Pilot test operations began in October 2015 and continued through to October 2016, after which 
the BioGAC vessel contents were replaced with new GAC.  Some of the remnant used GAC was 
mixed with the new GAC in November 2016 and operations continued with a high concentration 
of oxygen and no nutrient amendment, to assess if biological activity could be maintained 
following carbon changeout and if aerobic oxidation could continue in this operational 
configuration.   

The remainder of this Pilot Test Report provides a description of operations performed, system 
parameters measured, and samples collected, analyzed, and evaluated through the 1-year period 
of the pilot test from October 2015 to October 2016. 
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3. PILOT TEST OBJECTIVES 

This pilot test was performed to assess whether aerobic biologically active conditions (i.e., 
BioGAC) can be used to extend the bed life of GAC in a P&T system, thereby reducing the 
frequency of replacing GAC in the reactors.  VC is consistently the first CE to breakthrough in 
the GAC reactors and is a key effluent parameter for the improvement of bed life. 

The primary goal of this pilot test was to accomplish a proof-of-concept of biological 
enhancement of GAC performance at the Knapholm Site.  To this end, the following pilot test 
objectives were set forth to evaluate the effectiveness of the BioGAC technology: 

• Assess the ability to develop and maintain suitable conditions for microbial growth and 
therefore bioactive treatment of CEs, primarily VC; 
 

• Minimize negative impacts to system operational parameters and maintenance 
requirements;  
 

• Treat VC in the BioGAC vessel not only through sorption onto the carbon, but also 
through aerobic oxidation and destruction of VC to innocuous end products (i.e., carbon 
dioxide and bacterial biomass) in a timeframe that allows for VC concentration reduction 
prior to exceeding discharge criteria; and 
 

• Improve the bed life of the BioGAC vessel. 

These objectives were assessed throughout the pilot test operations based on several performance 
parameters that are discussed in more detail in Section 5. 
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4. PILOT TEST DESIGN AND IMPLEMENTATION 

The pilot test was designed to evaluate the operational performance improvements that may be 
achieved using BioGAC.  Consideration was given to whether the pilot test would be operated as 
a standalone configuration using a side stream of influent water, or whether the existing 
Knapholm P&T system would be reconfigured to generate and support biomass growth.  It was 
decided with CRD that modifications to the current system configuration would be suitable for 
the goal of this pilot test, which was to accomplish primarily a proof-of-concept of biological 
enhancement of GAC performance.  The following sections provide a brief review of 
biodegradation in GAC reactors (4.1), an overview of the system modifications (Section 4.2), the 
basis used for the BioGAC design and baseline conditions for which pilot test results were 
compared against (Section 4.3), the modifications that were implemented, namely the 
amendments added to the GAC vessel and aeration of the system (Section 4.4), a summary of 
system operations and maintenance conducted during the pilot test (Section 4.5), and the 
monitoring program followed over the duration of the pilot test (Section 4.6). 

 

4.1 Review of Chloroethene Biodegradation Processes in GAC Reactors 

GAC removes CEs in groundwater via hydrophobic partitioning (sorption).  In the presence of 
dissolved oxygen and specific bacteria, CEs in ground water also may be treated via two types of 
aerobic biodegradation processes: direct oxidation and cometabolism.  cDCE and VC are 
susceptible to aerobic biodegradation by both processes. The mechanisms, chemistry, and 
bacteria involved in these biodegradation reactions have been described extensively in the 
academic literature over the past 30 years (Bouwer and McCarty, 1985; Semprini et al. 1990; 
Davis and Carpenter, 1990; Chang and Alvarez-Cohen 1996; Verce et al. 2000, 2001; Coleman 
et al. 2002; Giddings et al. 2010; Schmidt et al. 2010).  Researchers at the Technical University 
of Denmark first investigated aerobic cometabolic biodegradation of CEs in the early 1990s 
(Arvin, 1991).  With direct oxidation, certain bacteria in the presence of dissolved oxygen derive 
energy and grow during aerobic biooxidation of cDCE or VC as sole substrates. In 
cometabolism, cDCE and VC serve as secondary substrates that are oxidized fortuitously (i.e., 
cometabolically) during aerobic biooxidation of more easily degraded primary substrates such as 
methane, propane, butane, phenol, toluene, or acetate.    

One reason that GAC is an effective agent for removing halogenated organics from water is that 
it has very high surface area. Bacteria prefer growth on surfaces (as opposed to growth 
suspended in water) and GAC is known to provide an effective surface for bacterial growth. 
Numerous academic publications have hypothesized that aerobic BioGAC can enhance typical 
GAC treatment by combining biooxidation with sorption/desorption to/from the GAC, thereby 
extending the reactive longevity of GAC (e.g., Bouwer and McCarty 1982; Speitel and DiGiano 
1987; Speitel et al. 1989; Voice et al., 1992). A key question regarding the feasibility of this 
approach involves biodegradation rates and hydraulic residence time in a given GAC reactor – 
does biodegradation occur fast enough, relative to the residence time, to facilitate CE desorption 
from the GAC? A primary goal of the pilot test, therefore, was to optimize/maximize 
biodegradation rates in the BioGAC reactor at the Site by providing excess oxygen and low 
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concentrations of acetate to stimulate aerobic biodegradation by both direct oxidation and 
cometabolic biodegradation.  

Lesser chlorinated CEs such as cDCE and VC have lower sorption affinities on GAC than, for 
example, their dechlorination parent compound, trichloroethene (TCE).  The sorption affinity of 
VC on GAC is particularly low (varying based on influent concentrations, approximately 300 
times lower than TCE, whereas cDCE is approximately 10 times lower than TCE, as evident in 
the carbon isotherms for the Chemviron products in use at the Site before [Filtrasorb 400] and 
during [Aquacarb 207C] the pilot test in Appendix A).  Because VC has a lower sorption affinity 
and a low permit discharge criterion at the Site, enhancing VC treatment through biological 
processes is a key performance criteria for increasing the longevity of GAC use in the Site P&T 
system (aerobic biooxidation of cDCE in a BioGAC reactor also may extend GAC longevity, but 
cDCE was not a primary objective of the subject pilot test – VC was the driver compound). 

 

4.2 Design Overview 

The BioGAC pilot test was operated on the lead (most upstream) vessel through Process Stream 
A.  The lead vessel was KA1, as shown in the Design Drawings in the Work Plan (Geosyntec, 
2015).  Process Stream A was selected because it typically has higher CE concentrations and as a 
result has shorter change-out periods than Process Stream B, which is beneficial to reducing the 
overall length of the pilot test and gaining useful information as to the service life improvement 
of the GAC.  The primary focus of the test was on the influent and effluent CE concentrations 
and secondary water quality parameters to understand the improvements made by implementing 
BioGAC. 

System design modifications included aeration and nutrient amendment downstream of the sand 
filters and upstream of the existing GAC treatment to enhance biomass growth.  Instrumentation 
and controls modifications were also performed for the operation and monitoring of the pilot 
system. 

 

4.3 Design Basis 

The following design parameters (Table 1) were used as the basis for modifications to the P&T 
system for the BioGAC pilot test and for baseline conditions to compare to the results collected 
during the operation of the pilot test.  These values are based on a review of historical data and 
assumptions, as documented in the Work Plan (Geosyntec, 2015). 
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Table 1: Design Basis Parameters 

Parameter Value Units 

Operating Influent Pressure 1.5 bars 
Process Stream A Flow Rate 
 

5-35 
20 

m3/h (range) 
m3/h (average) 

Influent Average CE 
Concentrations 
 

12 
47 
17 

μg/L TCE 
μg/L cDCE 
μg/L VC 

Influent DO Concentration 0 mg/L 
Influent Nutrient Concentrations 
 

0 
0 

mg/L nitrogen 
mg/L phosphorus 

GAC Changeout Frequency 8-14* months 
 *Most frequently around 8 months in more recent years. 
 

4.4 Implementation 

In the second half of 2015, modifications were made to the P&T system to enhance aerobic 
biooxidation of CEs in groundwater in the BioGAC vessel by adding nutrient amendment and 
aeration injection systems.  These systems are discussed in more detail below.  Modifications 
evaluated during the design and operation of the pilot test, but not implemented, are also 
discussed. 

 

4.4.1 Nutrient Amendment 

Nutrient amendments (a carbon growth substrate, nitrogen and phosphorus) were added to the 
P&T system upstream of the KA1 lead GAC vessel to support biological activity.  As described 
in Section 4.1, VC and cDCE in an aerobic BioGAC reactor may be biodegraded 
cometabolically when a simple carbon substrate is provided to stimulate bacterial growth.  The 
growth substrate used for the pilot test was acetic acid, as it is commonly used as a primary 
substrate for aerobic biological treatment of low concentrations of chlorinated organics in 
biological GAC reactors (e.g., Bouwer et al., 1982).  It is also a food-grade additive, a primary 
ingredient in vinegar/salad dressing. Furthermore, there are no specific handling requirements for 
this chemical, which made it a suitable carbon source for this application.  Aerobic 
bioremediation may also be optimized by addition of microbial nutrients such as nitrogen and 
phosphorus.  Ammonium sulfate and trisodium phosphate were selected as nitrogen and 
phosphorous sources. 

Based on the design parameters described above in Section 4.2, an amendment solution 
preparation methodology was developed as shown below in Table 2.  
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Table 2: Amendment Solution Preparation Guidelines 

Amendment 
Solution Specifics Instructions 

Amendment 
Pumping Rate 

4.6 L/day Amendment Solution dosed into BioGAC influent 
Process Stream from a 220 L tank filled with 200 L of 
Amendment Solution, prepared approximately every 5 weeks. 

Amendment 
Solution 
Ingredients in a 200 
L batch 

10 L pure acetic acid; 
890 grams (d. w.) ammonium sulfate; 
110 grams (d. w.) trisodium phosphate; 
190 L distilled or drinking water. 

Amendment 
Solution 
Preparation 
Procedure 

Weigh 890 grams (d. w.) ammonium sulfate and 110 grams (d. 
w.) trisodium phosphate separately and add them into at least 
2000 mL water.  Using suitable apparatus mix the solution until 
100% of solids are dissolve in water; add acetic acid and water 
together with the mixture into the chemical tote and bring the 
volume to 200 L. 
 
Note 1: Consider solubility limits of 74.4 g/100 mL for 
ammonium sulfate and 12 g/100 mL for trisodium phosphate, 
when mixing with water. 
 
Note 2: Ensure the chemical tote is clean and sterilized before 
adding the amendment solution. 
 
Note 3: It is recommended to filter the amendment solution 
before feeding it to the BioGAC unit. 

 % - percent 
 d.w. – dry weight 
 L – liters 

Optimizing the carbon substrate and nutrient feed flowrate was an important objective 
throughout the pilot test.  Overdosing a BioGAC vessel with carbon or nutrients may cause 
excessive biofilm growth, biomass or biogas clogging issues, or a reduction in the GAC surface 
area available for sorption. Underdosing the BioGAC vessel can limit biomass growth, 
biooxidation of CEs, and the effectiveness of BioGAC.  During the pilot test, if analytical results 
suggested that one or more of the components in the amendment solution was over/under 
utilized, adjustment of the influent concentrations and/or the overall amendment flow rate was 
evaluated.  The amendment rate was also considered in context of the actual flow rate through 
Process Stream A, which as documented in Section 5, was lower than the historical average. 

The volume of injected solution was calculated to be approximately 6.6 L/day on average over 
the course of the pilot test.  The average daily injection volume varied month to month, starting 
out close to the pre-determined injection volume of 4.6 L/day in November 2015.  The average 
injection volume per day was determined using data provided from CRD in the file “Knapholm 
Data ver3 (en)”.  Averages were determined monthly by calculating the difference in liquid 
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height at the beginning and end of the month and converting to volume based on the diameter of 
the supply tank.  Estimation of the change in liquid height was required if one-time additions 
were made without pre- and post-addition measurements.  Further estimations were required if 
measurements were not taken at the beginning and end of every month to establish a monthly 
total.  On three occasions, leaks were detected in the amendment solution tank (January 14, April 
7, and May 19, 2016).  To avoid a biased high amendment solution volume, the measurements 
made prior to the days with leak detections were removed from the calculations, assuming that 
the entire volume measured prior to the leak detection was lost. 

 

4.4.2 Aeration Injection 

Using an existing air compressor at the Site, air was injected into Process Stream A upstream of 
the GAC vessel KA1 at two locations, Air Flow 1 (at the top of the first sand filter FA1) and Air 
Flow 2 (at the top of the second sand filter FA2).  Based on data provided by CRD in file 
“Knapholm Data ver3 (en)”, the injection air flow rate ranged from 10 to 100 standard liters per 
minute (SF L/min), and for much of the pilot test (shortly after startup in November 2015 to 
October 2016) was at 25 to 30 SF L/min.  A target DO concentration of approximately 8 mg/L 
was recommended in the BioGAC vessel as documented in the Work Plan (Geosyntec, 2015). 

Each carbon vessel is equipped with an exhaust valve to allow air relief.  Even with air exhaust, 
air-binding can be an issue in carbon filters and with a pressurized vessel, and small-diameter 
bubbles may be blocked within the GAC from venting out of the vessel.  An evaluation of the 
DO concentrations achieved and the impact of air relief from the BioGAC vessel are discussed in 
more detail in Section 5. 

 

4.4.3 Other Aerobic Oxidation Enhancement Considerations 

Temperature 
Consideration was given to the possibility of raising the temperature of the process water in the 
GAC vessel to improve biomass growth during the pilot test design stage; however, heating was 
determined to be cost-prohibitive compared to traditional GAC change-out frequencies and thus 
was not pursued for the pilot test at the Knapholm Site. 

 

Bioaugmentation 
While VC removal via GAC adsorption is low compared to other CEs in the influent 
groundwater (and is thus the driver for GAC service life and change out), VC is more readily 
degraded aerobically by naturally-occurring bacteria to non-toxic end products such as carbon 
dioxide (CO2).  Therefore, preferential removal of VC, in the presence of dissolved oxygen, was 
expected to occur without bioaugmentation of the BioGAC vessel.  cDCE also can be aerobically 
oxidized as a growth substrate by certain aerobic bacteria (Coleman et al., 2002; Giddings et al., 
2010), although aerobic oxidation of cDCE in general is not believed to occur as commonly as 
aerobic oxidation of VC.  During pilot test operations, bioaugmentation of the BioGAC vessel 
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with a cDCE-oxidizing bacterial culture was considered (SIREM maintains a Polaromonas sp. 
strain JS666 growth reactor that was initiated from an inoculum provided by Cornell University 
and Georgia Technical University).  The project team decided not to bioaugment the BioGAC 
vessel for multiple reasons, including CRD’s need to limit the overall budget for the pilot test, 
and an expectation that the creation of aerobic conditions in the BioGAC vessel would stimulate 
growth of naturally-occurring cDCE- and VC-oxidizing bacteria indigenous to the Knapholm 
groundwater. The results of the microbial analysis performed to assess the presence of these 
bacteria are discussed in Section 5. 

 

4.5 Operations & Maintenance Summary 

Pilot test operations began October 16, 2015 with the start of air injection (addition of substrate 
and nutrients did not begin until November 9, 2015) and continued through to October 6, 2016.  
Two primary maintenance activities were conducted on the P&T system that impact BioGAC 
performance and are described in further detail below. 

 

Carbon Changeout 
Carbon changeouts are performed on the P&T system once the GAC in the vessels KA1/KA2 
(Process Stream A vessels) or KB1/KB2 (Process Stream B vessels) have been exhausted and no 
longer sorb CEs sufficiently to meet discharge criteria.  Typically, the lag vessel is switched to 
operate in the lead position and the lead vessel, which has been operating as the primary CE 
loading vessel, is replaced with new GAC.  Prior to the BioGAC pilot test, Filtrasorb 400 was the 
GAC product used in the P&T system; however, CRD elected to use an alternative GAC 
product, Aquacarb 207C (both Chemviron products), because of their understanding that 
Aquacarb 207C had better sorption capacities than Filtrasorb 400 for the Site-specific CEs.  
Carbon isotherms were obtained from Chemviron for these two products for the Site-specific 
CEs for which isotherms were available, and are provided in Appendix A.  A comparison of 
sorption capacities for the primary CEs (TCE, cDCE, and VC) indicate that the sorption 
capacities for these compounds increase from about 75 to 100 percent when using the Aquacarb 
207C as compared to the Filtrasorb 400 at the influent concentrations as defined in Section 4.2.  
Because the sorption capacities for these compounds is improved between these two products, 
the impact of this change may affect the results of the pilot test, either through enhanced 
sorption, improved residence time for biooxidation to occur, or a combination of these factors.  
Nevertheless, comparison of historical and BioGAC changeout cycles was still considered in this 
evaluation.  (Of note, the data Chemviron uses to develop the isotherms are based on distilled 
water, to avoid effects like adsorption, desorption, etc. of other compounds.  Therefore, 
isotherms should be considered a theoretical estimate of CE sorption capacities.) 

On June 24, 2015, the GAC in both KA1 and KA2 (the lead and lag vessels in Process Stream A 
for the BioGAC pilot test) were replaced with Aquacarb 207C.  The P&T operated in its standard 
mode (without enhancements to promote bioactivity) for over 3-1/2 months, to allow CEs to sorb 
on to the carbon matrix for some initial substrate for biomass growth.  The BioGAC vessel 
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(KA1) continued to operate in the lead position for the remainder of the pilot test, until October 
6, 2016, when carbon substrate and nutrient additions were discontinued.  Final sampling was 
conducted approximately two weeks thereafter and then the BioGAC vessel contents were 
replaced on November 24, 2016. 

 

Backflush Cycles 
A backflush cycle was periodically run throughout the BioGAC pilot test to remove potential 
biomass and/or iron oxides that form as groundwater is processed through the vessel.  Formation 
of these layers can coat the GAC surface and reduce the efficiency of the GAC sorption capacity 
of CEs.  Backflush cycles serve to remove a significant portion of the solids from the reactor and 
can improve process flow rates and/or reduce backpressure observed in the process treatment 
train.  Table 3 below documents the dates that backflush cycles were performed. 

Table 3: Backflush Cycles 

Date Backflush Maintenance* 

January 11, 2016 BioGAC Vessel (KA1) and Sand Filters 
(FA1/FA2); 3-5 minutes 

April 7, 2016 BioGAC Vessel (KA1) and (KA2) 
June 21, 2016 BioGAC Vessel (KA1) 

*Backflush cycles in the BioGAC vessel were performed at 80 m3/h for 5 minutes; 
backflush cycles in the sand filter vessels were performed at 500 m3/h. 

 

4.6 Monitoring Program 

Collection of samples in accordance with the Sampling and Analysis in the Pilot Test Work Plan 
(Geosyntec, 2015) was performed by Arkil and Rambøll under contract to CRD.  Aqueous 
samples were collected at five points in Process Stream A: i) upstream of the sand filtration 
vessels FA1 and FA2; ii) upstream of nutrient and air amendment; iii) upstream of the lead 
BioGAC vessel KA1; iv) upstream of the lag GAC vessel KA2; and v) downstream of the lag 
GAC vessel.  Air samples were collected at the air exhaust point at the top of the BioGAC 
vessel.  The nomenclature used to reference these points in the process treatment train within the 
Work Plan and the data file “Data Sheet Knapholm – version 2016-11-11” are shown below in 
Table 4. 
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Table 4: Sample Locations 

Process 
Stream 

Location 
Work Plan Data Sheet Knapholm File 

1 Upstream of Sand Filtration 
Vessels 

Knapholm Remediation Facility, 11 Inlet 
Facility, Column A 

2 Upstream of Nutrient and Air 
Amendments 

Knapholm Remediation Facility, 2 Outlet 
Multifilter 2, Column A (MF2A) 

3 Upstream of Lead Carbon 
Vessel 

Knapholm Remediation Facility, 2-2 Before 
Carbon Filter 

4 --- (Top of BioGAC Vessel) Knapholm Remediation Facility, 2-3 in BioGAC 

5 Upstream of Lag Carbon Vessel Knapholm Remediation Facility, 3 Outlet 1. 
Carbon Filter in Series, Column A (CF1A) 

6 Downstream of Lag Carbon 
Vessel 

Knapholm Remediation Facility, 4 Outlet 2. 
Carbon Filter in Series, Column A (CF2A) 

7 Air Release Discharge from 
Lead Carbon Vessel 1. Carbon filter - 1 & 1. Carbon filter - 2 

 --- Location not defined in the Work Plan 

Samples were collected and analyzed for CEs, total organic carbon (TOC), biological oxygen 
demand (BOD), inorganics (nitrogen, phosphorous, and total and dissolved iron and manganese) 
and geochemical parameters such as pH, dissolved oxygen (DO), oxidation reduction potential 
(ORP), turbidity, and temperature.  In addition, molecular analyses were conducted to evaluate 
microbial density and microbial community composition within the BioGAC vessel.  These 
analyses were conducted on select aqueous samples during the test period. 

These points in the process treatment train, as well as in Process Stream B, were assessed for 
operational parameters (flow, pressure) using the existing instrumentation and data acquisition 
and controls in the P&T system to assess any potential impacts of the pilot test in either Process 
Stream A or B.  A summary of the parameters assessed, their purpose, and respective 
measurement methods is provided below. 

 

4.6.1 Operational Parameters 

To assess pilot test operations consistent with the pilot test objectives of minimizing negative 
impacts to system operational parameters and maintenance requirements and improving the bed 
life of the BioGAC vessel, Process Stream A and B flow rates and pressures were monitored 
throughout the pilot test using inline meters and gauges.  This data was manually measured and 
recorded on average on a weekly basis, although this varied from as short as one day up to two 
weeks between measurements.  This data also was continuously recorded through the existing 
data acquisition and controls system. 
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4.6.2 Geochemical, Inorganic, TOC and BOD Parameters 

Geochemical, inorganic, TOC and BOD concentrations were characterized throughout the 
duration of the pilot test to assess whether conditions favorable for bacterial growth were 
established and maintained in the BioGAC vessel. 

Geochemical parameters (pH, DO, ORP, turbidity, and temperature) were measured using 
parameter specific or multi-parameter probes to determine if water quality parameter conditions 
within the BioGAC vessel were conducive to aerobic biological processes.  Samples were 
collected and analyzed for inorganic (nitrogen, phosphorous, and total and dissolved iron and 
manganese) concentrations using methods DS/ISO 29441:2010 (for nitrogen), DS/EN ISO 
6878:2004 (for phosphorous), and ICP DS/EN ISO 11885 (for iron and manganese).  Samples 
were also collected and analyzed for turbidity using method DS/EN ISO 7027.  This assessment 
was conducted to control bacterial growth and activity and to understand secondary parameters 
to aeration amendment.  Samples were collected and analyzed for TOC concentrations using 
method DS/EN 1484:1997 and for BOD concentrations using method DS/EN 1899-1 to assess 
and control biological activity and contaminant removal via biooxidation. 

 

4.6.3 CE Analysis 

Samples for laboratory analysis were collected and submitted for analysis by ALS laboratory in 
Humlebæk, Denmark.  CEs were analyzed by gas chromatography / mass spectrometry 
(GC/MS), purge and trap (P&T) for the key analytes of interest to the BioGAC pilot test (TCE, 
cDCE, and VC) as well as the following analytes historically analyzed during quarterly P&T 
system monitoring: trichloromethane (chloroform), 1,1,1-trichloroethane (1,1,1-TCA), 
tetrachloromethane, tetrachloroethene (PCE), chloroethane, 1,1-dichloroethene (1,1-DCE), trans-
1,2-dichloroethene (tDCE), 1,2-dibromoethane, 1,2-dichloroethane, and 1,1-dichloroethane. 

Off-gas samples from the pilot test system were also analyzed to measure CE concentrations in 
vessel off-gas to confirm that CE reductions in the BioGAC reactor were due to biooxidation and 
not volatilization.  Samples for laboratory analysis were collected and submitted for analysis by 
ALS laboratory and analyzed for the same analytes as the aqueous samples, except for 
chloroethane and 1,2-dibromoethane. 

 

4.6.4 Microbial Analysis 

Microbial analysis was performed to provide supporting evidence that treatment of VC in the 
BioGAC vessel was occurring through aerobic oxidation.  This work was performed by Aarhus 
University and included a colony-forming unit (CFU) assessment, total DNA assessment, and an 
assessment of the taxonomic diversity evaluated by 16S rRNA sequencing.  Aarhus University’s 
report, including methods and procedures, is provided in Appendix B. 
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5. PILOT TEST RESULTS 

In accordance with the monitoring program outlined in Section 4.5, system parameters were 
measured and samples were collected and analyzed to characterize the performance of the pilot 
test in context of the pilot test objectives discussed in Section 3.  The following sections present 
the results from the pilot test for the operational parameters (Section 5.1), geochemical, 
inorganic, TOC and BOD parameters (Section 5.2), CE analytical results (Section 5.3), microbial 
analytical results (Section 5.4), and BioGAC changeout frequency (Section 5.5). 

 

5.1 Operational Parameters 

Operational parameters, flow and pressure, were assessed over the duration of the pilot test in 
both Process Stream A and Process Stream B, to: 1) evaluate and minimize negative impacts to 
system operational parameters and maintenance requirements; and 2) qualify the assessment of 
the BioGAC bed life compared to historical norms (as discussed further in Section 5.5).  Flow 
and pressure data provide an understanding of the ease of operability of the pilot test and whether 
biofilm formation caused a significant pressure drop or flow regime changes due to clogging, 
short circuiting, and/or air entrapment.   

The P&T system at the Knapholm Site consists of two parallel treatment trains, one of which 
was not operated with aerobic biological enhancements, which in turn allowed for the diversion 
of flow between Process Stream A and Process Stream B if resistance (backpressure) due to 
biofouling or clogging persisted in one treatment train (e.g., the BioGAC vessel in Process 
Stream A) more than the other.  Flow and pressure data for Process Stream A and Process 
Stream B provided from the P&T data acquisition and control system are presented below in 
Figure 1 from October 1, 2015 to January 1, 2016. 



 

 

 

Knapholm BioGAC Final Rpt.27Jan2017.docx 15 January 2017 

Figure 1: Flow and Pressure Data in Process Streams A & B – October 2015-January 2016 

 
 

From the start of the pilot test in October 2015, through to mid-December 2015 (approximately 2 
months), flow rates and system pressure remained consistent with historical performance.  In 
mid-December 2015 to mid-January 2016, flow decreased in Process Stream A flow and a 
corresponding increase was observed in Process Stream B flow (see Figure 1).  At that time, a 
backflush cycle of the BioGAC vessel was performed (Section 4.4), which improved Process 
Stream A flow rates for a period. 

Flow and pressure data was also captured from the P&T data acquisition and control system for 
Process Stream A and Process Stream B and are presented below in Figure 2 from January 1, 
2015 to April 1, 2016. 
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Figure 2: Flow and Pressure Data in Process Streams A & B – January 2016-April 2016 

 
 

Process Stream A flow was observed to be lower than at the start of the BioGAC pilot test, but 
did not continue to decrease further, albeit with slightly more flow fluctuations than at the start 
of the test. 

Flow and pressure data from April 1, 2016 to July 1, 2016 from the P&T data acquisition and 
control system for Process Stream A and Process Stream B are presented below in Figure 3. 
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Figure 3: Flow and Pressure Data in Process Streams A & B – April 2016-July 2016 

 
While flow rates in Process Stream A and Process Stream B continued to fluctuate, further 
decrease in flow rates through the BioGAC vessel was not observed.  This may have been in part 
due to the backflush cycle performed on April 7, 2016 and June 21, 2016 on the BioGAC vessel. 

Flow and pressure data from July 1, 2016 to October 1, 2016 from the P&T data acquisition and 
control system for Process Stream A and Process Stream B are presented below in Figure 4. 
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Figure 4: Flow and Pressure Data in Process Streams A & B – July 2016-October 2016 

 
Towards the end of the pilot test in late September 2016, the flow rate through Process Stream B 
steadily increased, while the flow rate through Process Stream A began to decline. 

Flow and pressure data from October 1, 2016 to January 1, 2017 from the P&T data acquisition 
and control system for Process Stream A and Process Stream B are presented below in Figure 5. 

Figure 5: Flow and Pressure Data in Process Streams A & B – October 2016-January 2017 

 



 

 

 

Knapholm BioGAC Final Rpt.27Jan2017.docx 19 January 2017 

The pilot test was discontinued on October 6, 2016 and thereafter the carbon bed in the BioGAC 
vessel was changed on November 24, 2016. The impact of this change on flow rates through 
Process Stream B (decreasing) and Process Stream A (increasing) is evident on Figure 5. 

The flow changes between Process Stream A and B are likely associated with increased 
resistance in the BioGAC vessel due to biofouling (i.e., some combination of clogging, short 
circuiting, and/or air entrapment), but did not limit P&T performance over the duration of the 
test.  Backflush cycles are not commonly performed on typical GAC vessel, but were performed 
during this BioGAC pilot test to mitigate the impacts of biofouling. 

 

5.2 Geochemical, Inorganic, TOC and BOD Parameters 

Geochemical, inorganic, TOC and BOD parameters were assessed throughout the duration of the 
pilot test to: 1) evaluate the effectiveness of process optimization measures (aeration, nutrient 
amendment, etc.); and 2) evaluate the system response to those optimization measures (DO 
concentrations, nitrogen and phosphorus concentrations, etc.) to assess the ability to develop and 
maintain suitable conditions for microbial growth and therefore bioactive treatment of CEs, 
primarily VC. 

Geochemical parameters were reported in the data file “Data Sheet Knapholm – version 2016-
11-11”, which indicated that conditions within the BioGAC vessel were conducive to growth of 
aerobic bacteria.  pH was typically around neutral throughout the treatment train, with a range of 
6.79 to 8.19.  Process water temperature also remained steady with a range of 11.8 degree 
Celsius (°C) to 13.7°C.  The groundwater turbidity at the inlet to the facility (upstream of the 
sand filtration vessels) was on average 61 Formazin Turbidity Unit (FTU) and ranged from 26 
FTU to 78 FTU.  Upstream of nutrient and air amendments (before BioGAC KA1 vessel), 
turbidity typically dropped to below 1.5 FTU, indicating the sand filters were operating 
effectively to reduce particulates in downstream operations.  This was also evident in manganese 
and iron concentrations through the treatment train.  Typical inlet concentrations to the facility 
were on average 6.65 mg/L and 0.18 mg/L for iron and manganese, respectively, and decreased 
to below the detection limit of 0.01 mg/L for iron and to less than 0.025 mg/L for manganese in 
downstream operations at the start of the pilot test.  As operations continued, concentrations in 
downstream operations increased to 0.5 mg/L and 0.41 mg/L for iron and manganese, 
respectively, indicating that backflush of the sand filters was necessary.  In general, iron and 
manganese concentrations downstream of the sand filters were low, indicating that the sand 
filters were performing properly, and that downstream clogging in the BioGAC vessels was 
likely not attributed to precipitation of these metals. 

At the inlet to the facility, DO concentrations ranged from 0.2 mg/L to 1.4 mg/L; similarly, ORP 
measurements ranged from -92 millivolts (mV) to -2.3 mV, indicating that groundwater at the 
inlet to the treatment facility was mildly reducing to anaerobic.  Following air injection, DO 
concentrations increased to an average of 10.8 mg/L and ORP measurements to an average of 
199 mV, indicating aeration was effective at creating an environment conducive to aerobic 
conditions.  These conditions were prevalent in both the BioGAC vessel (KA1) as well as the 
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downstream lag vessel (KA2).  As shown below in Figure 6, DO concentrations decreased over 
both KA1 and KA2, indicating potential use of the available DO for aerobic oxidation processes.  
On average, DO concentrations decreased by 2.4 mg/L in KA1, and 2.1 mg/L in KA2. 

Figure 6: Decrease in DO Concentration Across GAC Vessels 

 
DO concentrations in the KA1 and KA2 vessels were also plotted over the duration of the pilot 
test as shown below in Figure 7. 

Figure 7: DO Concentration Across GAC Vessels 
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Aerobic conditions were continuously achieved and maintained during the pilot test, and KA1 
was not oxygen limited. 

Influent nutrient concentrations were assumed to be zero for nitrogen and phosphorus (Section 
4.2) and addition of these nutrients was recommended to enhance bacterial growth.  As reported 
in data file “Data Sheet Knapholm – version 2016-11-11”, total nitrogen concentrations at the 
influent averaged 0.74 mg/L (detection limit of 0.01 mg/L) over the duration of the test, and did 
not change substantially through the process treatment train in most sampling events. Phosphorus 
concentrations were relatively low (on average 0.023 mg/L through the treatment train and on 
average 0.013 mg/L downstream of the inlet to the treatment train with little change between 
these points in the system and a detection limit of 0.003 mg/L) and, as such, phosphorus may 
have been the primary growth-limiting nutrient for the bacteria (it is also possible that other trace 
minerals/nutrients limited bacterial growth, but only N and P were measured).  During the 
BioGAC pilot test, an increase to the phosphorus loading by 2 times was implemented on August 
25, 2016 to promote further biological processes. 

TOC and BOD were monitored as a measure of the organic concentration in the process 
treatment train.  BOD is the amount of dissolved oxygen required to support aerobic biological 
oxidation of soluble organic matter; however, BOD can be an unreliable means of determining 
the amount of organic matter present in water.  TOC is a more reliable test; however, it 
incorporates all organic carbon, not just what is available for biological processes.  TOC 
concentrations did not change substantially over the test or within the treatment train. 

 

5.3 CE Analytical Results 

CE analytical results were assessed over the duration of the pilot test to: 1) evaluate if treatment 
of VC in the BioGAC vessel was occurring not only through sorption onto the carbon, but also 
through aerobic oxidation and destruction of VC to innocuous end products; and 2) in a 
timeframe that allows for VC concentration reduction prior to exceeding discharge criteria.  The 
change in VC concentrations over Process Stream A were plotted below in Figure 8. 
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Figure 8: VC Concentrations Through Process Stream A 

 
 

As evident above, VC concentrations changed by approximately one order of magnitude across 
the sand filtration vessels, and again across the BioGAC vessel.  Samples from the air discharge 
from the BioGAC vessel were periodically collected for analysis of CE concentrations in the air 
stream, as reported in the data file “Data Sheet Knapholm – version 2016-11-11”.  The discharge 
line from the GAC vessels and sand filtration vessels exhaust exterior to the building.  Estimates 
of the exhaust air flow rate (based on the air injection rate into the system) were used with the 
VC concentration data in the air stream to calculate a theoretical mass removal rate and compare 
to the mass removal rate in the water stream (based on the Process Stream A flow rate and the 
concentrations entering the BioGAC vessel).  The ratio of VC treatment in the water stream to 
the VC loss in the air stream ranged from eight times to over 100 times, suggesting that the VC 
treatment in the BioGAC vessel was predominantly due to sorption and potentially aerobic 
biological treatment, rather than to air stripping.  Further support of minimal impacts due to air 
stripping is evident when looking at the CE concentrations in the process line upstream of the 
BioGAC vessel (process point 3 in Figure 8) and at the water sample collected from the top of 
the BioGAC vessel (process point 4 in Figure 8).  Minimal concentration change is seen across 
these two sample points, where changes from air stripping would expect to be seen if it was 
occurring. 

Because of the low sorption capacity of cDCE (albeit not as low as VC), the change in cDCE 
concentrations over Process Stream A were plotted below in Figure 9 to assess treatment through 
the treatment train. 
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Figure 9: cDCE Concentrations Through Process Stream A 

 
 

cDCE concentrations change by approximately two orders of magnitude across the BioGAC 
vessel, although as operations progressed, cDCE concentrations began to break through and were 
not treated by the lag vessel. 

Samples of the carbon were collected at the top, middle, and bottom of the BioGAC vessel on 
July 14, 2016 and analyzed for CEs on the carbon matrix.  CE concentrations were found to be 
lowest at the top of the BioGAC vessel, highest in the middle of the BioGAC vessel, and at the 
mid-range at the discharge of the BioGAC vessel.  The stratification of CE concentrations in the 
column indicate non-uniform mixing in the reactor.  While this sampling event was only 
performed once and therefore it is difficult to draw conclusions, we can hypothesize that the 
lowest concentrations at the top of the BioGAC vessel may have been associated with the 
strongest bioactivity at this point in the reactor where nutrient amendments and dissolved oxygen 
were most readily available. 

Time trend plots for VC and cDCE concentration data at each sample point in Process Stream A 
were also graphed, as shown below in Figure 10.  Influent concentrations (upstream of the sand 
filters) were generally consistent throughout the pilot test, except for an increase in VC and 
cDCE towards the later summer months in 2016.  VC concentrations downstream from the 
BioGAC vessel (upstream of the lag carbon vessel) and downstream of the lag carbon vessel 
typically were not below the proposed surface water discharge criterion of 0.05 μg/L for VC.  
Analytical results indicate VC concentrations peaked at 1.4 μg/L and fluctuated lower, then 
higher, than lower again until the last sample collected at the end of the pilot test was at 0.02 
μg/L.  These fluctuations downstream of the BioGAC vessel may have been a result of 
performance improvements from backwash cycles conducted on the vessel. 
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cDCE concentrations downstream from the BioGAC vessel (upstream of the lag carbon vessel) 
were below the proposed discharge criterion of 6.8 μg/L for cDCE (again, the proposed criterion 
being for the surface water stream) until February 9, 2016, approximately 3.8 months after the 
BioGAC pilot test began and 7.6 months after the last carbon changeout.  cDCE concentrations 
downstream of the lag carbon vessel were below the proposed discharge criterion for cDCE 
throughout the duration of the pilot test.  cDCE concentrations downstream from the BioGAC 
vessel (upstream of the lag carbon vessel) were observed to increase slowly throughout the 
duration of the pilot test, and did not appear to fluctuate with backwash cycles as evident in VC 
concentrations.  In the sample collected on July 19, 2016, approximately 9.1 months after the 
BioGAC pilot test began and 12.9 months after the last carbon changeout, cDCE concentrations 
downstream from the BioGAC vessel were roughly equivalent to the cDCE concentrations 
coming into the vessel (top of BioGAC vessel). 

Figure 10: cDCE and VC Time Trend Plots 

 



 

 

 

Knapholm BioGAC Final Rpt.27Jan2017.docx 25 January 2017 

Finally, the breakthrough curves for VC and cDCE were evaluated, as shown in Figure 11 below.  
C1 (the concentration at the discharge of the BioGAC vessel) was compared to C0 (the 
concentration at the inlet to the BioGAC vessel).  For VC, a decreasing discharge to inlet ratio 
was observed at the start of the test, followed by an increase in the first quarter of 2016, and then 
a decrease thereafter, indicating an improved treatment efficiency.  This is a positive indication 
that 1) both sorption and biological activity treated the VC; 2) biological activity improved 
performance of the system; 3) backflush cycles positively influenced performance.  Conversely, 
the C1 to C0 ratio for cDCE increased throughout the entire pilot test, indicating a decreasing 
treatment efficiency, more typically of a carbon bed performance where sorption alone is the 
treatment mechanism. 

Figure 11: VC and cDCE Breakthrough Curves 

 
5.4 Microbial Analytical Results 

As described in Appendix B, microbial analysis was performed by Aarhus University researchers 
on samples collected from October 2015 to April 2016 to provide supporting evidence of 
biological activity in the BioGAC vessel.  The CFU results presented in Figure 12 indicate that 
the water sampled before and after the BioGAC filter contained very low densities of culturable 
bacteria.  Roughly, the upstream water contained approximately 10 times more bacteria than the 
downstream water, ~102 and ~103, respectively.  In comparison, the number of bacteria in the 
BioGAC vessel was much higher, starting from ~104 at the first sampling event and increasing to 
a stable level of ~5×107.  The addition of substrate was initiated on November 9, 2015, one day 
before the second sampling event, explaining the increase in CFUs from the first sampling.  The 
relatively high concentrations of CFUs on GAC material, compared to the influent and effluent, 
indicate that the pilot test operation succeeded in stimulating growth of aerobic bacteria on the 
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GAC, and confirm once again that GAC is an effective medium to support growth of aerobic 
bacteria. 

Aarhus University researchers also extracted 16S DNA from the BioGAC filter, amplified the 
DNA using PCR, and sequenced the DNA using Illumina MiSeq to determine the primary types 
of bacteria present in the BioGAC reactor. That analysis determined that bacteria belonging to 
the genus Comamonadacea were one of the dominant types of bacteria present in the BioGAC 
reactor. The Comamonadacea genus includes Polaromonas sp., a bacterial species widely known 
to aerobically biodegrade both cDCE and VC.  Although the presence (or absence) of 
Polaromonas was not specifically determined by the Aarhus University analyses, the detection 
of Comamonadacea provides an indication that cDCE and VC-oxidizing bacteria could be 
present in the BioGAC reactor. 

 

Figure 12: Results of CFU Analysis 

 
 

CFU, total DNA, and PCR results are discussed in further detail in Aarhus University’s report 
provided in Appendix B. 
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5.5 BioGAC Changeout Frequency 

The goal of the pilot test was to improve the bed life of the BioGAC vessel, particularly given 
the potential permit modifications.  The BioGAC pilot test was operated for a period of 356 days, 
just short of one year.  Historical GAC vessel changeout frequencies ranged from 8 to 14 
months; however, in more recent years (2011 to 2014), typically occurred around 8 months.  In 
preparation for the BioGAC pilot test, the lead GAC vessel, KA1, was changed on June 24, 
2015, and again at the end of the pilot test on November 24, 2016.  The changeout for this test 
was 17.1 months.  Impacts from the reduced Process Stream A flow rate observed during the 
pilot test and change in GAC used (from Filtrasorb 400 to Aquacarb 207C) are uncertain.  At the 
end of the test, VC concentrations remained relatively low, while cDCE concentrations had 
increased, indicating that perhaps with the influence of biological activity, treatment of VC in the 
process water was successful, while cDCE became the primary CE compound contributing CE 
mass loading to the carbon bed.  The low proposed criterion for VC typically was not achieved at 
the discharge of the BioGAC vessel. 
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6. CONCLUSIONS AND RECOMMENDATIONS 

 

6.1 Conclusions 

• Use of the existing air compressor in the pilot test system achieved dissolved oxygen 
concentrations in the BioGAC vessel generally within the design target range, succeeding 
in achieving sustained aerobic conditions in the vessel, ensuring that the system was not 
oxygen-limited. 

• The combined aeration and nutrient amendment system succeeded in stimulating 
bacterial growth in the BioGAC vessel as demonstrated by the marked increase in CFUs 
on the GAC material. 16S rRNA sequencing determined that bacteria belonging to the 
Comamonadacea genus were one of the dominant types of bacteria in the BioGAC 
vessel, suggesting that cDCE- and/or VC-oxidizing bacteria colonized the GAC. 

• Given the duration of the pilot test, and relatively slow biomass growth rates, there was 
not an opportunity during the test to separately evaluate the effects of aeration and 
nutrient amendment systems.  As such, the pilot test did not determine the importance of 
adding nitrogen, phosphorus, and acetate toward stimulating the Knapholm bacteria. 

• The BioGAC vessel became fouled within the first three months of operation as 
evidenced by increased pressure and decreased flow rates within the vessel. The fouling 
likely resulted from some combination of increased biomass densities, entrapment of air 
in the GAC, and/or generation of bacterial extracellular exudates.  Backflushing restored 
flow rates with the vessel, and appeared to remove excess particles (i.e., biomass) and 
bubbles that restricted flow in the vessel.  It is concluded that BioGAC vessels require 
more frequent backflushing (relative to conventional GAC vessels); approximately once 
every 3 months. 

• Initial operation of the BioGAC reactor, within the first 3 to 6 months, was marked by 
significant variation in flow rates and VC concentrations.  Within the first couple months 
of system startup, VC concentrations in the vessel effluent dropped significantly; 
however, by 3.8 months after system start-up, VC concentrations in the vessel effluent 
increased significantly.  Backflushing the reactor appeared to cause improvement in 
performance.  VC concentrations began to decrease again by six months after start-up, 
and by the final sampling event in October 16, VC concentrations in the vessel effluent 
were 0.02 μg/L.  With the exception of this final sample, VC discharge concentrations 
from the BioGAC vessel were not below the proposed criterion.  Backflushing may have 
improved BioGAC performance and elongated the bed life of the reactor with respect to 
VC.  The same observation cannot be made about cDCE. 

• While VC concentrations in the vessel effluent decreased to near non-detect levels over 
the twelve-month test, cDCE concentrations in the effluent indicated complete 
breakthrough from the GAC by approximately nine months after start of the pilot test.  
cDCE discharge concentrations from the BioGAC vessel were below the proposed 
criterion for a period, and then increased to above criterion at approximately 7.6 months 
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for the duration of the pilot test.  The dramatic difference between VC and cDCE 
concentration trends in the effluent suggests that VC biodegraded and the pilot test 
succeeded in establishing growth of an aerobic VC-oxidizing bacterial culture in the 
reactor. 

• The BioGAC system did not succeed in establishing a cDCE-oxidizing bacterial 
population that could degrade cDCE at a rate fast enough to prevent cDCE breakthrough 
from the vessel.  In this pilot test, cDCE breakthrough occurred more quickly than 
anticipated, and more quickly than VC.  At the start of the test, it was anticipated that VC 
breakthrough would occur first; however, the results of the test showed that complete 
cDCE breakthrough occurred by nine months. 

• Prior to the pilot test, GAC change out frequency in the vessels ranged from 8 to 14 
months (8 months more commonly in recent years).  In the BioGAC vessel, complete 
breakthrough in cDCE concentrations was evident by 12 months. These results suggest 
that while the BioGAC pilot test may have extended the GAC bed life with respect to 
VC, it did not succeed in extending the GAC bed life overall with respect to total CEs. 

 

6.2 Recommendations 

The results of the BioGAC pilot test indicate that stimulated biodegradation of VC occurred at 
Knapholm, and that additional testing of BioGAC technology is warranted to optimize future 
performance.  Some recommendations for future work are provided below. 

• The pilot test may have established a biologically active, VC-degrading culture in the 
GAC reactor that should be recycled, and used to inoculate other GAC reactors at 
Knapholm. CRD should consider extending the BioGAC operation to other GAC vessels 
at Knapholm. 

• To improve performance of a BioGAC system at Knapholm, any BioGAC reactor(s) 
should be bioaugmented with JS666, the only known cDCE-oxidizing bacterial culture.  
SIREM can assist CRD with obtaining JS666 and bioaugmentation protocols.  If CRD 
decides to bioaugment the reactors with JS666, Aarhus University should work to utilize 
specific molecular tools (from published primers) to monitor the growth of JS666 in the 
reactors.  

• Proper water/waste-water engineering design typically involves bench or “jar” tests to 
determine appropriate modes for treatment operation; to optimize treatment.  Bench tests 
are performed to allow a systematic determination of which amendments achieve the 
greatest degree of treatment.  For the pilot test reported herein, no bench tests were 
performed prior to the pilot test; proper engineering scale-up process was not followed.  
By applying untested measures at full-scale, without the benefit of bench-testing, the 
experimental approach was essentially one of trial-and-error.  While this pilot test was 
designed and performed without the benefit of pre-design bench testing and optimization, 
if CRD decides to perform additional BioGAC work at Knapholm, it is recommended 
that bench tests be performed (e.g., at Aarhus University, or SIREM) to determine 
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biodegradation mechanisms in the GAC vessels, as well as effects of nitrogen, 
phosphorus, and acetate addition.  Such bench tests could be used to determine whether 
BioGAC performance is optimized during cometabolic oxidation with acetate 
amendment and aeration, or whether direct oxidation using aeration alone achieves a 
greater degree of treatment. 
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APPENDIX A 

Chemviron Filtrasorb 400 & Aquacarb 207C Carbon Isotherms 
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APPENDIX B 

Knapholm Report – Aarhus University 

  



Results from Knapholm  

Culturable bacteria and total DNA 

From October 2015 to April 2016, samples were taken at Knapholm water‐cleaning facility in Herlev. 

Two replicate 5‐L samples were taken just before and after one of the BioGAC filters. Besides, 

BioGAC particles were sampled (~200 g, ~10 cm below upper surface of the particles). The samples 

were immediately taken to the lab and measured for cultivatable bacteria (CFU) by plating on R2A 

medium. A defined volume of the BioGAC material was mixed with PBS and vortexed, followed by 10 

seconds of sedimentation. From the resulting supernatant, dilution series were established and 

measured for CFU on R2A. Hence, all CFU data are given as CFU per ml. The resulting data shows 

(figure 1) that the water sampled before and after the BioGAC filter contained very low densities of 

culturable bacteria. Roughly, the upstream water contained approximately 10 times more bacteria 

than the downstream water ‐ ~102 and ~103, respectively. In comparison, the number of bacteria in 

the BioGAC material was much higher, starting from ~104 at first sampling event and raising to a 

stabile level of ~5×107. The addition of substrate was initiated (9.11.2015) one day before the 

second sampling event, explaining the increase in CFUs from the first sampling.  

 

 

Figure 1. Total number of culturable bacteria (CFU) in water sampled before, inside and after the 

BioGAC filter. Continuous addition of substrate was initiated just before the second sampling event 

(n=2).   

 

Immediately after sampling, the water samples (before and after the BioGAC filter) were Sterivex 

filtered (0.22 µm) and stored with RNAlater at 2 °C. The BioGAC liquid phase (also used for CFU) was 

kept at ‐20°C. From both types of samples, DNA was extracted using proper MOBIO extraction kits 



and the DNA concentration of the resulting DNA solutions were measured using a Qubit 

fluorometer. The total DNA data are shown in Figure 2, revealing that the DNA content in the 

BIOGAC filter is much higher than in the water samples. Note that in the first CFU sampling, no 

parallel DNA measurement was made. Hence, the data from the CFU and total DNA estimates are 

following the same pattern. However, it must be kept in mind that where the CFU data do not 

include the fraction of bacteria that would not grow on R2A medium, the DNA measurements should 

be all‐inclusive.  

 

 

Figure 2. Total DNA concentration in the BIOGAC material sampled in the filter (n=2).   

 

The most important conclusion regarding bacterial occurrence is that the BIOGAC material seems 

to support a much higher (factor ~105) bacterial population than the water entering/leaving the 

filter. The continuous addition of substrate greatly supports this situation. 

 

16S sequencing results 

DNA extracted from the BioGAC material was used for analyzing the taxonomic diversity in the filters 

by identifying bacterial operational taxonomic units (OTU) mostly resolved to the genera level (Fig. 

4). Briefly, the DNA was 16S‐PCR amplified and the resulting 16S DNA sequenced using the Illumina 

MiSeq platform (Illumina Inc, CA, USA). The resulting sequence data was treated as follows. Read 

pairs were assembled using Pear. Quality filtering, singleton removal and denovo and reference 

based chimera filtering were performed using Usearch. OTU clustering, taxonomy assignment and 

diversity metrics were calculated using two Qiime pipelines, 'pick_open_reference_otus.py' and 



'core_diversity_analyses.py'. In this, clustering was performed at 97% granularity and taxonomy 

assignment used the 97% similarity greengenes database from May 2013.  

 

 

Figure 3. Number of operational taxonomic units (OTU, 16S sequencing) in BioGAC material sampled 

at Knapholm (KH) at 2, 22, 93 and 164 days after addition of substrate and O2. Two replicate samples 

(a, b), except for the first sampling event.   

 

Roughly, the number of OTUs varied from ~100 at the first two sampling events, gradually increasing 

up to ~200 OTUs at 164 days after addition of substrate (Fig. 3). Hence, the addition of nutrients and 

O2 seemed to increase the species richness of bacteria in the upper layer of the filter material – or at 

least the number of bacterial species which gives rise to an OTU during sequencing. The dominant 

types of bacterial present in the upper filter material belongs to Comamonadaceae, Acinetobacter, 

Nitrospira, Thiothrix, Xanthobacter, Oxalobacteraceae, Burkholderiales, and Sphingomonadaceae 

(Fig. 4). Bacterial species able to degrade VC includes Polaromonas sp., belonging to the genus 

Comamonadaceae wich are also one of the most dominating genera present in the filter material 

from day 22 and onwards.  However, whether VC is actually degraded in the filters and (if so) which 

bacterial species are responsible requires a more detailed evaluation. Performing a basic PCR with 

primer sets for etnC (RTC_for: ACC CTG GTC GGT GTK STY TC; RTC_rev: TCA TGT AMG AGC CGA CGA 

AGT C) and etnT (RTE_for: CAG AAY GGC TGY GAC ATY ATC CA; RTE_rev: CSG GYG TRC CCG AGT AGT 

TWC C) came out negatively. This, however, does not exclude the possibility that bacterial VC 

degraders are present in the filters in some form that we have not been able to detect with the 

present rather superficial evaluation.  

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Operational taxonomic units (OTU, 16S sequencing) in BioGAC material sampled at 

Knapholm (KH) at 2, 22, 93 and 164 days after addition of substrate and O2. Two replicate samples 

(a, b), except for the first sampling event.  
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