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 Formaldehyde degradation in denitrifying woodchip bioreactors: Effects of temperature, 

concentration and hydraulic retention time  

Mathis von Ahnen, Lars-Flemming Pedersen, Per Bovbjerg Pedersen 

Technical University of Denmark, DTU Aqua, Section for Aquaculture, The North Sea Research 

Centre, P.O. Box 101, DK-9850 Hirtshals, Denmark. 

Corr. author email address: mvah@aqua.dtu.dk 

Abstract 

Formalin is applied in certain aquaculture systems to control parasites infestations as well as 

bacterial and fungal diseases. This study investigated the capacity of end-of-pipe denitrifying 

woodchip bioreactors to remove potentially harmful amounts of residual formaldehyde (FA) 

from aquaculture effluents.  

Formaldehyde was readily removed by experimental- and field-scale denitrifying woodchip 

bioreactors and the removal of FA was found to be a combination of an initial adsorption of FA 

to woodchip surfaces (52 ± 2.8 g FA/m
3
 woodchips) and microbial degradation. 

Volumetric FA removal rates reaching 261 ± 27 g FA/m
3
/d were found at FA inlet 

concentrations of 90 mg FA/L and hydraulic retention times (HRT) of 5 hours. High FA removal 

efficiencies ranged from 88.3 ± 4.6 to 99.8 ± 0.2 % found for FA inlet concentrations –up to 105 

mg FA/L and HRTsbetween 3.4 to 15 hours. Microbial FA degradation rates in woodchip 

bioreactors were positively correlated to temperature with a Q10 value of 2.27 and a 

corresponding Arrhenius temperature coefficient of 1.086 for the investigated temperature r nge 

of  -     C   

At a commercial, outdoor recirculating aquaculture system (RAS) three full-scale woodchip 

compartments, achieved an average volumetric FA removal rate of 29.4 ± 0.2 g FA/m
3
/d and a 

removal efficiency of 82.5 ± 0.8 % during the first 24 hours following addition of FA. 
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The results demonstrated that woodchip bioreactors are efficient in removing residual FA from 

RAS effluents and that nitrate removal was transiently enhanced during FA removal. 

Introduction 

Formalin is an aqueous solution of formaldehyde (FA, CH2O) and is commonly used as a 

disinfectant in aquaculture systems to treat various bacterial and fungal diseases as well as 

parasite infections such as Ichthyophthirius multifiliis (white spot disease) and Ichtyobodo 

necator (Costia) (Masters, 2004; Matthews, 2005, Henriksen and Plessner, 2007; Rowland et al., 

2008; Tavares-Dias, 2021). Efforts have been made to reduce the use of formalin by replacing it 

with products with less environmental impact and health risks such as for example hydrogen 

peroxide and peracetic acid (Schreier et al., 1996; Madsen et al., 2000; Pedersen and Pedersen, 

2012). Nonetheless, formalin is still used in significant amounts in aquaculture, and 

approximately 13 l of formalin (37%) are used per ton of rainbow trout (Oncorhynchus mykiss) 

produced in Denmark (Henriksen et al., 2008). The preference for FA for water treatment is due 

to its proven treatment efficacy, traditions, and low cost as well as a low risk of inhibiting the 

nitrifying bacteria in biofilters when properly applied (Madsen et al., 2000; Hohreiter and Rigg, 

2001; Henriksen et al., 2008, Pedersen et al, 2010).  

Due to the risk of residual FA entering receiving water bodies, it is important to investigate the 

degradation of FA in aquaculture systems to optimize water treatment practices and minimize 

potential discharge of residual FA to the environment. From the moment formalin is added to the 

production unit of land-based fish farms, three processes determine the resulting concentration of 

FA in the water over time: 1) an instant adsorption onto surfaces, 2) microbial degradation and 3) 

dilution due to continuous water intake (Masters, 2004; Eiroa et al., 2005; Pedersen et al., 2007; 

Sortkjær et al., 2008a,b).  

In Danish field studies, instant adsorption of FA to surfaces caused initial FA concentrations of 

around 20 mg FA/L to be reduced by up to 10% in traditional flow-through farms and in Model 

Trout Farms (MTF) type 1 (hydraulic retention times, HRT, of 4-5 hours in production units). In 

MTFs type 3 ( HRT, of 5-12 hours in production units) containing biofilters FA reductions of 

some 30% were found (Sortkjær et al., 2008b).  
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In addition to the capacity of the aerobic biofilters to instantly adsorb FA, biofilters have proved 

to be effective in degrading FA in aquaculture systems. For example, volumetric removal rates of 

220 g FA/m
3
/d have been reported for submerged biofilters operated at 20-22 ֯C (Wienbeck and 

Koops, 1990), removal rates of 330 g FA/m
3
/d in fluidized bed sand filter at 15 to 17.8 ֯C 

(Heinen et al., 1996) and rates of 40.8 – 103.2 g FA/m
3
/d for trickling filters operated at 

temperatures ranging from 5.5 to 14.5 ֯C (Pedersen et al., 2006; Fredericks, 2015; 2018). 

Commonly applied end-of-pipe treatment methods have much lower removal rates with e.g. 

sedimentation basins removing 2.88 g FA/m
3
/d and constructed wetlands removing 10.8 g 

FA/m
3
/d (instant adsorption + microbial degradation) at treatments using 20 mg FA/L in the 

production units at temperatures of around 12-14 ֯C in Danish rainbow trout farms (Sortkjær et 

al., 2008b). The higher removal rates of FA in constructed wetlands compared to sedimentation 

basins were attributed to plants providing increased surface area for microbial growth. The 

authors concluded that the available surface area in relation to the water volume is an important 

parameter for both adsorption and bacterial degradation of FA and that the removal at fish farms 

is mainly related to units providing surface for an increased amount of bacteria, such as the 

biofilter.  

Potentially harmful concentrations of FA may still be discharged despite the FA removal 

capacities in biofilters, sedimentation basins and constructed wetlands, depending on system 

design and recirculation intensity. At Danish rainbow trout farms, the proportion of the initially 

dosed FA entering receiving water bodies can amount to some 40% for traditional flow-through 

systems, some 27-42% for MTF type 1 and less than 2% for MTF type 3, characterized by a high 

degree of recirculation (Sortkjær et al., 2008b). The majority of farms may thus struggle to 

comply with environmental legislation since water quality requirements for natural water bodies 

in Denmark prescribes maximum effluent concentrations of 9.2 µg FA/L and peak loads of 

maximum 46 µg FA/L (Miljø- og Fødevareministeriet, BEK nr. 1022, 2010). Pedersen et al. 

(2007) discussed that such low effluent concentrations may be difficult to achieve under normal 

aquaculture management practices. In line with this, investigations on four land-based freshwater 

aquaculture facilities in Atlantic Canada revealed effluent concentrations of 0.2 -7.1 mg FA/L 
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following treatment with formalin (Lalonde et al., 2015). This emphasizes the need to develop 

efficient effluent treatment methods further reducing discharge concentrations of FA.  

A potential way to remove FA from aquaculture effluents may be through the installation of 

woodchip bioreactors. Large-scale woodchip bioreactors have been implemented as denitrifying 

end-of-pipe treatment units at Danish trout farms (von Ahnen et al., 2018). Such woodchip 

bioreactors installed at recirculating aquaculture systems (RAS) typically contain several 

hundreds to thousands of cubic meters of woodchips, thereby providing substantial contact time 

and large surface areas that host an active and diverse microbial community in an anoxic 

environment (Aalto et al. 2020). There is evidence that FA degradation also happens during 

denitrification (Eiroa et al., 2006; Hamlin et al., 2008), but the extent to which FA is degraded in 

woodchip bioreactors and how this potentially affects nitrate removal is unknown.  

This study aimed to investigate the effects of FA inlet concentration, HRT and temperature on 

degradation of FA in laboratory woodchip bioreactors. A field trial furthermore investigated and 

verified the removal of FA in replicated (n=3) 1500 m
3
 full-scale woodchip bioreactors operated 

at commercial RAS. 

2. Materials and methods2.1 Trial 1: Effects of nominal FA concentration and 

hydraulic retention time  

2.1.1 Experimental Setup 

Twelve experimental-scale woodchip bioreactors made from PVC (400 x 89 x 150 mm; length x 

width x height) with horizontal subsurface flow were packed with willow woodchips (Salix 

viminalis) (Ny Vraa Bioenergy I/S, Tylstrup, Denmark) (Fig. 1a). The woodchip bioreactors, 

operated at different HRTs, treated the effluent from an 8.5 m
3
 experimental freshwater pilot-

scale RAS stocked with rainbow trout (Oncorhynchus mykiss), while FA was dosed directly to 

the bioreactor inlet at different amounts according to the experimental design (Fig. 1a, Table 2). 

The RAS had been operated under similar conditions for more than six months, receiving a fixed 

ration of 1 kg feed per day (Efico Enviro 920, 4.5 mm, Biomar, Denmark) and receiving 1.4 m
3
 

of intake water per day.(Fig. 1a). The woodchips were of irregular shapes ranging from 1 to 5 cm 

(4.1 ± 0.6 cm, n = 20) in length and from 0.2 to 1.3 cm (0.8 ± 0.5 cm, n = 20) in width. The 
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volume of the submerged woodchip packing was 3 l with dimensions of 279 x 89 x 125 mm. 

Total woodchip porosity was 67 ± 3 % (n=3).Prior to the experiment, the woodchips were 

primed in RAS effluent for eight weeks at an HRT of 6.7 hours. After the eight weeks priming 

phase, the bioreactors were in continuous operation at the operating conditions specified by a 

central composite design (as described in 2.1.2) for 10 days prior to conducting the first 

measurements.  

2.1.2 Experimental Design 

The combined effects of HRT and FA inlet concentration on FA degradation and nitrate removal 

rates in experimental woodchip bioreactors were investigated applying a central composite 

design and response surface methodology using Design Expert version 12 software (Stat-Ease, 

Inc., Minneapolis, USA). The total experimental setup consisted of 12 individual experimental 

woodchip bioreactors with horizontal flow (Fig. 1a), each run at a specific combination of the 

two variables according to the central composite design (as displayed in the first column of Table 

2). 

The selected HRTs ranged from 3.4 to 15.1 hours (center point = 9.2 h) and the investigated FA 

inlet concentrations ranged from 0 to 105 mg FA/L (center point 52.5 mg FA/L; Table 2). The 

range of HRTs chosen covered relevant HRTs operated for woodchip bioreactors at commercial 

farms in Denmark (von Ahnen et al., 2018). Likewise, the FA inlet concentrations included the 

highest dosages of FA applied in Danish aquaculture (flow-through) systems (up to 100mg/L, 

Sortkjær et al., 2008a), while still incorporating one treatment without any FA addition, serving 

as a reference point to estimate the effect of FA addition on nitrate removal. For modeling 

purposes, the FA removal rate and removal efficiency for the experimental run without FA 

addition (mg FA/L: 0 (-α )/ HRT (h): 9.21 (0)) were set at 0 mg FA/L and 100%, respectively. 

2.1.3 Sampling 

After 10 days of acclimatization with bioreactors continuously operated at the conditions 

specified in the central composite design, the first 24-hour pooled sampling was conducted. 

Pooled samples were obtained by collecting the entire bioreactor effluent during 24 hours in 

plastic containers cooled by ice. After collection, each pooled sample were completely mixed 
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and subsamples were taken for further analyses. Oxygen, pH and temperature were measured in 

the common sump containing the supplied RAS water as well as in the bioreactor outlets at each 

sampling event using Hach Lange HQ40 multimeters (Düsseldorf, Germany). The total five-day 

biological oxygen demand (BOD5) of the RAS effluent (common inlet water to all bioreactors) 

was measured once on each sampling event as one sampling for all bioreactors. 

2.2 Trial 2: Effect of temperature  

2.2.1 Experimental Setup 

The experimental setup consisted of nine experimental woodchip bioreactors for triplicate test of 

three selected temperatures (7, 15 and 23 ֯C, respectively). The bioreactors were filled with 

willow woodchips as specified in 2.1.1. The woodchips have previously been flushed for five 

weeks on tap water amended with sodium nitrate at nitrate levels of approximately 50 mg NO3-

N/L  nd  t room temper ture    -     C) and a HRT of 10 hours. Ten days before the trial, the 

woodchip bioreactor were run on effluent water from a freshwater pilot-scale RAS (as described 

in      )  t   w ter temper ture of      C and a HRT of 10 hours. 

Forty-eight hours before start of the degradation trials, the woodchip bioreactors were 

acclimatized to experimental temperature by running them on same effluent RAS water, which 

was adjusted to the specific temperatures to be investigated in the subsequent degradation trials. 

The woodchip bioreactors were carefully drained using a siphon and the remaining water was 

taken up using a syringe with the bioreactors on a slope until no water remained on the 

bioreactor bottoms. Within five minutes, the experimental bioreactors were carefully filled 

simultaneously from both the inlet and outlet side of the bioreactors with RAS water spiked with 

FA and nitrate. This was done to prevent the formation of a peak concentration in the 

recirculation loop, which could potentially persist in the system for a longer time due to the 

relatively low recirculation flow applied. Furthermore, this allowed for an estimation of the 

amount of FA initially adsorbed to woodchip surfaces. 

Before addition of RAS water to the woodchip bioreactors, the RAS water was amended with 

sodium nitrate (NaNO3, Merck KGaA, Darmstadt, Germany) and formalin (24% FA, S. 
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Sørensen, Thisted, Denmark). Formalin and sodium nitrate were added to 20l of RAS water and 

mixed with an aquarium pump (Eheim Universal 300, Eheim GmbH & Co. KG, Deizisau, 

Germany) for five minutes. After this mixing and just prior to adding the water to the woodchip 

biore ctors,   ―st rt/time zero‖ gr b s mple w s t ken  

The experimental woodchip bioreactors were recirculated using peristaltic pumps (BT 100-2 J 

with pump heads (YZ1515X, Langer Instruments Corp., New Jersey, USA) at a recirculation 

flow rate of 2.0 (l/h) corresponding to one complete exchange of the woodchip pore volume per 

hour. The outlet end of the pump hose was placed below the water surface to avoid any input of 

oxygen to the system during recirculation (Fig. 1b). 

2.2.2 Sampling 

Grab samples (10 ml) were taken from the woodchip bioreactor outlet using a syringe for every 1 

to 2 hours during most of the sampling period. Grab samples were filtered by 0.2 µm syringe 

filters  nd stored  t     C. The five-day biological oxygen demand (BOD5) of the RAS effluent 

was measured once, right before initiating the degradation trials. Oxygen, pH and temperature 

were frequently measured at the woodchip bioreactor outlet sides using Hach Lange HQ40 

multimeters (Düsseldorf, Germany). 

2.3 Trial 3: Formaldehyde removal in full-scale commercial woodchip bioreactors 

2.3.1 Study site and experimental setup 

The field trial was conducted at a commercial Danish MTF type 3 with a production capacity of 

1500 tons of rainbow trout per year and a water intake of 100 l/s of groundwater. The farm 

consisted of 12 independent RAS each containing airlifts, propeller pumps, injections of pure 

oxygen, sludge cones, drum filters, fixed and moving bed biofilters. The collected sludge was 

stored in four sludge ponds. The overflow from the sludge ponds and the effluent water from the 

production units were discharged into a wetland consisting of narrow channels of approximately 

1 m depth and a total free water surface area of 4000 m
2
.  

After the wetland section, water was distributed to the four parallel woodchip sections through 

five pipes intersecting an earthen dam (Fig. 1 c, d). Each section contained 1500 m
3
 of a 
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hardwood woodchip blend, containing amongst others, spruce (Picea sp.), poplar (Populus sp.) 

and beech (Fagus sp.), and each section was operated as a vertical down-flow bioreactor. The 

water (25 l/s) fed each woodchip section resulting in approximately 30 cm water level above the 

woodchips flowing downwards through the fully submerged woodchip packing. Water was 

collected from underneath the woodchip packing via 16 drainage pipes placed on the bottom 

along the full length of the bioreactor (except for the initial 2m at the inlet pipes). At outlet, the 

drainage pipes passed through an earthen dam after which they were connected to an adjustable 

90 degree PVC elbow and an almost vertical stand pipe. The angle of the stand pipes was 

adjusted so that all pipes discharged a similar flow rate a few centimeters above the water surface 

of the common outlet channel shared by all four bioreactor sections (Fig. 1 c, d). 

Woodchip sections were approximately 50 m long and 30 m wide, with a 1 m deep, fully 

submerged woodchip packing and a water layer of about 30 cm on top of the submerged 

woodchip packing (Fig. 1 c, d). Total woodchip porosity was 71 ± 3% (n=3) giving a total water 

volume of 1515 m
3
, including the 30 cm water top layer, for each bioreactor section. This 

corresponded to a total hydraulic retention time of 16.8 h for each bioreactor section including 

the top layer of water, and a HRT of 12.0 h for the woodchip packing only. 

The MTF applied formalin regularly at their 12 RAS but had not done so in several weeks before 

start of the field trial. According to the farmer, a total amount of 1100 L of formalin containing 

24% (w/w), corresponding to a total amount of 285 kg of FA were used to treat all 12 RAS, if 

needed. 

2.3.2 Trial and Sampling 

A commercial formalin solution (S. Sørensen, Thisted, Denmark) containing 24% (w/w) FA 

(CH2O) dissolved and stabilized in 10% (w/w) methanol (CH30) to prevent paraformaldehyde 

formation was used. Eight 25 l containers with formalin were added at once to three woodchip 

compartments distributing them evenly among the five inlet pipes of each bioreactor section. 

Three bioreactor sections were exposed to formaldehyde, while one bioreactor section served as 

a control. This corresponded to a total of 51.8 kg of FA added to each bioreactor section 
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corresponding to an initial, nominal concentration of 34.2 mg FA/L in the water volume of the 

three bioreactor sections. 

A start/time zero sample was taken from the inlet water (one sample for all four sections) and 

from the outlets of each woodchip section before any addition of FA. After addition of FA, 

samples were taken every hour for the next 24 hours. A 50 ml grab sample were taken from each 

of the 18 outlet pipes per bioreactor section and then pooled, assuming equal flowrates among 

outlet pipes. Oxygen, pH and temperature were measured at the common inlet and outlet of the 

four woodchip bioreactor sections at the start and end of the trial using a Hach Lange HQ40 

multimeter (Düsseldorf, Germany). Collected grab samples were filtrated by 0.2 µm syringe 

filters, stored in the dark at 3 ֯C and analyzed in the laboratory within a couple of days after 

sample collection. 

2.6 Sample analyses 

Filtered samples were analyzed for FA according to the Hantzsch reaction, using ammonium 

acetate, acetate and acetylacetone to form diacetyldihydrolutidine for colorimetric determination 

by adsorption at 412nm (Cinti & Thal, 1977) and for NO3-N (ISO 7890-1, 1986). The total five-

day biological oxygen demand (BOD5-TOT) was analyzed on unfiltered samples as described in 

ISO 5815-2 (2003) modified by adding allylthiourea to inhibit nitrification. Samples were pre-

filtered through 0.45 µm filters prior to analyzing the dissolved five-day biological oxygen 

demand (BOD5-DISS).  

2.7 Calculations and statistical analyses 

Volumetric removal rates (g/m
3
/day) were calculated based on the differences between inlet and 

outlet concentrations, the flow rate, and the effective filter volume (i.e., the volume of the 

submerged woodchip packing). 

Linear models of the form: 

y = β0 + β1 * A + β2 *B          

 (1) 
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as well as quadratic models of the form: 

y = β0 + β1 * A + β2 *B + β3 * A * B + β4 * A
2
 + β5 * B

2
,     

 (2) 

where y is the volumetric remov l r te, β0 − β5 are constants, A refers to HRTs, and B refers to 

inlet FA concentrations were fitted to the volumetric removal rates and removal efficiencies of 

FA and NO3−N, respectively, to determine the relationship between the two factors, and to 

generate response surface plots. 

The adequacy of the fitted quadratic models was assessed via ANOVA at 5% level of 

significance using the Fisher F-test. Insignificant terms were subsequently excluded from the 

model. The coefficients of determination (R
2
) were used to describe the adequacy of the model 

fits. 

Hydraulic retention times were calculated based on water pore volumes in the woodchip 

bioreactors divided by the flow rates. Water volumes for calculating HRT in the woodchip 

bioreactors were calculated based on total woodchip porosity. Total woodchip porosities (%) 

were determined by filling woodchips into a 5 L plastic container, adding water to the 5 L mark, 

closing the bottle with a lid, refilling after 24 h to account for any absorbed water, and 

calculating total porosity from the total water volume applied (Christianson et al., 2010). 

Microbial degradation kinetics from trial 2 were calculated by: 

1) Fitting linear regression lines to measured FA concentrations over time for concentrations 

> 20 mg FA/L and excluding start (t = 0) data points to assess zero order (concentration 

independent) degradation kinetics. 

2) Fitting linear regression lines to log transformed FA concentrations in the range 0.5 - 5 

mg FA/L over time to assess first order (concentration dependent) degradation kinetics. 

Volumetric zero order nitrate removal rates were calculated based on the slopes of linear 

regression lines fitted to nitrate concentrations plotted over time. Volumetric nitrate removal 

rates were based on the volumes of submerged woodchips and were calculated separately for 
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periods where FA was abundant in the water (FA concentrations > 0.5 mg FA/L,) and periods 

where FA was diminished (<0.5 mg FA/L). 

In trial 2, the instant FA absorption was calculated from the measured concentration in the water 

before entering the woodchip bioreactors, subtracted by the y-axis interception of the linear 

regression fitted to data points associated with zero order kinetics. 

Degradation rates of FA and nitrate were compared pair-wise by a t-test testing for difference 

between linear regression coefficients and level of significance defined as p ≤ 0.05. 

Volumetric removal rates in the field trial were calculated based on the amounts of FA added to 

the bioreactor sections subtracted by the amounts of FA re-captured in the bioreactor outlets. The 

amounts of FA re-captured in the bioreactor outlets were calculated based on FA concentrations 

in hourly samples multiplied by the volume of water discharged per hour (90 m
3
/h) and summing 

up the hourly discharged amounts. 

Total FA removal, FA removal efficiency and the volumetric FA removal rate in the field trial 

were calculated based on the assumption that only little if any FA would be discharged after the 

24-hour sampling period and therefore could be neglected.  

Spearman Rank Order Correlation analyses were performed using SigmaPlot version 13.0 

(Systat Software Inc., CA, USA) considering p ≤ 0.05 as significant. 

3. Results 

3.1 Effects of hydraulic retention time and inlet concentration 

Formaldehyde was degraded in all experimental runs receiving FA. Within the operational 

conditions tested (Tables 1 & 2), removal rates increased with increased FA inlet concentration 

and flow (decrease in HRT). The average volumetric removal rates ranged from 17.6 ± 0.2 to 

261.1 ± 27.2 g FA/m
3
/d (Table 2). 

Removal efficiencies, conversely, decreased with increase in FA inlet concentration and 

decreases in HRT. FA removal efficiencies were generally high with average efficiencies 

ranging from 88.3 ± 4.6 to 99.8 ± 0.2 %. 
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The relationship between the two factors: HRT (h) (factor A) and FA inlet concentration (mg 

FA/L) (factor B) and the corresponding volumetric FA removal rates (Fig. 2a) and FA removal 

efficiencies (Fig. 2 b), respectively, could be described by the following quadratic equations, 

which are valid for the concentration range of 15-90 mg FA/l: 

FA removal rate (g FA/m
3
/d) = 144.56 – 31.76*A + 4.08*B – 0.20*AB + 1.56*A

2
 – 0.004*B

2
 

 (3) 

FA removal efficiency (%) = 99.16 + 0.17*A – 0.03*B + 0.01*AB – 0.03*A
2
 – 0.002*B

2
  

 (4) 

Both models were significant (P-values < 0.0001) and R-squared equaled 0.98 and 0.89, 

respectively. 

The nitrate removal rate for the bioreactor not treated with FA was 27.7 ± 1.6 g N/m
3
/d, while 

nitrate removal rates for bioreactors treated with FA were all considerably higher, achieving 

removal rates of up to 86.0 ± 6.1 g N/m
3
/d at inlet concentration of 52.5 mg FA/L and a HRT of 

3.35 h (Table 2). 

The relationship between HRT (h), FA inlet concentration (mg FA/L) and the corresponding 

volumetric nitrate-N removal rates (g NO3-N/m
3
/d) and the nitrate-N removal efficiencies (%) 

were best described by the following linear equations: 

Volumetric NO3-N removal rate (g NO3-N/m
3
/d) = 54.45 – 2.54*A + 0.47*B  

 (5) 

Nitrate-N removal efficiency (%) = – 4.17 + 3.63*A + 0.46*B     

 (6) 

Both models were significant (P-values < 0.001) and R-squared equaled 0.85 and 0.88, 

respectively. Fig. 2 illustrates the 3-D response surface plots for HRT (h) and FA inlet 

concentration (mg FA/L) and the corresponding responses in terms of the volumetric FA 

removal rate (Fig. 2 a), FA removal efficiency (Fig. 2 b), volumetric nitrate-N removal rates 

(Fig. 2c) and the nitrate-N removal efficiencies (Fig. 2 d) achieved. 
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Throughout all sampling events, effluent pH were slightly lower than inlet pH and outlet 

dissolved oxygen levels were below 1 mgO2/L in all experimental runs (data not shown). 

3.2 Effect of temperature  

Formaldehyde concentrations in the temperature-acclimatized RAS waters were 112 ± 2 mg 

FA/L  t temper tures of  ,     nd      C, respectively, measured just prior to adding the water to 

the previously drained woodchip bioreactors. Removal of FA in the experimental woodchip 

bioreactors happened immediately after application. The initial adsorption efficiency was similar 

across the temperatures amounting to 45 ± 2.4 % (n=9), which corresponded to a total adsorption 

capacity of 52 ± 2.8 g FA/m
3
 woodchip. After this initial decline happening during the first hour, 

FA concentrations declined linearly as long as FA concentrations on the outlet side remained 

high, ~above 20 mg FA/L (Fig. 3a). During the linear decline in concentration, average 

volumetric removal rates of 20.5 ± 1.5, 38.9 ± 2.5 and 77.1 ± 5.0 g FA/m
3
/d  n= ) were found  t 

temper tures of  ,   ,  nd      C, respectively   n the lower concentration ranges (< 5 mg FA/L), 

FA concentrations declined exponentially indicating first order reaction. Average volumetric first 

order removal rate constants of 1.8 ± 0.2, 3.3 ± 0.8 and 5.2 ± 0.3 (d
-1

) (n=3) were found at 

temperatures of 7,   ,  nd      C, respectively  Table 3). The ratios of the volumetric zero and 

first order removal constants (k0v/k1v) suggested that the transition zone, at which zero order 

kinetics switched to first order kinetics, was around concentrations of 11.5 ± 1.3, 12.8 ± 3.3 and 

14.7 ± 0.1 mg FA/L  n= ) for temper tures of  ,   ,  nd      C, respectively   

Temperature correlated positively with both, the volumetric zero- (k0v) (Corr. Coeff.: 0.949, 

p<0.001, n=9) and first order rate constants (k1v) (Corr. Coeff.: 0.949, P<0.001, n=9). The 

average Q10 v lue for  A degr d tion w s       nd the corresponding Arrhenius temper ture 

coefficient w s       within the investig ted temper ture r nge of  -     C  

Start nitrate concentrations were similar among all treatments averaging 124.10 ± 1.10 mg NO3-

N/L (n=3). Nitrate concentrations declined consistently during all treatments (Fig. 3b). Elevated 

nitrate removal rates were observed when FA was present in the water. At 15 and      C, 

volumetric nitrate-N removal rates averaged 20.7 ± 1.6 and 37 ± 0.8 g N/m
3
/d (n=3), 

respectively, when FA concentrations were above 0.5 mg FA/L, significantly higher than the 8.1 
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± 1.1 and 13 ± 0.3 g N/m
3
/d (n=3), respectively, achieved when FA concentrations were below 

0.5 mg FA/L (Fig. 3a, b). At the end of the trial, after 88 hours, average nitrate concentrations 

were 93 ± 1.6, 65 ± 1.3, and 48 ± 1.8 mg NO3-N/L  n= )  ,   ,  nd      C, respectively  

3.3 Formaldehyde removal in full-scale woodchip bioreactors 

In the three outlets of the sections treated with FA, concentrations rose sharply in the beginning 

and FA was already detectable in the outlet one hour after addition to the bioreactor inlet. Outlet 

FA concentrations peaked three to five hours after addition of FA reaching concentrations 

between 8.17 and 10.91 mg FA/l and then declined consistently, reaching concentrations around 

1 mg FA/L or lower 24 hours after addition of FA. During these 24 hours 7.7 ± 0.3 kg FA (n=3) 

were found in the outlet from each section thus 44.1 ± 0.3 kg FA/d had been removed, 

corresponding to volumetric removal rate of 29 ± 0.2 g FA/m
3
/d. During the entire measuring 

period, FA was neither detected in the common inlet water, nor in the outlet of the section that 

acted as control.  

Nitrate inlet concentrations ranged from 8.50 to 10.14 mg NO3-N/L, averaging 9.43 ± 0.49 mg 

NO3-N/L (n=25) (Fig. 4b). Outlet nitrate concentrations for the control bioreactor section 

averaged 6.26 ± 0.40 mg NO3-N/L (n=25) and were significantly higher than the 4.94 ± 0.54, 

4.30 ± 0.67, and 3.86 ± 0.62 mg NO3-N/L (n=25) measured in the outlets of the three bioreactor 

sections treated with FA. Based on average inlet and outlet concentrations and an equal flow of 

25 l/s per bioreactor section, the volumetric nitrate removal rates in the control bioreactor section 

were 4.57 compared to 6.47, 7.40, and 8.02 g N/m
3
/d in the three bioreactor sections treated with 

FA. These removal rates corresponds to daily nitrate removals of 6.86 kg NO3-N/d in the control 

section and 9.7, 11.1, and 12.0 kg NO3-N/d in the FA treated sections. 

4. Discussion 

4.1 Effects of hydraulic retention time and formaldehyde concentration 

Hydraulic retention time and nominal FA concentration both significantly affects FA removal 

rates (Fig. 2a) and FA removal efficiency (Fig. 2b; Table 2). In case a certain maximum outlet 

concentration is required, high removal efficiency is important. Highest removal efficiency was 

achieved at high HRTs (Table 2). Under these operating conditions, and at low FA 
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concentrations, FA removal is limited by the mass transfer of FA into the biofilm on the 

woodchips and therefore follows first order kinetics. Such substrate limited removal was 

supported by the results of trial 2, demonstrating FA degradation switching from zero order 

(constant removal rate) to first order kinetics (FA concentration dependent removal) at 

concentrations below 20 mg FA/L (Tables 2 & 3). The volumetric removal rates achieved under 

such conditions underestimate the maximum achievable FA removal rates for most operating 

conditions (Fig. 2a, Table 2) but they demonstrate, however, the capacity of woodchip 

bioreactors to obtain high removal efficiencies and thus low outlet concentrations (Fig. 2b, Table 

2). 

Removal rates achieved in trial 1 were generally higher compared to results from the other two 

trials, which is likely due to the fact the bioreactors received a continuous and stable loading of 

FA for 10 days prior to assessing the removal rate. It has previously been shown that much 

higher removal can be achieved if bacteria have been exposed to FA earlier. In six pilot-scale 

RAS with daily or weekly dosages of formalin (C0 at 10 and 20 mg FA/L) Pedersen et al. (2010) 

demonstrated that in systems with regular low dosage, FA removal increased up to tenfold from 

0.19±0.05 to 1.81±0.13 mg FA/L/h (4.56 to 43.44 g FA/m
3
/d). This may be due to the fact that 

permanent or regular application of FA changes the microbial community, favoring growth of 

microorganisms able to degrade FA (Dickerson, 1955; Kaszycki and Koloczek, 2000). Pedersen 

et al. (2010) found that the relative abundance of nitrifying bacteria was higher in untreated RAS 

compared to RAS regularly exposed to formalin, which may indicate an increase in FA 

degrading heterotrophic bacteria when RAS were periodically exposed to formalin. It is, 

however, not documented for how long this acclimatization effect can last when FA is supplied 

only occasionally. 

The maximum removal rate of 261 ± 27.2 g FA/m
3
/d achieved at an inlet concentration of 90 mg 

FA/L and a HRT of 5.0 hours at              C, is similar to some of the removal rates reported 

for aerobic aquaculture biofilters with continuous supply of formalin. For example, volumetric 

removal rates of 220 g FA/m
3
/d have been reported for submerged biofilters operated at 20 - 22 

֯C (Wienbeck and Koops, 1990) and rates of 330 g FA/m
3
/d have been reported for fluidized sand 

filters at 16.5 - 17.3 ֯C (Heinen et al., 1996; Fredricks, 2015). 
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The nitrate removal rate for the bioreactor without FA exposure was 27.7 ± 1.6 g N/m
3
/d (Table 

2), which was higher than the average nitrate removal rates of 4.5-7.8 g N/m
3
/d reported for 

woodchip bioreactors operated at commercial Danish RAS at lower temper tures       C; von 

Ahnen et al., 2018), but lower than the maximum removal rate of >39 g N/m
3
/d reported for 

pilot-sc le woodchip biore ctors tre ting  A  effluents  t   simil r temper ture of       C and 

varying HRTs (Lepine et al., 2016). Irrespective of FA degradation, the results of this study (Fig. 

2 c, d) are in line with the findings by Lepine et al. (2016), who reported that nitrate removal 

rates in woodchip bioreactors treating RAS effluents increased with decreasing HRT, while 

nitrate removal efficiencies conversely increased with increasing HRT.  

Nitrate removal rates for woodchip bioreactors treated with FA were all significantly higher than 

the bioreactor not treated, achieving rates of 86.0 ± 6.1 g N/m
3
/d (Table 2), demonstrating that 

addition of FA enhanced denitrification. It is known that FA, a common aldehyde, is produced 

and metabolized by a number of heterotrophic organisms including Pseudomonas strains, some 

of which are colonizing biofilms in RAS and are able to perform denitrification (Adroer et al., 

1990; Edelkraut and Brockmann, 1995; Nuccio et al., 1995). Moreover, degradation of FA can 

produce methane, methanol and formic acid all of which can also be used as carbon sources by 

denitrifying microorganisms (Garrido et al., 2000; Oliveira et al., 2004; Eiroa et al., 2006, 

Hamlin et al, 2008). In addition, initial use of oxygen for aerobic degradation of FA might have 

contributed to fast establishment of anoxic conditions favoring denitrification in the woodchip 

bioreactors (Gellman and Heukelekian, 1950). 

4.2 Effect of temperature 

Instant adsorption of FA was quantified in the static setup of trial 2. The adsorption averaged 

44.7 ± 2.4 % from a relatively high FA start concentration of 112.7 ± 1.2 mg FA/L, 

corresponding to a total adsorption capacity of 52.1 ± 2.8 g FA/m
3
 woodchips. This adsorption 

appears reasonable in light of previous observations from Danish aquaculture systems of 

different intensities. Investigations at Danish fish farms revealed that instant adsorption to 

surfaces caused initial FA concentrations of around 20 mg FA/L to be reduced by some 10% in 

flow-through farms as well as MTF type 1 (HRT of 4-5 hours in production units) whereas 

reductions of up to 30% were measured in MTF type 3 (HRT of 5-12 hours in production units; 
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Sortkjær et al., 2008b). The authors discussed this difference being likely due to the fact that 

MTF type 3 contain biofilters which provide larges surface areas for adsorption. The higher 

adsorption efficiencies demonstrated for woodchip bioreactors in this study are thus likely due to 

the high surface area provided by the woodchips. In addition, the good adsorption capacities of 

woodchips may be related to the woodchip organic matter. Meinelt et al. (2005) studied the 

interaction between calcium and natural organic matter (NOM) originating from Luther March, 

Ontario, Canada, on toxicity of hydrated FA (48 and 96 h LC50), using embryos and larvae of 

Zebrafish (Danio rerio) and found a reduction in formalin toxicity in the presence of NOM 

(5mg/L of dissolved organic carbon, DOC). The authors attributed this effect to a potential 

binding of formalin to specific functional groups or structures of NOM and suggested adsorption 

of formalin to organic matter as a possible way to decrease the concentrations of formalin and its 

toxicity to fish. Eiroa et al. (2006) found significant bio-adsorption of FA in activated sludge, 

which could indicate that total adsorption may not only be related to the wood organic surface 

available but could also be affected by the total amount of accumulated organic particles, 

bacteria and bacterial aggregates present there. 

Microbial degradation of FA started immediately after addition. Zero order removal rates of 20.5 

± 1.5, 38.9 ± 2.5, and 77.1 ± 5.0 g FA/m
3
/d were found in woodchip biore ctors  t temper tures 

of  ,     nd      C, respectively. This is somewhat lower than the 40.8 – 103.2 g FA/m
3
/d 

reported for RAS trickling filters at temperatures ranging from 5.5 to 14.5 ֯C (Pedersen et al., 

2006) and somewhat higher than the 10-30 g FA/m
3
/d reported for submerged biofilters 

(Exponet 200) operated at 5-16   C (Pedersen et al., 2007). Probably, the continuous supply of 

dissolved oxygen and substrate for aerobic degradation in trickling filters allows for a faster FA 

degradation than in submerged biofilters and anaerobic woodchip bioreactors. 

Formaldehyde removal rates in woodchip bioreactors were positively correlated to temperature 

with a Q10 value of 2.27 indicating that FA degradation, following the initial adsorption, was 

mediated by bacteria. Pedersen et al. (2007) found a Q10 value of 3.4 for FA remov l in  erobic, 

submerged nitrifying biofilters tre ting  A  w ter  t temper tures of     -       C   hese 

differences in Q10 values may be related to different types of heterotrophic bacteria and biofilm 

conditions established in the relatively fast-flowing, aerobic biofilters versus slow-flowing, 
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anoxic woodchip bioreactors. For nitrate removal in woodchip bioreactors, similar Q10 v lues of 

    –     h ve been reported for temper tures  round  -     C  Robertson et al., 2008; Cameron 

and Schipper, 2010; Warneke et al., 2011). This could support the assumption that denitrifying 

bacteria are directly involved in the degradation of FA.  

The transition zone, at which zero order kinetics switched to first order kinetics, was located at 

concentrations between 11.5 and 14.7 mg FA/L at temperature from 7 to      C, respectively  Due 

to low water velocities and potential areas of preferential flows in woodchip bioreactors, rate-

limiting FA concentrations may prevail locally inside the bioreactor, thereby potentially reducing 

overall removal rates even though average outlet concentrations remain above rate-limiting 

concentrations. Moreover, the low water velocities in woodchip bioreactors likely result in 

reduced diffusional mass transports across water boundary layers, biofilms and inner woodchip 

pores, increasing the overall dependency of substrate concentration (Prehn et al., 2012). 

Nitrate removal occurred immediately from the start of the experiment. At 15 and      C, 

volumetric nitrate-N removal rates averaged 20.7 ± 1.6 and 36.8 ± 0.83 g N/m
3
/d, respectively, at 

FA concentrations above 0.5 mg FA/L. These rates are significantly higher than the average 

volumetric nitrate removal rates of 8.07 ± 1.08 and 12.86 ± 0.27 g N/m
3
/d (n=3), respectively, 

achieved at FA concentrations below 0.5 mg FA/L. These nitrate removal rates are still 

somewhat higher than the average nitrate removal rates of 4.5 – 7.8 g NO3-N/m
3
/d reported for 

full-scale woodchip bioreactors treating commercial RAS effluents at a lower water temperature 

      C; von Ahnen et al., 2018). In addition to temperature, the difference may be explained by 

the type and young age of the woodchips used in the laboratory study, providing more readily 

degradable carbon. 

4.3 Formaldehyde removal in full-scale woodchip bioreactors 

The similar FA outlet concentration profiles over time with FA peaks that all occurred 3-5 hours 

after addition, supported the assumption that flow rates between compartments were similar. The 

occurrence of outflow peak concentrations way ahead of the theoretical hydraulic retention time 

of 16.8 h for each bioreactor section provided a plug-flow, indicated that paths of preferential 

flow existed in the bioreactors allowing water to short cut on its way from the inlet to outlet. This 
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stresses the importance of optimal woodchip bioreactor design to allow for even water flow 

through the woodchip packing to improve removal efficiency.  

Outlet FA concentrations and corresponding volumetric removal rate in the full-scale bioreactors 

were affected by: 1) instant absorption, 2) microbial degradation and 3) dilution by the incoming 

water. The average volumetric removal rate of 29.4 ± 0.2 g FA/m
3
/d  t       C was lower than 

observed in trial 2 were an initial adsorption capacity of 52.1 g FA/m
3
 woodchips and a 

microbial zero order removal rate of 20.45 ± 1.49 g FA/m
3
/d w s found  t     C   he low w ter 

temper ture of       C  nd an outlet FA concentration generally below 11 mg FA/L likely reduced 

overall microbial degradation. In addition, adsorption in the full-scale bioreactors may have been 

reduced by uneven flow-distribution in the single-pass configuration, larger woodchip sizes and 

thus less surface area. Other factors such as the woodchip age, degree of clogging/ accumulated 

organic matter, biofilm growth, tree species, pH and other water quality parameters might have 

influenced in-situ performance as well. 

It should be noted, that in this field trial a relatively high dosage of formalin, corresponding to an 

average concentration of 34.2 mg FA/L in the bioreactors, was added as a pulse dosage to the 

woodchip bioreactor inlets to ensure enough FA in the outlet for measuring and calculating the 

removal capacity. Generally, lower dosages of FA are applied in aquaculture production units. In 

addition, removal in the internal recirculation loop can be high, with reductions of 84-99% in 

MTFs type 3 for start concentrations of 20mg FA/L (Sortkjær et al., 2008b), especially if the 

RAS can function with 100% recirculation during exposure time. Thus, if formalin was applied 

to the production unit and subsequently passed the biofilter and constructed wetland, and was 

additionally diluted with the effluents from untreated production units, much lower 

concentrations are expected to enter the woodchip bioreactor resulting in substantially lower 

woodchip outlet concentrations at normal operating conditions than those measured in this field 

trial. Given this background and the fact that discharge concentration limits set by environmental 

regulations can be in the range of a few µg FA/L, first-order removal kinetics should be applied 

to estimate FA removal in woodchip bioreactors treating RAS effluents. 
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5. Conclusions  

This study demonstrated that woodchip bioreactors effectively removed residual FA otherwise 

potentially being discharged from production units. The high removal of FA is caused by the 

large organic surface areas of the woodchips and the direct contact with the associated active 

microbial communities. This simple combination of physical and biological treatment may prove 

efficient in removing other types of disinfectants or antibiotics too, which deserves further 

investigations. 

The installation of end-of-pipe woodchip bioreactors together with improved formalin 

application practices that include lower dosages treating reduced water volumes at increased 

exposure times, enable fish farmers to minimize the amounts of FA discharged into the 

environment and thus comply with strict environmental legislations. 
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a)  

b) Flow-through setup (Trial 1, side view) 

 

c) Recirculated setup (Trial 2, side view) 

 

d) Field setup (Trial 3, schematic top view) 

 

e) Field setup (Trial 3, photo top view) 

 

Figure 1. a) Trial 1: Laboratory, flow-through setup for a central composite design (CCD) to 

determine the effect of hydraulic retention time and inlet concentration on formaldehyde and 

nitrate removal in woodchip bioreactors (T=19.2 ± 0.3   C, n=12). b) Trial 2: Laboratory, 

recirculated setup to investigate removal kinetics in woodchip bioreactors at different 

temperatures ( = ,   ,      C, n=9). c) Trial 3: Field-scale setup to investigate formaldehyde 

removal in four replicated woodchip bioreactor sections with three treatments (n=3) and one 

control section (n=1) without addition of formaldehyde (T=5.6 ± 0.1   C). d) Trial 3: Aerial photo 

of the experimental site; differences in duckweed coverage was not present during experiments. 
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a) Formaldehyde Removal Rate (g 

FA/m
3
/d)  

 

b) Formaldehyde Removal Efficiency (%) 

 

c) Nitrate-N Removal Rate (g N/m
3
/d)  

 

d) Nitrate-N Removal Efficiency (%) 

 

Figure 2. Response surface plots of a) volumetric formaldehyde (FA) removal rates (g FA/m
3
/d), 

b) FA removal efficiencies (%), c) volumetric nitrate-nitrogen removal rates (g NO3-N/m
3
/d) and 

d) nitrate-nitrogen removal efficiencies at different FA inlet concentrations (mg FA/l) and 

hydraulic retention times (HRTs in h) in experimental denitrifying woodchip bioreactors treating 

the effluent from a pilot-scale recirculating aquaculture system (T=19.2 ± 0.3   C). The displayed 

models are based on averages of three repeated measurements for each experimental run 

specified in table 2. 
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a) Formaldehyde concentrations over 

time 

Time (h)

0 12 24 36 48 60 72 84 96

F
o

rm
a

ld
e

h
yd

e
 c

o
n
c
e

n
tr

a
ti
o

n
 (

m
g

/L
)

0

20

40

60

80

100

120

7 degrees C
15 degrees C
23 degrees C 

 

b) Nitrate-N concentrations over time  
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Figure 3. a) Removal of formaldehyde (FA) in experiment l denitrifying woodchip biore ctors  t 

    C  circles),      C  squ res)  nd      C  triangles) over time. Filled symbols represent data 

points >20mg FA/L used to assess zero order (concentration independent) removal kinetics 

(excluding data points at time=0), while open symbols represent data points <5 mg FA/L and 

>0.5 mg FA/L used to assess first order (concentration dependent) removal kinetics. Shaded 

symbols represent transition zone. b) Corresponding nitrate-N concentrations over time during 

degradation of FA (as shown in figure 3a). Data points represent averages with standard 

deviation of triplicated runs investigated in three separate experimental woodchip bioreactors. 
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a) 

Time after addition of formaldehyde (h)
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b) 

Time after addition of formaldehyde (h)
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Figure 4. a) Formaldehyde concentrations (mg FA/L) and b) nitrate-N 

concentrations (mg NO3-N/L) measured at the common inlet as well as at the 

outlets of the four woodchip bioreactor sections over time (h). Woodchip 

bioreactor sections 2-4 were treated with 51.8 kg of formaldehyde added at once at 

t=0, with woodchip bioreactor section 1 acting as control, not being treated with 

formaldehyde (T=5.6 ± 0.1   C). 
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Table 1. Inlet (/RAS effluent) water qualities for woodchip bioreactors investigated in trials 1-3. 

Water quality in trial 1 is shown as an average of three sampling events (n=3). Water quality for 

trial 2 was measured once in the water collected from the RAS prior to adjusting it to different 

temperatures (n=1). Parameters for trial 3 are based on measurements at the start and end of the 

trial (n=2). 

 Woodchip bioreactor inlet 

 

DO pH T BOD5-TOT BOD5-DISS 

 

(mg O2/L) (-) ( ֯C) (mg O2/L) (mg O2/L) 

Trial 1 (HRT/FA conc.) 7.21 ± 0.92 7.31 ± 0.18 19.2 ± 0.3 2.34 ± 0.45 1.87 ± 0.31 

Trial 2 (Temperature) 7.71 7.21 22.5 2.1 1.43 

Trial 3 (Full-Scale) 6.30 ± 0.27 7.15 ± 0.04 5.6 ± 0.1 - - 
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Table 2. Average volumetric removal rates and removal efficiencies for formaldehyde (FA) and 

nitrate-nitrogen (NO3-N) obtained with the various combinations of FA inlet concentrations and 

HRTs for experimental woodchip bioreactors according to the central composite design (trial 1). 

On average, nitrate inlet concentrations were 56.2 ± 1.4 mg NO3-N/L for all experimental runs 

during the three sampling events. 

Exp. Runs
1) 

Inlet (C0) conc. 

(mg/L) / 

HRT (h) 

 Outlet concentrations 

(mg/L) 

 Removal rate
2) 

(g/m
3
/d) 

 Removal Efficiency
2)

  

(%) 

FA Inlet conc. / HRT  FA NO3-N  Formaldehyde NO3-N  Formaldehyde NO3-N 

52.5 (0)/ 3.35 (-α)  2.1 ± 0.8  38.3 ± 0.9  242.0 ± 3.8 86.0 ± 6.1  96.0 ± 1.5 26.0 ± 6.6 

15 (-1)/ 5.03 (-1)  0.3 ± 0.2 44.3 ± 2.0  47.0 ± 0.8 38.0 ± 3.8  98.0 ± 1.6 21.2 ± 2.3 

90 (+1)/ 5.03 (-1)  8.4 ± 8.5 33.4 ± 3.0  261.1 ± 27.2 72.8 ± 7.5  90.7 ± 9.5 34.7 ± 12.8 

0 (-α )/ 9.21 (0)  0.2 ± 0.1 40.3 ± 0.9  - 27.7 ± 1.6  - 28.3 ± 1.2 

52.5 (0)/9.21 (0)  0.5 ± 0.4 22.0 ± 3.0  90.8 ± 0.8 59.7 ± 5.3  99.1 ± 0.9 55.0 ± 13.3 

52.5 (0)/9.21 (0)  0.4 ± 0.3 23.8 ± 3.6  90.9 ± 0.6 56.5 ± 5.8  99.2 ± 0.6 51.8 ± 14.2 

52.5 (0)/9.21 (0)  0.3 ± 0.3 24.3 ± 0.2  91.1 ± 0.5 55.7 ± 2.1  99.4 ± 0.5 45.1 ± 16.4 

52.5 (0)/9.21 (0)  0.7 ± 0.6 24.8 ± 0.6  90.4 ± 1.0 54.8 ± 2.2  98.6 ± 1.1 46.5 ± 13.9 

105 (+α) / 9.21 (0)  12.3 ± 4.8 8.2 ± 1.4  161.8 ± 8.5 83.8 ± 3.6  88.3 ± 4.6 86.6 ± 4.1 

15 (-1)/ 13.4 (+1)  0.3 ± 0.2 27.2 ± 3.4  17.6 ± 0.2 34.7 ± 3.6  98.0 ± 1.2 51.6 ± 5.5 

90 (+1)/ 13.4 (+1)  0.2 ± 0.2 5.6 ± 1.1  107.8 ± 0.3 60.7 ± 3.1  99.8 ± 0.3 89.9 ± 2.3 

52.5 (0)/ 15.08 (+α)  0.2 ± 0.3 21.7 ± 3.8  55.8 ± 0.3 36.8 ± 4.7  99.6 ± 0.5 63.7 ± 10.4 
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1) Experimental runs represent combinations of hydraulic retention time (HRT) and FA inlet concentration where values with the 

original unit (HRT in h; formaldehyde in mg FA/L) are followed by the coded CCD values (section 2.1.2) in parentheses. Removal 

rates are expressed as g FA removed per m3 of woodchip bioreactor volume (i.e. volume of submerged woodchips) per day.  

2) Removal rates and efficiencies for FA and nitrate are shown as averages with standard deviation of three repeated 

measurements on the same woodchip bioreactor. Formaldehyde inlet concentrations are based on concentrations measured in 

the sumps containing FA + purified water from a Millipore Milli-Q lab water system and the frequently measured flow rates 

from both sumps into the experimental woodchip bioreactors (figure 1a). 

Table 3. Degradation kinetics of FA in experimental denitrifying woodchip bioreactors at 

different temperatures (trial 2). Zero order removal kinetics were calculated on concentrations 

>20 mg FA/L excluding the time 0 sample. First order removal rates were calculated on data 

points < 5 mg FA/L. The ratio k0v/k1v represents the estimated FA concentration at which 

removal kinetics switch from 0’order to 1’order. Five-day biological oxygen demand (BOD5) was 

measured before FA addition. 

 

 

1) BOD5-TOT and BOD5-DISS were measured in the RAS effluent one day before the trial, prior to adjusting temperatures. 

 

 

 

Temperature 

   C) 

pH 

(-) 

BOD5-TOT
1) 

(mg O2/L) 

 BOD5-DISS
1) 

(mg O2/L) 

 0’ order rate  

constant K0v  

(g FA/m3/d) 

1’ order rate  

constant K1v 

(d-1) 

k0v/k1v 

(mg FA/L) 

 

7 7.21 2.1  1.4  20. 5±1.5 1.8±0.15 11.4±1.3  

15 7.18 2.1  1.4  38.9±2.5 3.3±0.77 12.0±3.3  

23 7.19 2.1  1.4  77.1±5.0 5.2±0.31 14.8±0.1  Jo
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Highlights 

 Formaldehyde was effectively removed in woodchip bioreactors via adsorption and 

microbial degradation 

 Formaldehyde removal in woodchip bioreactors was effected by temperature 

 Documented formaldehyde removal in full scale woodchip bioreactors confirmed results 

from laboratory experiments 
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