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ABSTRACT

Woodchip bioreactors are widely known as a best management practice to reduce excess
nitrate loads that are discharged with agricultural leachates. The aim of this study was to
evaluate the performance of citrus woodchip bioreactors for denitrification of brine
(electrical conductivity = 17 mS cm™) from groundwater desalination plants with high
nitrate content (NOs-N = 48 mg L!) in the Campo de Cartagena agricultural watershed,
one of the main providers of horticultural products in Europe. The performance was
evaluated relative to seasonal changes in temperature, dissolved organic carbon (DOC)
provided by woodchips, hydraulic residence time (HRT) and woodchip aging. Bioreactors
(capacity 1 m3) operated for 2.5 years (121 weeks) in batch mode (24 h HRT) with three
batches per week. Denitrification efficiency was modulated by DOC concentration,
temperature, hydraulic residence time and the drying-rewetting cycles. High salinity of
brine did not prevent nitrate removal from occurring. The high DOC availability (> 25 mg
C L) during the first ~48 weeks resulted in high nitrate removal rate (> 75 %) and nitrate
removal efficiency (until = 25 g N m d!) regardless of temperature. Moreover, the high
DOC contents in the effluents during this period may present environmental drawbacks.
Denitrification was still high after 2.5 years (reaching 9.3 g N m= d! in week 121), but
dependence on warm temperature became more apparent with woodchips aging from
week =49 onwards. Nitrate removal efficiency was highest on the first weekly batch,
immediately after woodchips had been unsaturated for four days. It was attributable to a
flush of DOC produced by aerobic microbial metabolism during drying that stimulated
denitrification following re-saturation. Hence, alternance of drying-rewetting cycles is an

operation practice that increase bioreactors nitrate removal performance.
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1. Introduction

Demand of irrigation water for intensive agriculture has led to increased use of
groundwater, particularly in Mediterranean semiarid areas with scarcity of surface water
resources (IPCC, 2014). However, the quality of aquifers is many times compromised by
high salinity, a problem that is expected to be aggravated according to predictions of the
Intergovernmental Panel on Climate Change (Hoegh-Guldberg et al., 2018). Additionally,
in intensive agricultural watersheds, groundwater resources are often polluted by nitrate
(NO3’) due to fertilizer use for crop production (FAO, 2017). Nitrate contamination of
surface and groundwater resources has become a major problem worldwide since it can
lead to eutrophication, algae blooms, and fish kills in water bodies (Howarth, 2008; Lewis

et al., 2011).

When withdrawals are made from aquifers with saline groundwater, it is often necessary
to desalinate in order to meet the demands of activities such as tourism and irrigated
agriculture (Palomar and Losada, 2010). The desalination process generates reject brine,
which is a highly saline waste that can typically be discharged to the sea (Ministerio de
Agricultura Alimentacidon y Medio Ambiente, 2013), or recovered for other uses such as
frost control on roads (Lysbakken, 2013) hydrotherapy or environmental applications
(Donnelly, 2014), irrigation of forage shrub and crops, or fish farming (Sanchez et al.,
2015). However, additional brine management steps are required when groundwater

contains other pollutants such as nitrate (NOs’), particularly when its concentration
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exceeds permissible legal release boundaries for discharges (Wisniewski et al., 2002;

Beliavski et al., 2010; Bosko et al., 2014).

Previous studied have found high NOs™ loads in reject brine from desalination plants, and
different technologies have been applied to remove, including sequencing batch reactors
with methanol as carbon substrate for denitrifier microorganisms (Xu et al., 2020), upflow
sludge blanket reactors (Beliavski et al., 2010), membrane bioreactor (Wisniewski et al.,
2002), fluidized bed absorber reactors (Ersever et al., 2007), electrodialysis (Bosko et al.,
2014), and others. Although these technologies are capable of high NOs reduction rates
in brine, they are not well-suited for the agricultural application in local farms because
they can be expensive and technically complex to manage. Denitrifying bioreactors are a
potential alternative for this application since they can provide low-cost nitrate removal
(Christianson et al., 2009), are easy to install, and require low maintenance (Schipper et

al., 2010; Christianson and Helmers, 2011).

Denitrifying bioreactors consist of trenches or containers filled with a carbonaceous
material (typically an organic waste or plant residue) through which the nitrate-enriched
water is passes. The carbonaceous material provides organic carbon as an electron donor
for anaerobic microorganisms to complete denitrification under suboxic/anoxic conditions
(i.e., the transformation of NOs into gaseous forms of nitrogen such as N,O or N)
(Schipper et al., 2010). A high organic carbon content is necessary since the lack of
nutrients in brine hinder microbial proliferation, which may limit the application of
biological technologies even when halophilic microorganisms are inoculated in reactors
(Abou-Elela et al., 2010). Furthermore, widespread use of these bioreactors could

increase the value of certain organic agricultural wastes if they can be used as carbon
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media in bioreactors (Diaz-Garcia et al., 2020). Other advantages of woodchip bioreactors
include ability to be tailored to different areas or fields (Schipper et al., 2010) and low

external energy requirements (Christianson and Tyndall, 2011).

Different organic media have been used in bioreactors for treatment of NOs-enriched
discharges from a variety of applications (Wang and Chu, 2016) with variable results.
Saliling et al., (2007) used woodchips and wheat straw for treatment of aquaculture
wastewater containing =45 mg NOs-N L' with denitrification rates =1.4 g N L' d.
Cameron and Schipper (2010) denitrified drinking water containing =140-160 mg NO3-N
L't with several types of woodchips and wheat straw obtaining rates between = 0.005-
0.011 g N L't d%. Healy et al. (2012) treated groundwater with =19-32 mg NOs-N L?
reaching denitrification rates between = 0.002—-0.003 g N L'! d%. Feyereisen et al. (2016)
removed up to =35 g N L't d* from agricultural tile drainage containing =50 mg L' NO3-N
with residues from corn cobs, corn stover and barley straw. An advantage of wood media
vs. non-wood media is that the wood media can have a more diverse microbial
community, providing a robust microbial ecosystem with better conditions for
denitrification (GrieBmeier and Gescher, 2018). With respect to woodchips, softwood
(e.g., pinus) and hardwood (e.g., eucalyptus) species have been used. Although it is
expected that woodchips from hardwood species have a longer duration because of
slower degradation (Addy et al., 2016), several studies did not find significant differences
in nitrate removal rates between both types of wood (Cameron and Schipper, 2010;

Manca et al., 2020).

Denitrifying woodchip bioreactors have been used in several countries, mainly in USA

(Christianson et al., 2020) and New Zealand (Schipper et al., 2005). They have been
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included in the official nutrient reduction strategies in several states in the Midwestern
United States (IDALS, 2014) and in the National Service of Natural Resources of the
Department of Agriculture of the United States (USDA, 2015). However, its application in
Europe is scarce and more research is required to explore the use and optimization of

bioreactors for new applications (Povilaitis et al., 2018).

The aim of this work was to evaluate the performance of citrus woodchip bioreactors for
denitrification of brine from groundwater desalination plants and to address a
comprehensive analysis of factors involved in their operation such as redox conditions,
hydraulic residence time, seasonal changes in temperature, dissolved organic carbon
release and woodchip aging. To the authors’ knowledge, this is the first study to look at
the efficacy of citrus woodchip bioreactors for the treatment of brine from groundwater
desalination plants. Citrus woodchips have only been used as carbon media for
bioreactors in preliminary short laboratory trials, in which this waste showed good
performance for brine denitrification (Diaz-Garcia et al., 2020). However longer assays are
necessary prior the general adoption of this technology. Hence, our results can be

considered a novel contribution to the state of the art in woodchips bioreactors research.

2. Materials and methods

2.1 Site description

The Campo de Cartagena, Region of Murcia is located in the southeast of Spain and is one
of the main agricultural fertigation areas of Europe. This region is characterized by a
Mediterranean semiarid climate, average annual temperatures of 18 C, and precipitation

of ~¥300 mm year, leading to a severe hydric deficit (average potential evapotranspiration
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of 1275 mm year?) (Jiménez-Martinez et al., 2011). Despite being a dryland area, the
warm temperatures throughout the year allow the zone, comprised of =45 000 hectares
of irrigated land, to be one of the fundamental suppliers of horticulture products and
citrus to Spain and central Europe. One of the most heavily used water resources among
farmers in the region to maintain intensive fertigation has been groundwater withdrawal
(Jiménez-Martinez et al., 2016; Diaz-Garcia et al., 2020). However, since the aquifers are
salinized (=3.9 to =6.5 mS cm™, Scientific Advisory Group for El Mar Menor, 2017) and
polluted by high nitrate loads (22-34 mg L't NOs-N according to Jiménez-Martinez et al.,
2011, 2016; reaching 30-45 mg L closer to the coast (Tragsatec, 2020), it is necessary to

desalinize groundwater before using.

Desalination in the region is typically performed in small reverse-osmosis desalinization
plants installed on local farms (annual withdrawals of groundwater =100-110 m3; brine
production =20-25 hm3). Although the cost of the process is economically profitable
(Aparicio, 2017), farmers are required to install a system for denitrification of the nitrate-
enriched brine produced during the desalination process (Murcia Regional Government,

2018) to prevent harmful effects of NO3 released to water bodies.

The latter is particularly important for preservation of the Mar Menor lagoon (the largest
coastal saline lagoon of the Mediterranean basin), which suffers a severe eutrophication
process (Jiménez-Martinez et al., 2016; Scientific Advisory Group for El Mar Menor, 2017;
Ruiz-Fernandez et al., 2019). The Mar Menor and Campo de Cartagena were declared a
Vulnerable Area to Nitrate Contamination under Directive 91/676/EEC, and the Mar
Menor Sensitive Area subject to eutrophication in June 2001 under the European Directive

91/271/EEC (Castejon-Porcel et al., 2018). Water in the Quaternary aquifer (the shallower
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regional aquifer) was deemed poor chemical quality by the Spanish Government (Ministry
for Ecological Transition of Spain, 2020). According to the latter, =360 tons of NOs-N were
discharged to the Mar Menor by the Quaternary aquifer between 2018 and 2019. The
installation of woodchips bioreactors has been one of the proposed options by the

regional government for denitrification (Murcia Regional Government, 2020).

2.2 Description of the experimental set up

A 121-week pilot scale experiment was conducted at the Agri-food Experimental Station
Tomads Ferro (ESEA) (N 37° 41' 17.6" and W 0° 57' 04.4") of the School of Agricultural
Engineering, Technical University of Cartagena (ETSIA-UPCT), Cartagena, Region of
Murcia, Spain, between November 2017 and March 2020. The pilot plant is equipped with
a well (depth = 50 m) for groundwater withdrawal (Table 1), a desalination plant with
reverse osmosis (capacity of 80 m3 d!) which produces 68.7 % fresh water and 31.3 %
brine by volume (Table 1) and a number of bioreactors (Figure S1, supplementary
material). Brine was stored on-site in an opaque tank for 48 h at ambient temperature to
ensure continuous availability for the batch experiments. Woodchip bioreactors used for
the experiment described in the present paper consisted of three rectangular, above-
ground fiberglass containers (142 x 108.5 x 85 cm). Each bioreactor contained a vertical
PVC pipe (63 mm of diameter) placed within the woodchip media with holes at 25 cm
from the bottom of the bioreactor to allow water to enter the well (Figure 1). Each
bioreactor was filled with 122 kg of citrus woodchips (Table 2) which are readily available
in Mediterranean coastal areas of south Europe. Two net bags (30 x 60 cm with 2 x 2 mm
sized mesh), each with 1 kg of dried (at 65 °C) woodchips, were placed at 25 cm from the
bottom in each bioreactor to assess weight loss of woodchips over the duration of the

experiment.
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195
196 Figure 1. Scheme of the woodchip bioreactors.
197

198  Table 1. Characteristics of groundwater and the brine used in the 121-week experiment. Values
199 are average * standard error. Min.: minimum; Max.: maximum; EC: electrical conductivity; ORP:

200 oxidation-reduction potential.

Groundwater (n=48) Brine (n=253)
Parameters Average Min. - Max. Average Min. - Max.
pH 7.33+0.03 6.88-7.71 7.77 £0.02 5.65-8.23
ORP (mV) 244 £ 8.7 140.1-381.2 231.1+3.8 119.6 - 403.1
EC (mS cm?) 6.2+0.1 52-7.4 17.7+0.1 16 -20
NOs-N (mg L) 18.1+0.2 14.9-24.8 485+0.3 38.6-59.3
Cl (mgL?) 1636 + 15 1400 - 1847 5007 + 33 3907 - 6967
SO0.% (mg L) 1440+ 12 1265 - 1641 4543 + 34 2587 - 6658
Ca%*(mgL?) 341+25 303.4-383.5 1066 + 5.1 793 - 1262

10
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214

215

216

Mg2* (mg L) 268.6+2.1  236.7-307 858 + 5.3 682 - 1229

Na*(mgL?) 969.4+7.8 844.8 - 1083 3019 £ 22 2340 - 4147

Table 2. Characteristics of the citrus woodchips. EC: electrical conductivity; DOC: dissolved organic
carbon. The values are the average + standard error (n = 3). Parameters measured after flooding

citrus woodchips with distilled water for two hours.

Parameter Data Parameter Data
Average length (mm) 35.7+1.7 EC (mScm?) 2.60£0.25
Average diameter (mm) 5.19+0.4 pH 5.69 £ 0.01
Bulk density (kg m3) 2309+ 7.7 DOC (mgL?) 2112 +£421
Porosity (% volume) 56.6+1.6 NOs -N (mgL?) 2.04 £0.07

2.3 Experimental design, monitoring, and sampling

Woodchip bioreactors were operated in batch mode with three batch runs performed
each week at a 24 h hydraulic residence time (HRT). Each Monday at = 8 a.m. each
bioreactor was filled with brine until water level in the bioreactor was even with the
surface of the woodchip media (average 242.2 + 1.3 L of brine per bioreactor). Woodchips
remained fully saturated for a 24 h period (until Tuesday 8 a.m.), after which tanks were
completely drained. After removing the brine, bioreactors were immediately refilled (< 1
h after draining) and woodchips resaturated with new brine for the next 24 h batch
experiment. At Wednesday 8 a.m. they were emptied and refilled again for a third 24 h
batch. On Thursday 8 a.m. of each week they were emptied for the third time, after which

the woodchip media remained unsaturated without brine for 96 hours until starting the

11
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next 24 h batch on Monday of the following week. This mode of operation was designed
based on expected operational guidelines for farmers in the Campo de Cartagena. In total,
765 batches were performed. A total of 186 m3 of brine were denitrified during the
experiment. Denitrified brine was stored in a detention basin for further management and
off-site disposal.

From weeks 1 to 96, bioreactors were monitored and sampled during each of the three
weekly batches. From week 97 onwards, bioreactors were monitored and sampled only
during the second weekly batch (on Tuesday), although three batches were still performed
each week. Samples of groundwater were collected from the well every two weeks (total
samples 48). Samples of brine were collected each day prior to filling the bioreactors (total
samples 253) (Table 1). After saturating the woodchips, brine pH, temperature, electrical
conductivity (EC) and oxidation-reduction potential (ORP) were measured by inserting a
calibrated multiparameter instrument (Hanna HI 98194 pH/EC/DO Multiparameter)
within the vertical PVC sampling well. These measurements were made at 30 min, 10 h
and 24 h of HRT. Values for ORP were adjusted according to Vepraskas and Faulker (2001),
by adding +200 mV to the measured values (the voltage of the Ag/AgCl reference
electrode at 20 °C). During sampling of the water in the bioreactors, brine within the
vertical PVC sampling pipes was first vacated using a polyethylene (PE) sampler, allowing
the pipe to refill with brine in contact with the woodchips, prior to taking in situ
measurements and collecting samples. Brine samples were collected at 10 h HRT by
extracting water from the vertical PVC pipes using the PE sampler, and at 24 h HRT from
the outlet of the bioreactors. Samples were filtered through Microsart CN-Filter filters

(0.45 um pore size). Additionally, one of the woodchip-filled net bags was removed from

12
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each bioreactor at 12 and 24 months after the experiment began. Bags were oven dried

at 65 °C until constant weight and weighed to assess woodchip loss.

2.4 Analyses

Woodchip characterization. Bulk density and porosity of the woodchips were measured
according to Christianson (2010). For bulk density, 2 L containers were filled with
woodchips and weighed to calculate the mass:volume ratio. Then, distilled water was
added over 2 h filling the drainable porosity and internal pore space of the woodchip,
where total volume of distilled water added was considered the effective porosity.
Aliquots of the distilled water were collected after the 2 h and analyzed for EC, pH,
dissolved organic carbon (DOC) (carbon analyzer TOC-V CSH Shimadzu), and NOs-N
(double channel chromatographic system 850 Professional lon Chromatography vy

Metrohm).

Well and brine sample analyses. Samples of well water and brine were analyzed for NOs’,
NO2, Cl, SO4%, Na*, K*, Ca?*, Mg?*, with a double channel chromatographic system 850
Professional lon Chromatography Metrohm. Samples from each of the three weekly
batches were analyzed during first 53 weeks (first 12 months), while samples from the
second batch (Tuesday) each week were analyzed during the rest of the experiment, with
1312 samples measured in total. DOC concentration was only measured for samples
collected from the second batch of each week (Tuesday) throughout the experiment (583
samples were analyzed; carbon analyzer TOC-V CSH Shimadzu). All water chemistry
analysis was performed at the Technological Research Support Service (SAIT) of the

Technical University of Cartagena.
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In order to evaluate the performance of the bioreactors, Nitrate Removal Efficiency (NRE)
and NOs-N Removal Rates (RNOs) were calculated for each batch run according to

Christianson et al. (2015). (Eq. 1):

__ (NO3z—N influent concentration—NO3 —N effluent concentration) x Viyqter

Rno,(gNm™3d™1) =

(1)

Vsaturated woodchips x t

Where influent concentration was the NOs-N in the initial brine of each batch (g N m3),
effluent concentration was the NOs-N in the effluent after 24 hours (g N m™3), Viater Was
the volume of water in each bioreactor, Vsaturated woodchips Was the volume of saturated

woodchips (m3) and t was the time of the nitrate measurement (d).

Measured values of RNOs and water temperature inside the PVC well were used to
calculate Quo, whose values were used as a metric for temperature sensitivity of nitrate
removal Qo is defined as the factor by which a rate of reaction increases for each 10 °C
increase in temperature. Data were fitted to equation (2) and equation (3) to calculate Quo
values. Collected data was fitted to the relationship in equation (2) using the nls() function
in R Studio (RStudio, 2020) a function finding the least-squares parameter estimates of a

nonlinear function, solving for R and k (Maxwell et al., 2020a).
RT = RO xekT (2)

QlO — e.10xk (3)

2.5. Statistics

14
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Statistical analyses were performed with IBM SPSS Statistics 19.0.0 (SPSS, 2010). Pearson
correlations was used to check relations among variables. Non-parametric Friedman rank
test followed by Dunn's multiple comparison post hoc test was used to identify differences
in NRE among different seasons (periods with different average temperature). One-way
ANOVA was used to compare woodchip weight loss at months 0, 6 and 12. Differences
were considered significant at p < 0.05. Data are shown as average * standard error

throughout the paper.

3. Results

3.1 Physicochemical conditions (ORP and pH)

Between weeks 1 to 53 (= 1%t year, middle Fall 2017-middle Fall 2018) the variability in ORP
between the three bioreactors was higher than from 54t week onwards (middle Fall 2018-
Winter 2020), mainly at 30 min and 10 h after saturation, as shown by the higher standard
error values during the first period (Figure 2). Additionally, ORP values and their seasonal

variations differed between the two periods mentioned.

15
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Figure 2. Weekly average of Oxidation Reduction Potential (ORP) at 30 min, 10 h and 24 h HRT, and
temperature, inside the bioreactors, for the 121 weeks of the experiment. Values are the average
+ standard error. Weeks from 1 to 96, n = 9 (three sampling days with three repetitions per day);
weeks from 97 to 121, n = 3 (one sampling day with three repetitions). HRT: Hydraulic Residence
Time. Dashed lines show the range of suboxic conditions considered optimal for denitrification

(ORP between +100 and +350 mV) (Otero and Macias, 2003).

During the first year, the ORP at 30 min HRT fluctuated from = +150 to = +350 mV when
average temperatures was = 10 °C (weeks = 1 to = 18 and = 43 to = 53) (Figure 2). When
temperature increased (weeks = 18 to = 41) ORP values decreased reaching = 0 mV. ORP
at 10 h HRT also tended to decrease at warmer temperatures, although the drop was less
pronounced than at 30 min HRT (ORP was always between = +150 to = +350 mV). Finally,
during the first year ORP at 24 h HRT was almost always between = -100 and 0 mV,

regardless of temperature.

ORP behavior was different during the second year of operation, relative to the first year
(Figure 2). Between = 53 and = 83 weeks (temperature = 14 - = 17 °C), ORP was fairly stable
and similar among the three HRT (= +150 to = +200 mV), but when temperature increased

(>=25°C) some distinction was observed (weeks = 83 to = 97) although values were always
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between = +150 and = +250 mV. During = 97 to = 114 weeks the ORP increased up to =
+350 - = +400 mV at 30 min HRT and up to = +300 mV at 10 h and 24 h HRT. Finally, from

week = 115 onwards the ORP values at the three HRT were similar (= +20 mV).

In contrast to ORP, pH inside the bioreactors appeared relatively constant during the 121
weeks of the experiment, with an average pH of 7.60 + 0.007 at all HRT (n = 1689; data
not shown). EC values were also stable over the experiment and during batches, with an

average value of 17.74 £ 0.05 mS cm™ (n = 1452; data not shown).
3.2 DOC and NOs™-N concentrations

On the first batch run of the first week of the study period (1-1 in Figure 3), DOC
concentrations (Figure 3) reached = 1567 mg L* at 10 h HRT. By the third batch run of the
first week (1-3 in Figure 3), DOC concentrations had dropped to = 300 mg C L and
decreased further to = 10 mg C L'* between weeks = 8 to = 17 (winter 2018). From weeks
18 to 43 (spring and summer 2018), when temperatures rose, DOC increased again to =
15-20mgCL'at 10 h HRT and = 30 - 40 mg C L'! at 24 h HRT. Between weeks = 43 and =
108 (second vyear, fall 2018 — fall 2019) DOC concentrations were = 10 - 16 mg C L},
regardless of HRT and temperature, and from week = 109 (winter third year) until the end

of the experiment DOC was relatively stable (=~ 7 mg C L'Y).

Woodchip mass remaining (average + SE) inside the net bags relative to the initial weight
was significantly lower at six (=69% of initial weight) and twelve (=58% of initial weight)
months (Table S1). This meant a weight loss =31 % between months 1 and 6, and =11 %

between months 6 and 12.
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Figure 3. Weekly average of Dissolved Organic Carbon (DOC) at 10 h and 24 h HRT, and
temperature, inside the bioreactors, for the 121 weeks of the experiment. A) DOC in the first five
weeks (during the first week data are shown as a daily basis, from the first day, 1-1, to the third
day, 1-3). B) DOC from weeks 6 to 121. Note the difference in the range of the Y axis for A and B.
Values are the average + SE. Weeks from 1 to 96, n = 9 (three sampling days with three repetitions
per day); weeks from 97 to 121, n = 3 (one sampling day with three repetitions). HRT: Hydraulic

Residence Time.

NOs-N concentrations in the inflow were between 40 and 50 mg NOs-N L throughout
the 121 weeks of the experiment (Figure 4A). During the first = 17 weeks NOs™-N in the
effluent was = 10 - 30 mg NO3-N L™ at 10 h HRT (NRE = 40 - 90 %, Figure 4B) and < = 10
mg L't at 24 h HRT (NRE = 80 - 95 %, Figure 4B), but between weeks ~ 18 - 45 it was <= 6
mg NOs-N L at both HRT (NRE > = 80%). During weeks = 49 to = 75, effluent NO3-N
concentrations increased to = 20 - 30 mg NOs™-N L at 10 h (NRE = 35 - 50 %) and 24 h
(NRE = 50 - 70 %), coinciding with temperature decreased, and between weeks = 75 - = 89
decreased again at 13 mg NO3-N L (10 h HRT, NRE = 65 %) and = 3 mg NO3-N L' (24 h
HRT, NRE = 95 %). After week 89, NO3™-N gradually increased to 35 to 45 mg NO3™-N L at
both HRT (NRE = 25 - 40 %), when temperatures dropped to = 11 - 16 °C. Nitrate Removal
Rate (RNOs) was similar at both HRT throughout the 121 weeks of experiment (Figure 4C)
and ranged from = 15 to 25 g N m3 d! between weeks 1 to = 104 (fall 2017-middle fall
2019), and from = 5 to 10 g N m3 d! between 105 to 121 weeks (middle fall 2019-winter
2020).

Nitrite concentrations were low throughout the experiment (average + SE): 0.328 + 0.03
mg NO2-N L in the inflow brine (n=269); 0.769 + 0.03 mg NO2-N L in the effluent at 24

h HRT (n=669). Hence, this analyte is not further discussed.
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Figure 4. A) Weekly average of nitrate (NOs-N) concentration in the inflow and in the effluent at
10h and 24h HRT, and temperature inside the bioreactors. B) Weekly average of Nitrate Removal
Efficiency (NRE). C) Weekly average of Nitrate Removal Rates (RNOs), and temperature, in the
bioreactors. Values are the average + standard error. Weeks from 1 to 96, n = 9; weeks from 97 to

121, n = 3. HRT: Hydraulic Residence Time.

NRE and RNOs data were separated by season according to average temperature (Table
S2) and NRE values were compared using the non-parametric Friedman test, which
showed significant differences in NRE between seasons, (Table S3) with different results
for 10 h and 24 h HRTs. At 10h HRT, average NRE for weeks 99 — 121 (Fall — Winter 19-20)

were significantly lower than any of the other four periods. However, for 24 h HRT, there
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was only a significant difference in NRE between weeks 17 — 43 (Spring — Summer 18) and

weeks 99 — 121 (Fall — Winter 19-20).

4, Discussion

Since denitrification is a biological process, NRE and RNOs are strongly influenced by
physical-chemical and chemical conditions in the bioreactor (Fiedler et al., 2007; Reddy
and Delaune, 2008a; Robertson, 2010; Li et al., 2017; Ghane et al., 2018). For instance,
the pH and ORP are two key parameters influencing and affected by microbial activity
(Reddy and Delaune, 2008; Tercero et al., 2015), but others such as organic carbon
guantity and quality, salinity and temperature also play a role. Most of the previous factors
are difficult to control directly, but others such as HRT and flooding-drying regime can be

handled relatively easily during bioreactor operation.
4.1. Changes in pH, ORP and EC in the bioreactors

In the bioreactors, the pH was relatively stable with low variability throughout the 121
weeks (average of 7.6 + 0.007)), falling within the range of pH that is known to be suitable
for denitrification (pH =5.5 — 8) (Rivett et al., 2008; Albina et al., 2019). In flooded systems,
an increase in pH is usually expected as ORP decreases due to H* consumption (Stumm
and Sulzberger, 1992). Moreover, denitrification produces alkalinity, which often increases
pH (Reddy and Delaune, 2008). However, in this experiment a slight decrease of pH
(average = 0.5) was observed in the effluent at 24 h HRT relative to the initial brine, as also
observed by Robertson and Merkley (2009) and Warneke et al. (2011). This decrease of
pH during flooding led to positive correlation between pH and ORP (p<0.001; Table S4)
and could be due to several factors, such as the dynamics of the CO,-H,CO3 system and N
nitrification during drying phases (Reddy and Delaune, 2008; Tercero et al., 2015). The
CO; produced during mineralization of the carbon could have dissolved in the flooding
water and formed H,COs, a weak acid that contributed to the drop of pH observed.
Furthermore, the organic acids released from the woodchips during flooding could also
contribute to the decrease of pH (Albina et al., 2019), as shown by the negative correlation

between DOC and pH (p<0.001; Table S4).
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Although the microbial activity was not directly evaluated in this work, ORP is an indicator
of the activity of both aerobic and anaerobic microorganisms (Fiedler et al., 2007). In well-
aerated systems, where microorganisms use free oxygen for their metabolism, ORP values
were > = +350 mV (oxic conditions at pH = 7, (Vepraskas and Faulker, 2001; Otero and
Macias, 2003; Reddy and DelLaune, 2008). In flooded systems, when oxygen concentration
falls below = 4 % (ORP = +350 mV), microorganisms use other electron acceptors (e.g.,
nitrate) for organic matter mineralization via anaerobic pathways and ORP decreases
accordingly. The cited authors indicated that, at pH = 7, a drop of ORP at values < =+350
mV indicates suitable conditions for denitrification. In fact, a negative correlation was
found between ORP and NRE (p<0.001; Table S4). ORP values < = +100 mV indicate that
sulfate (SO4%) reduction to sulfide (S*) may occur. Since SO4> content in the brine was
high (= 4475 mg L), the ORP values between +100 and -100 mV measured at 30 min and
24 h HRT during the first 41 weeks indicate potential environmental risks due to sulphate
reduction. Dissolved S% is highly toxic for biota (Reddy and DeLaune, 2008), and would be
an issue if bioreactor effluents are discharged into natural water bodies. It may be
necessary to regularly monitor bioreactors treating brine with high SO4> concentrations
and manage the HRT to avoid ORP conditions leading to formation of these compounds.
Reduced sulfur in bioreactor effluents could be managed using a complementary system
with capacity to remove S%, such as a constructed wetland (Vymazal, 2014). Furthermore,
a combination of both systems has been shown to have additional advantages for
improving the performance and resilience of water treatment under shock loading events

of other key contaminants such as TSS, BOD5 and TN (Sukias et al., 2018).

During the first = 24 - 26 weeks (until mid-spring 2018) there was high variability in ORP
values at 30 min and 10 h HRT. This could have been due to the start-up period of the
bioreactors, where physical, biogeochemical or microbiological properties in the
woodchip media had not yet stabilized. Porosity was variable as woodchips were settling,
woodchips were possibly less uniform in their nutrient content, and microbial community
not fully established. Low temperatures in week = 30, which ranged from = 10 °Cto = 15
°C, may have also contributed to the variability found. In a mesocosm study mimicking
eutrophic wetlands, Tercero et al. (2015) found that at this temperature range microbial

activity was disadvantaged and more irregular than at higher temperatures. Moreover, a
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negative correlation between ORP and temperature (p<0.001) indicated that ORP drop

was favored by temperature increase.

Between weeks =30 to =48 the ORP values at 30 min HRT were lower than at 10 h HRT.
This may seem contradictory if we expect that in flooded systems O, is progressively
depleted as a consequence of microorganism’s activity. If so, the longer flooding time, the
less oxygen content is expected. However, the results obtained may be explained as
follows. If at the beginning of each batch some anoxic brine from the previous batch
remained in the pores of the woodchips, this previously denitrified brine could cause the
sharp drop in ORP observed at 30 min HRT. When the conditions of the new brine (which
introduced Oz and NOgs’, two oxidants) were prevalent, the ORP would have increased and
stabilized to a certain level, as reflected by the values obtained at 10 h (= +150 to +200
mV). Later, O, consumption by microorganisms led to ORP drop again until reaching values
indicative of anoxic conditions (< +100 mV) at 24 h HRT. From week = 49 onwards ORP
variability decreased, which suggests that the system was physically (e.g., pore spaces)

and microbiologically (e.g., microorganisms’ population) more homogeneous.

Research about the role of salinity in denitrification has provided variable and even
contradictory results. Lay et al. (2010) found that salinity decreased denitrification by
affecting microorganisms in maintaining their osmotic pressure balance. Other studies
have presented that high salinity could cause the inhibition of denitrification (Marton et
al.,, 2012; Trogl et al., 2012). von Ahnen (2019) found that high salinity altered the
woodchip microbiome leading to a drop in denitrification, and Dincer and Kargi (2000)
that high salt contents adversely affect nitrification and denitrification of saline
wastewater. However other researchers did not find apparent drawbacks for denitrifying
microorganisms in saline environments (Reddy and Delaune, 2008; Trogl et al., 2011;

Alvarez-Rogel et al., 2016).

The present experiment was not designed to evaluate the effect of salinity on RNO3 and
NRE. Despite this, high nitrate removal was consistently observed throughout the 121
weeks experiment, even if rates were not constant, while salinity of the initial brine was
high and fairly stable throughout (= 17 dS m). Salinity was not significantly correlated
with NRE or other parameters (Tables S4). Furthermore, Maxwell et al. (2020b) found an

increase in RNO3 when salinity of brine increased in bioreactors with similar woodchips,
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although the experiment was performed over a shorter duration (9 weeks). The positive
effect of salinity on denitrification could be due to the indirect effect of higher salinity
increasing the breakdown of organic matter (Weston et al., 2011; Marton et al., 2012),
thereby increasing easily available substrate for microbial activity. For instance, Steele and
Aitkenhead-Peterson (2013) showed that organic carbon leaching from senesced
vegetation remains increased with sodicity due to the interaction of sodium ions with
organic functional groups that increase their solubility. In addition, the high salinity of
brine could lead to strong osmotic potential gradient between internal pores of woodchips
and the macropore water, could have much contribute to DOC accumulation, with initial
diffusion being a major driver. In fact, other experiments at the UPCT facility showed DOC
in the effluent of woodchips was greater as brine became more concentrated (Maxwell et

al., 2020a).
4.2. Seasonal changes in temperature and bioreactors performance

Temperature accelerates microbial metabolism (Bell et al., 2015; Manca et al., 2020) and
hence stimulation of denitrification at higher temperature is expected. This effect was not
apparent during the first =47 weeks of experiment, when ORP, NRE and RNO3 were hardly
affected by changes in temperature, mainly at 24h HRT. However, temperature had a large
effect on the bioreactor’s performance as the experiment progressed and become a
decisive factor from week =47 onwards, when these three parameters began to oscillate
following temperature oscillations (Figures 2, 3 and 4A). Moreover, temperature and NRE
were the factors that showed the strongest correlation for the whole experiment (r=0.511;

p<0.001; Table S4).

The temperature dependence of nitrate removal was also observed by other authors such
as Halaburka et al. (2017), that found that temperature explained 50 % of the variability
in woodchip denitrification rates. Addy et al. (2016) summarized several published studies
about denitrifying bioreactors in which RNOs increased at higher temperature ranges.
They reported RNOs values between = 2.1 and = 5.7 g N m3d! at a temperature range
between =~ 6 and = 17 °C and RNOs values = 8.6 g N m3d! at temperature > = 17 °C. Von
Ahnen et al. (2016a) obtained RNO3 values between 6.24 and 8.40 g N m3d* with a
temperature between 7.0 to 9.6 °C, and Greenan et al. (2009) RNOs values between 2.9

and 4.5 g N m3d* with a temperature of 10 °C. In our experiment we found an average
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RNOs of 18.9 + 0.72 g N m3 d! (maximum 37.4 g N m3 d?) with a daily average
temperature of 18.3 + 0.54 °C, similar to values obtain by Hoover et al. (2015), who at 20
to 21.5 °C reached a RNO3 between 10 - 21 g N m3dL. By contrast, Warneke et al. (2011)
reached an average of 7.63 + 0.88 g N m3d! with temperatures between 15.5 and 23.7°C,
with the highest RNO3 of 11.2 g N m3d at 23.7 °C.

The cited studies show the importance of temperature for woodchips denitrifying
bioreactors performance and point that these systems would be well-suited to warm
climates such as southeastern Spain. A higher dependence of RNOs; on temperature as
woodchips age has been explained by the lower quality of organic carbon produced from
woodchips (Robertson, 2010; Xu et al., 2012). In this experiment, values of the Qio
coefficient were 1.06 + 0.021 between weeks 1 and 53 (RNO3 =21 g N m3d'y NRE = 88
%), and 1.77 + 0.067 between weeks 54 and 121 (RNO3 =~ 16 g N m3d!y NRE = 66 %),
showing a greater dependence on temperature during the second period than in the first

one when woodchips were fresh, in agreement with Maxwell et al. (2020a).
4.3. DOC, woodchips longevity, flow regime and HRT

Another important factor for bioreactor performance is the longevity of woodchips
(Moorman et al., 2010). Weight loss of the woodchips was higher in the first year than in
the second (= 31 % and = 11 %, respectively). During the first year of bioreactor operation,
with fresh woodchips, microorganisms had greater access to labile carbon (high cellulose
content). As the woodchips progressively aged, the quantity and quality of DOC would
have decreased, with the woodchips becoming more recalcitrant and therefore more
difficult for its rapid consumption by microorganisms (Masbough et al., 2005; Maxwell et
al., 2020b). The weight losses found in this work were higher than those reported by
Schipper and Vojvodi¢-Vukovié¢ (2001) and Moorman et al. (2010) after 5 and 9 years

respectively.

Longevity of woodchips affects bioreactors cost. Christianson et al. (2021) collected
several studies in which this aspect was analyzed. The most used rate is in terms of dollars
per kg of nitrate removed. Schipper et al. (2010) found a range in initial cost of $2.40 to
$15.20/kg N denitrified, and these values were corroborated in recent estimations
(Christianson et al., 2021). In this study 2.7 kg N were removed during the experiment

(121 weeks). Considering a cost of $5.10 in woodchips to fill each bioreactor, the final cost
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was $1.89 /kg N denitrified. However, since woodchips were not depleted the bioreactors
could be working for longer time and so the final cost per kg N denitrified would be lower

than $1.89 /kg N denitrified.

The flow regime is a key factor influencing woodchips degradation. In the experiments of
Schipper and Vojvodi¢-Vukovié¢ (2001) and Moorman et al. (2010), the bioreactors were
operated under continuous flow, while those in the current study were done in batch
mode. Woodchips in these batch experiments also remained unsaturated for a period of
four days empty (from Thursday to Monday). These phases of drying and rewetting have
been shown to promote greater degradation of woodchips via aerobic breakdown since
aerobic decomposition is normally more efficient than anaerobic (Moorman et al., 2010;
Maxwell et al., 2018). For that reason, denitrifiers would have had greater access to more
labile carbon immediately following unsaturated periods that made lower molecular
weight carbon more available via aerobic processes (Maxwell et al., 2020a). These drying-
rewetting cycles also increase carbon leaching, with DOC content being higher at the
beginning of the flooding phases but decreasing quickly (i.e., within a matter of days) upon
resaturation as aerobically-produced carbon is leached or consumed by microbes as a
result of the more rapid aerobic degradation (Hansson et al., 2010; Maxwell et al., 2018).
This gradual leaching/loss of labile carbon was reflected in our experiment by the
progressive decrease of NRE from Monday (just after four days of bioreactors drying) to
Wednesday (the third consecutive weekly flooding batch) (Figure 5). The loss of more
labile carbon over time would also explain the downward trend of NRE and RNOs over the
121 weeks experiment. DOC production from woodchips could occur at irregular pulses
inside bioreactors and not in a homogeneous way, until those woodchips of different
shapes and sizes were settled, and pore space conditions were homogenizing. Moreover,
guantity and quality of DOC (an issue discussed below) could be more variable during the
first months when woodchips were more heterogeneous, and some pieces could be more

prone to provide easily metabolizable carbon than others.
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Figure 5. Daily average of Nitrate Removal Efficiency (NRE) in the effluents at 24 h HRT of Monday,
Tuesday and Wednesday and temperature inside the bioreactors. Values are the average *

standard error. Weeks from 1 to 94 (n = 3). HRT: Hydraulic Residence Time.

The decrease in quality/quantity of DOC over time may explain differences in how nitrate
removal responded to temperature changes. Contrasting with the warm period
(temperature > = 20 °C) of 2018 (weeks = 18 to 44), when temperature increased in 2019
(weeks = 79 to 100) the ORP did not decrease lower than +100 mV, possibly due to the
lower quality (more recalcitrant) of the DOC available that hindered microbial activity in
some way. Later, the drop in temperature between = 100 and = 112 weeks (fall 19-early
winter 2020) combined with the low DOC concentrations (< 10 mg L'!) may have been the
cause of lower N removal rates and the observed rise in ORP. Robertson (2010) and
Maxwell et al. (2020a) indicated that the influence of temperature on microbial activity
become more important in aged woodchips and attributed this behavior to the worse
media quality together with the more difficult for microorganisms to work under cold
conditions. The positive effect of temperature increase on microbial activity was shown
by the drop in ORP at all three HRT, from week = 116 onwards, when temperature rose up
to 15 °C. This effect was observed for other studies, due to temperature accelerates

microbial metabolism (Bell et al., 2015; Manca et al., 2020).

Lastly, the HRT is another key factor for nitrate removal performance, since it must be long
enough for the microorganisms to carry out the denitrification process, obtaining the

necessary energy through solubilization and consumption of the organic substrate (Addy
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et al., 2016). During periods of greater microbial activity (e.g., warm temperatures), a
lower HRT would be necessary to achieve full denitrification of the water. Robertson and
Blowes (2000) (in a pilot-scale drainage with an inflow of 4.8 mg NOs-N L%, 1.9 m3
bioreactor and a temperature between 2 to 20 °C) and Christianson and Helmers (2011)
(in a field scale drainage with an inflow between 7.03 to 13.11 mg NO3-N L%, 102 m?3
bioreactor and a temperature between 3 to 15 °C) concluded that an HRT < 8 h was
enough to achieve NRE of = 60 %. By contrast, Greenan et al. (2009) (in a laboratory scale
drainage with an inflow between 50 mg NOs™-N L%, 0.01 m3 bioreactor and an average
temperature of 10 °C) needed almost 4 days to reach the same efficiency when also
treating agricultural drainage. The data obtained in our experiment show that in the first
year (= 48 weeks), 10 h HRT was enough to remove most of the NO3™-N (NRE = 75 %) in
the brine (in many occasions comparable to NRE seen at 24 h HRT), but from week = 49
onwards (beginning of the second year) the NRE at 10 h HRT decreased and was lower
than NRE at 24 h HRT until week 121 (end of the experiment), regardless of temperature.
This effect was exacerbated in Fall 19 — Winter 20 (weeks 99 — 121), when NRE were
significantly lower than in previous seasons. The high NRE values (> 80 %) during the first
= 48 weeks at 24 h HRT even in colder periods could have been caused by the initial DOC
flush from the fresh woodchips and would explain why denitrification was not as affected
by temperature due to the high availability of organic carbon for microorganisms. This is
consistent with Brettar et al. (2002), who saw high nitrate reduction coupled with high
availability of organic matter and low ORP, with nitrate removal mostly independent of

temperature.

5. Conclusions and guidelines for management

Our results showed that citrus woodchip bioreactors are a suitable option for
denitrification of nitrate-enriched brine despite its high salinity. In the Campo de
Cartagena, the warm climate would favor high N removal efficiency in these systems
operating at 24 h HRT, at least during the first 94 weeks (= first 2.5 years of bioreactors
operation). The high DOC availability (> 25 mg C L) in the citrus woodchips during the
first months (first 48 weeks) resulted in high NRE (> 75 %) even at 10 h HRT. While this

higher NRE during the initial weeks does not represent the long-term N removal

27



611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

performance, using fresh woodchips could be used as a means for achieving high NRE
even at low HRT. Use of fresh woodchips would have its own drawbacks since an excess
of DOC in the effluent may present challenges during discharge, particularly if discharge
limits exist for organic carbon. Prior washing of fresh woodchips could be used to reduce
the risk of high DOC in early denitrified brine, separating this early DOC leaching period
from the brine denitrification. This washing could be done with freshwater produced by

desalination while still using the leachate-rich discharge for crop irrigation.

The extremely low ORP (< 0 mV) values reached during the first months, even at 10 h HRT,
indicate that sulfide formation must also be considered during brine denitrification, due
to the high sulphate content of this waste. HRT must be managed to avoid significant
production of reduced sulfur, mainly during the first months in which DOC leaching from
woodchips is extremely high and strong anoxic conditions are expected in the bioreactors.

Monitoring of ORP can help manage this issue and reduce likelihood of sulfide formation.

Although citrus woodchips provided enough organic matter for denitrification even after
2.5 years (as shown by RNOs; reaching 9.3 g N m3 d! in week 121), the effect of
temperature on NRE became more apparent from week =49 onwards (second year). This
was likely caused by gradual woodchips degradation upon successive washing and
indicates that, even under warm climate conditions, maintaining high NRE of the
bioreactor requires active management. One option to improve performance is based on
the fact that nitrate removal efficiency was highest on Mondays (first weekly batch),
immediately after woodchips had been unsaturated for four days. During these four days
of unsaturated conditions, it is assumed that aerobic microbial metabolism produced a
flush of DOC that stimulated denitrification on the first day following re-saturation for the

media (Monday in our experiment).

Developing strategies for implementing a drying-rewetting regime could improve the
nitrate removal performance, particularly in colder seasons with aged woodchips. Use of
in situ nitrate sensors could allow water quality managers to determine when sufficient
NRE has been achieved and water should be discharged to the system. Less costly ORP
sensors could be used instead to detect nitrate depletion and potential sulfide formation.
Use of this monitoring would need to evaluate for each specific bioreactor since they are

expensive and relatively difficult to manage.
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