
Journal of Advanced Research 24 (2020) 211–222
Contents lists available at ScienceDirect

Journal of Advanced Research

journal homepage: www.elsevier .com/locate / jare
Robustness of anaerobes exposed to cyanuric acid contaminated
wastewater and achieving efficient removal via optimized co-digestion
scheme
https://doi.org/10.1016/j.jare.2020.02.006
2090-1232/� 2020 THE AUTHORS. Published by Elsevier BV on behalf of Cairo University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Peer review under responsibility of Cairo University.
⇑ Corresponding author at: Department of Civil and Environmental Engineering, Tokyo Institute of Technology, Meguro-ku, Tokyo 152-8552, Japan.

E-mail addresses: elreedy.a.aa@m.titech.ac.jp, ahm_nazem@alexu.edu.eg (A. Elreedy).
Kabir Abdullahi a, Ahmed Elreedy b,c,⇑, Manabu Fujii b, Mona G. Ibrahim a,d, Ahmed Tawfik e

a Environmental Engineering Department, Egypt-Japan University of Science and Technology, Alexandria 21934, Egypt
bDepartment of Civil and Environmental Engineering, Tokyo Institute of Technology, Meguro-ku, Tokyo 152-8552, Japan
c Sanitary Engineering Department, Alexandria University, Alexandria 21544, Egypt
d Environmental Health Department, High Institute of Public Health, Alexandria University, Alexandria 21544, Egypt
eWater Pollution Research Department, National Research Centre, Giza 12622, Egypt

g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 10 September 2019
Revised 7 February 2020
Accepted 11 February 2020
Available online 17 February 2020

Keywords:
Cyanuric acid
Anaerobic treatment
Industrial wastewater
Co-digestion
Microbial dynamics
a b s t r a c t

The impact of various industrial pollutants on anaerobes and the biodegradation potentials need much
emphasis. This study aims to investigate the response of anaerobic microbial systems to cyanuric acid
(CA) exposure; CA is toxic and possible carcinogen. First, the long-term exposure of mixed culture bacte-
ria (i.e., municipal sludge) to low-strength wastewater containing 20 mg/L CA was conducted in an up-
flow anaerobic staged reactor. Stable performance and sludge granulation were observed, and the micro-
bial community structure showed the progression of genus Acinetobacter known as CA degrader. Second,
batch-mode experiment was performed to examine the CA biodegradability at higher doses (up to
250 mg/L of CA) in the absence and presence of glucose as a co-substrate; response surface-based opti-
mization was used to design this experiment and to estimate the optimum CA-glucose combination. CA
removal of 77–98% was achieved when CA was co-digested with glucose (250–1,000 mg/L), after 7 days-
incubation at temperature of 37 �C, compared to 34% when CA was solely digested. Further, the obtained
methane yield dropped when CA exceeded over 125 mg/L, though the deterioration was mitigated by
addition of higher concentration of glucose. Overall, we conclude that CA is efficiently degraded under
anaerobic conditions when being co-digested with readily assimilable substrate.
� 2020 THE AUTHORS. Published by Elsevier BV on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Cyanuric acid (2,4,6-Trihydroxy-1,3,5-triazine; C3H3N3O3; CA)
is a trifunctional s-triazine compound adopting the heterocyclic
triazine skeleton. Although it was reported to be a natural product,
the occurrence of this compound in natural environments may be
attributed to a combination of anthropogenic activities, such as
industrial synthesis, abiotic processes, and microbial synthesis
[1]. CA is toxic and causes behavioral deviation (e.g., difficulty in
mating or finding food) for aquatic organisms such as zooplankton,
fishes, and larval lampreys [2]. For humans, CA is reported to exhi-
bit low toxicity, but this compound is a possible carcinogen or a
suspected gastrointestinal toxicant when ingested together with
melamine [3]. The long-term effect of CA on aquatic ecosystem
remains unknown; thus this compound is included in the European
commission (EC) list for environmental priority pollutants [2,4].
Since its first introduction, CA has become an industrially impor-
tant compound which is continually synthesized and used as a pre-
cursor in the manufacture of complexes and cross-linked polymers
such as pesticides, herbicides, disinfectants, resins, and pigment
production for textile industry [1,3,5]. CA has been also applied
in swimming pools as a disinfectant stabilizer [6]. The large quan-
tity of CA production, its intensive use, and its inherent chemical
stability resulted in the accumulation and contamination of water
and soil environments. Indeed, CA has been repeatedly detected in
drinking water at concentrations above the limit set by World
Health Organization (WHO) (40 mg/L CA).

Because of its stability, CA has generally shown recalcitrant
properties to the chemical and biological degradation processes.
CA removal during the industrial wastewater treatment as well
as the environmental degradation processes involves either abiotic
processes such as chemical and photochemical reactions [7,8] or
biotic transformations mediated by microorganisms [9]. Several
studies for the removal of s-triazine compounds have been carried
out by chemical or photochemical method [2], soil-charcoal perfu-
sion method [10] and bacterial encapsulation [3]. Advanced oxida-
tion processes (AOPs) have shown high degradation efficiency
dealing with various pollutants [11–13]; however, its capital and
running costs has made it a less sustainable option particularly
in the developing countries. Each of these methods have its own
disadvantage and limitations. In contrast, bioremediation using
microbes is found to be effective and most inexpensive process
that is recognized for degrading organic pollutants, e.g., s-triazine
family [14].

Aquatic microbes capable of metabolizing CA is anticipated to
be widespread in a range of environments, with degradation genes
being detected in Egypt, India, China, Brazil, USA, Canada, France,
and many other parts of the world with over 97% similarities
[15–17]. Successful reports mostly using pure culture bacteria have
shown that CA can be biologically degradable, and few microbial
species possess metabolic capability to biodegrade CA [18]. Exper-
imentally, it was reported that 1 mol of CA is stoichiometrically
converted into 2 mol each of ammonia and carbon dioxide in
hydrolytic pathway mediated by three enzymes (i.e., CA hydrolase
[CAH]; biuret hydrolase [BH], and allophanate hydrolase [AH]);
CAH hydrolytically cleaves the s-triazine ring to produce biuret;
subsequently, BH enzymatically hydrolyzes biuret to produce allo-
phanate with the release of ammonia; finally, allophanate is hydro-
lyzed by AH forming 2 mol of ammonia and carbon dioxide [1,19].

Indigenous mixed cultures can be an alternative option for the
successful bioremediation of pollutants, since xenobiotic com-
pounds are degraded by the mixed microbial communities mostly
found in natural environment. Further, the anaerobic digestion
process has been successfully used to treat a range of pollutants
as environmentally-friendly approach [20–26]. The co-digestion
scheme with readily biodegradable organics has also been
employed in the treatment of slowly biodegradable organics, such
as the lignocellulosic wastes [27], yielding a high efficiency. There-
fore, we investigated the biodegradation of CA by anaerobic co-
digestion scheme using mixed culture microbes. More specifically,
this study aimed firstly to assess the development of inoculum
(municipal sludge) and associated microbial composition, and per-
formance during the long-term operation of an up-flow anaerobic
staged reactor (UASR) being supplemented with low-strength
wastewater (0.6 gCOD/L/d) containing 20 mgCA/L. The second
objective was to optimize a co-digestion scheme with different
glucose concentrations (up to 1000 mg/L) via response surface
method (RSM), in order to assess the CA biodegradation efficiency
under high CA contamination level (up to 250 mg/L). The findings
obtained in this work could provide useful insights into the impact
of this potential carcinogen on the biological treatment processes,
and the ability of microbial mixed culture to degrade CA at varied
concentrations found in both domestic sewer systems and indus-
trial effluents.
Materials and methods

Inoculum and UASR continuous operation

The inoculum sludge used in this study was collected from a
municipal wastewater treatment plant, Alexandria, and then was
feed under anaerobic conditions. The initial average concentrations
of total solids (TS) and volatile solids (VS) for the collected sludge
were 88 and 41 g/L, respectively, resulting in VS/TS ratio of 0.46. CA
with a purity of 98% was employed. The synthetic feed composition
(in mg/L) including nutrients and CA was 31 for KH2PO4, 300 for
MgSO4�7H2O, 10 for NaCl, 10 for CaCl2�2H2O, 165 for (NH4)2SO4,
20 for CA and 280 for glucose. Trace metals solution was also added
to the feed with its final concentrations (in mg/L) were, as reported
by An et al. [4], 10 for EDTA, 0.12 for ZnSO4�7H2O, 0.03 for CuSO4-
�5H2O, 0.12 for MnCl2�4H2O, 0.18 for KI, 0.15 for CoCl2�6H2O, 0.15
for H3BO4, 0.06 for Na2MoO4�2H2O, 1.5 for FeCl3�6H2O The initial
pH of the feed was kept at ~7.2 and pH adjustment was not per-
formed as pH of the feed (i.e., influent) was relatively stable during
the operation.

UASR of 42 L working volume, consisting of four upward com-
partments (Fig. 1), was used for feeding and acclimatizing the col-
lected inoculum during the period of 104 d. 16 L of sludge,
representing ~38% of the reactor working volume, was inoculated.
Given the equivalent chemical oxygen demand (COD) (due to the
addition of glucose and CA) and applied hydraulic retention time
(HRT) of 12 h, organic loading rate (OLR) of 0.6 gCOD-glucose/L/
d, containing 0.04 gCOD-CA/L/d, was employed. During the opera-
tion of UASR at ambient temperature (18–28 �C), the COD, NH4

+-N,
and pH profiles, sludge characteristics, and microbial community
dynamics were monitored to highlight the long-term impact of
CA contamination. A relatively low concentration of 20 mg/L was
employed during the long-term continuous system. Eventually,
such operational conditions, particularly ambient temperature,
were employed to provide implications for studying the potential
contamination of sewer systems by CA (where temperature gener-
ally varies).
Batch-mode experiment and optimization approach

Prior to the batch-type experiment, seed sludge, collected from
UASR (VS/TS ratio reached 0.66), was further acclimatized for
14 days using a batch-feed substrate composed of glucose
(1,000mg/L) and CA (100 mg/L) at higher concentrations compared



Fig. 1. Schematic diagram of up-flow anaerobic staged reactor (UASR) used in this
study.
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to the continuous system. The experiment was performed using
serum bottles with a working volume of 500 mL and headspace
of 50 mL. 250 mL aliquots of the acclimatized sludge were added
into the serum bottles, resulting in mixed liquor of 13.4 gVS/L.
The COD:N:P, in each bottle, was adjusted according to the ratio
of 400:7:1, using NH4Cl and KH2PO4 [28,29]. Initial pH, for all
batches, were adjusted to 7.0, using NaOH or HCl. The batch cul-
tures were then incubated at a temperature of 37 �C and shacked
regularly. Duplicate runs were performed, and
average ± standard deviation of results was calculated.

The experimental design was determined using RSM and two-
factors central composite design (CCD), via Design Expert 11 soft-
ware. Two independent variables, i.e., CA (with range from 0 to
250 mg/L) and glucose (0–1,000 mg/L) were selected to be opti-
mized variables, and the resulted combinations are shown in
Table 1. In this analysis, the fitting surfaces for different responses
(e.g., methane production, CA, and COD removals) and associated
independent variables are produced according to the quadratic
model (Eq. (1)), as noted below.
Y ¼ A0 þ A1X1 þ A2X2 þ A12X1X2 þ A11X1
2 þ A22X2

2; ð1Þ
where Y is the different responses, X1 is the initial CA, X2 is the ini-
tial glucose, A0 is the model constant, and Ai and Aii are the model
predicted linear coefficients. Moreover, the RSM technique esti-
mates the optimum conditions, within the designed ranges, via
interpolation using second order polynomial regression.
Table 1
Experimental parameters determined from the response surface analysis using two-factor

Run 1 2 3 4

X1 (CA) 125 125 0 125
X2 (Glucose) 500 250 1,000 750
Analytical methods

Analysis for total ammonia-nitrogen (as NH4
+-N), TS, VS and

total volatile fatty acids (TVFA) were carried out according to the
standard method by American Public Health Association [30].
COD concentrations were analyzed using HACH DR/3900 spec-
trophotometer according to the standard methods [31]. Further,
the total biogas volume was measured by water displacement
method, and then the gas composition was quantified using gas
chromatography (GC-2014, Shimadzu, Japan) [32]. CA concentra-
tion was determined using liquid chromatography-mass spectrom-
etry (LCMS-2020, Shimadzu) with an APCI interface on negative
polarity. The measurement conditions are as follows; i.e., shim-
pack XR-ODS II column with a size of 3 � 100 mm was used; the
mobile phase was 90% acetonitrile and 10% of 0.1 formic acid solu-
tion at a flow rate of 0.4 mL/min; the oven temperature was 30 �C,
and the retention time was 5 min.

Scanning electron microscopy (SEM) analysis for sludge sam-
ples was performed to examine the surface morphology change
after long-term exposure to CA (Hitachi S-4500, Japan). Sludge
samples were fixed in a 0.2 M phosphate buffer containing 6% glu-
taraldehyde for 1 h at 4 �C. After fixation, samples were washed
three times in 0.1 M phosphate buffer for 2 h. Samples were then
dehydrated gradually in a series of ethanol solutions (i.e., 50, 70,
95, 100, and then 100%). Drying was achieved via overnight incu-
bation at 30 �C. Samples were then coated and analyzed as previ-
ously described by Ismail and Tawfik [33]. X-ray diffraction
(XRD) analysis was performed using a Shimadzu XRD-6100 with
a Cu anode, operated at 30 mA and 40 kV using divergence, scatter
and reception slits of 1, 1, and 0.3 mm, respectively. The XRD pro-
files were measured in a scan range of 5–80� and a scan speed of
12 deg/min. Fourier Transform Infra-Red (FTIR) analysis was also
performed using a spectrometer covering a wavenumber range of
400–4,000 cm�1 (Shimadzu IR Prestige-21; Bruker spectrometer
model). The spectra were obtained at a resolution of 4 cm�1.
Microbial analysis

Sludge samples were collected from the bottom of UASR on day
0 (S1), day 22 (S2), day 53 (after the 1st steady state; S3), and day
95 (after reaching the last steady state; S4 [from the reactor bot-
tom] and S5 [from the 2nd upward compartment]) were collected
on day 95 to examine the variation along the reactor length. The
16S rRNA gene region was targeted using next generation sequenc-
ing (NGS). The primers 341F: 50-CCTACGGGNGGCWGCAG-30 and
805R: 50-GACTACHVGGGTATCTAATCC-30, for the V3 and V4
regions, were used to identify the bacterial community affected
by CA exposure [34,35]. The procedures related to DNA extraction,
polymerase chain reaction (PCR), and repeated purifications were
carried out based on the manufacturer protocols and as previously
described by Ali et al. [36]. The major equipment and kits used in
such procedures are as follows; DNeasy PowerSoil kit (REF. 12888-
50, Qiagen) for DNA extraction, Agencourt AMpure XP PCR beads
solution (Beckman Coulter) for purifications, NanoDrop 2000 spec-
trophotometer (Thermo Fisher Scientific), TaKaRa PCR Thermal
Cycler Dice (Takara Bio), Agilent 2100 bioanalyzer, and DNA 1000
Kit (No. 5067-1505, Agilent). Then, for gene sequencing, Illumina
MiSeq 2500 was conducted at Hokkaido System Science Co. (Sap-
s central composite design (CCD); i.e., X1 for cyanuric acid (CA) and X2 for glucose.

5 6 7 8 9

0 250 62.5 250 187.5
0 1,000 500 0 500



Fig. 2. Performance of up-flow anaerobic staged reactor (UASR) when cyanuric acid (CA) contaminated low-strength wastewater was fed as substrate: variations of COD
concentrations and removal efficiency (a), and NH4

+-N and pH (b). The feeding was stopped between first and second phases (Feeding Stop (1)) and between second and third
phases (Feeding Stop (2)). Symbols S1-S5 refer to the collected sludge samples for microbial analysis.
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poro, Japan); the raw reads were then processed using R software
(version 3.4.3), and based on Silva database (ver. 128). Further,
principal components analysis (PCA), using Minitab 18 software,
was conducted to emphasize the microbial dynamics between dif-
ferent samples’ bacterial composition (at genus level).
Results and discussion

Long term exposure to CA (20 mg/L) contaminated low-strength
wastewater

Overall efficiency
The long-term impact of CA on anaerobes was studied in an

UASR for a period of 105 days. Fixed OLR (0.6 gCOD/L/d and 0.04
gCA/L/d) and HRT (12 h) were used throughout the experiment
ð2Þ
with two operational stops (the feeding pump was stopped during
these two periods), as shown in Fig. 2. The overall efficiency of the
system was assessed by the COD, NH4

+-N and pH responses. The
COD removal efficiency gradually increased from 10 to 80%, by
reaching the first steady state (Fig. 2a). The slow start-up indicated
that CA contamination caused a relatively long adaptation period
(i.e., 50 days). During the second and third phases of operation,
the COD removal reached a comparable value ~80% within shorter
period, emphasizing the induced performance stability when CA
up to 20 mg/L was existed with 280 mg-glucose/L at ambient
temperature.
Further, Fig. 2b shows a steady increase in NH4
+-N concentra-

tion, in the first operational phase, resulting in net NH4
+-N release

of ~6.4 mg/L. The steady NH4
+-N release observed in the medium

could be due to the biodegradation of CA. The anaerobic biodegra-
dation of CA can proceed as described in Eq. (2), which theoreti-
cally yields 6.5 mgN/L at 20 mgCA/L. Hence, catabolic
degradation of CA into NH4

+-N can be considered as the major
source of NH4

+-N steady release. Similar steady releases on NH4
+-N

were observed in the remaining two operational phases (after
the two feeding-stops). Fig. 2b also shows the effluent pH variation,
as the influent pH was maintained in the range of 7.0–7.5. The
steady effluent pH varied from 6.6 to 6.9 during the three opera-
tional phases; however, a peak value of pH 8.2 corresponded with
maximum NH4

+-N release was observed. The increased NH4
+-N

observed before reaching the first steady state is mainly attributed
to the ammonification of protein derived from dead cells.***
Microbial community structure
Next generation sequencing analysis was applied to microbial

samples taken from UASR bottom on day 0 (S1), day 22 (S2), day
58 (S3) and day 95 (S4 from the bottom and S5 from the 2nd
upward compartment). Net detected reads were assigned to
6,958 operational taxonomic units (OTUs), at a similarity level of
97%. The dominant phyla observed within the microbial population
over the duration of experiment, as shown in Fig. 3, were Firmicutes
(9.7–58.8%), Chloroflexi (2.7–26.8%), Proteobacteria (7.3–39.0%),
Actinobacteria (1.4–14.2%), Planctomycetes (2.3–13.7%), Bacteroide-
tes (1.9–25.2%), Caldiserica (0.1–4.6%) and Spirochaetae (0.0–2.6%).



Fig. 3. Bacterial relative abundance for sludge samples collected at different time intervals when CA-contaminated low-strength wastewater was used as substrate, at
phylum level (a), and genus level (b).
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Comparing three samples (S2, S3, and S4) indicates that the sub-
stantial difference from others was observed for S2 where transi-
tional state was recorded for effluent water quality (e.g., higher
NH4

+-N release and lower COD removal in Fig. 2). This observation
also suggests the necessity of relatively long period (e.g., ~50 d) for
microbial adaptation (e.g., the granules formation, CA degradation
as well as the polishing of dead cells potentially present in initial
sludge) to the imposed conditions. The notable increase in relative
abundance of Actinobacteria (from ~5 to ~14%), in S2, whose mem-
bers are known to be able to decompose the organics derived from
dead microbes, supports this hypothesis [37]. In addition, phylum
Spirochaetae gradually appeared in S2-S4 (up to relative abundance
of 2.6%), which was reported to participate in fermentation of car-
bohydrates (e.g., glucose) into acetate, H2 and CO2 [38]. Members
from phylum Spirochaetae (belonging to family Spirochaetaceae; >
93%) form a helically coiled shape, which is likely consistent with
the SEM image of sludge after treatment (as shown later in
Fig. 5b). On the other hand, variations in abundance of some phyla
(i.e., Firmicutes, Bacteroidetes, and Proteobacteria) were found
among samples collected from the 1st (S3) and last (S4) steady
states.

Likewise, the genus level classification showed higher diversity
and different genera in S2 (i.e., 14.1% for Sporosarcina, 8.6% for
Exiguobacterium, and 5.6% for Glutamicibacter) as compared to S3-
S5. Among samples of S3-S5, the dominant genera were Acineto-
bacter (0.0–13.4%), Trichococcus (2.9–11.2%), Clostrid-
ium_sensu_stricto_1 (2.1–7.9%), Longilinea (0.1–8.8%), Romboutsia
(0.6–5.6%), and Mycobacterium (0.6–3.3%). Particularly, it was
noticed that the abundance of Acinetobacter and Trichococcus were
highly associated with samples collected during the continuous
feeding of glucose and CA based substrate (i.e., S2, S4, and S5; note
that continuous feeding was not the case for S1 and S3). Genus
Acinetobacter was previously reported to possess the ability to
degrade CA [2], as well as other triazine compounds (e.g., atrazine
and cyanazine) [39]. Moreover, genus Trichococcus, which was pre-
viously found in sewage, had an ability to grow at in a wide range
of temperatures from 4 to 39 �C and showed a positive correlation
with Acinetobacter abundance [40,41]. The progressed abundance



Fig. 4. Principal component analysis (PCA) related score plot considering the
bacterial abundance at genus level and different time intervals (S1 for day 0, S2 for
day 22, S3 for day 53, S4 [bottom of UASR] and S5 [2nd compartment, upward] for
day 95).

Fig. 5. Sludge characteristics before and after the long-term exposure to wastewater con
after the treatment (b), XRD spectra for samples before and after treatments (c), and FT
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of Trichococcus could be attributed to its preferable growth at high
urea-containing medium [40] and higher ammonia-tolerance [42],
given that urea can be the main intermediate by-product during
the anaerobic biodegradation of CA.

Moreover, to demonstrate the microbial community variation
along the UASR height, results of samples S4 were compared to
S5 at phylum level, showing decrements in fermentation-related
phyla (i.e., Actinobacteria and Firmicutes) along with increments
in other phyla such as Bacteroidetes and Caldiserica. While mem-
bers of phylum Bacteroidetes are recognized to be able to utilize a
wide range of substrates, including urea, and higher ammonia-
tolerance [43], members from phylum Caldiserica are known to
be sulfur-oxidizing anaerobic bacteria [44]. The finding that abun-
dance of the potential CA degrader genus, i.e., Acinetobacter,
increased from 0.3% (S4) to 1.9% (S5) (Fig. 3b) emphasizes the
higher biodegradability of CA can be achieved by employing longer
HRT as well as the longer path length UASR. Furthermore, the PCA
results in Fig. 4 show that 1st and 2nd components (i.e., PC1 and
PC2) together achieved 94.5% of the variance. The PCA score plot
in Fig. 4 demonstrates that: (1) the substantial change along the
operation period (S1, S2 and S3), (2) the UASR performance showed
stability after the two feeding-stops (S3 and S4), and (3) the UASR
configuration, considering the multiple upward compartments,
taining cyanuric acid: SEM image for original sludge (a) and SEM image for sludge
IR spectra for samples before and after treatments (d).
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provided an ability to change the microbial composition along the
reactor length (S4 and S5).

Sludge characteristics before and after treatment
The SEM, XRD, and FTIR analyses of the inoculum sludge were

carried out for the initial and after 45 days of treating CA-
contaminated wastewater, in order to examine the characteristic
changes in the sludge properties. Fig. 5a and 5b show the SEM
images of sludge before and after treatment, respectively. Before
the treatment, heterogeneous structure and roughness as well as
the presence of thinly spiraled shape microorganisms were
observed. After the treatment, the sludge morphology indicated
stable granulation and presence of helically coiled bacterial cells
which are likely related to Spirochetes-like members. Moreover,
Fig. 6. Time course of anaerobic biodegradation of cyanuric acid (CA) (a) and cumulative
acid (CA) and COD (c) from the batch-mode incubation of CA and glucose at different
concentrations (Run 1 to 9).
Fig. 5c shows the XRD pattern of the sludge; before the treatment,
the XRD pattern exhibited some broad peaks of the amorphous
halo and some sharp peaks of crystalline components at 26.3,
27.0 and 29.2�, representing quartz, calcite, and kaolinite, respec-
tively [45,46]. After the treatment, disappearance of calcite and
kaolinite peaks, and rapid increase of quartz peak (at 26.3�) were
observed (Fig. 5c); the formation of quartz could be associated with
kaolinite when being partially hydrolyzed [47]. Moreover, the crys-
tallinity index of the sludge was 85.5% (before treatment), and then
decreased to 57.8% (after treatment). These observations indicate
that most of the crystalline polymers have been eliminated, sug-
gesting the progressed microbial activity within the inoculum.

FTIR spectra of the sludge before and after the treatment are
shown in Fig. 5d and, as noted below, obtained spectra were dis-
methane production (CMP) (b), as well as the final removal efficiencies of cyanuric
concentrations. The co-digestion of CA and glucose (G) was employed at different
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cussed according to the literature [48–51]. Before treatment, the
most important functional groups observed were OAH and NAH
groups, representing the presence of amines and amides at
3,440 cm�1. Peaks at 1,650�1 and 450 cm�1 represent the C@O
group for amides, ketone and peptic bond of protein. The strong
peak observed at 1,030 cm�1 represents the stretching vibration
of CAO functional group of non-structural carbohydrates. Thus,
the results show the presence of bacterial constituent of carbohy-
drate, lipids, protein, and aromatic functional groups in the inocu-
lum. Then, after treatment, a new band appeared at 2,375 cm�1,
indicating the presence of C@C stretch of protein origin; as well,
another band appeared at 1,387 cm�1, which is likely associated
with CAN groups of primary amides II that are mainly involved
in formation of protein structure. The small shoulder found at
1,545 cm�1 can be attributed to the C@O vibration of primary
amides (a protein-derived band found in nitrogen-rich compost),
as reported by De Oliveira Silva et al. [52]. Further, the decrease
in intensity observed for the band at 1,030 cm�1 indicates the pro-
gress of the decomposition process. Overall, the sludge sample col-
lected after treatment (day 45) was enriched in protein-like group,
suggesting the stably developed microbes and associated enzy-
matic activities, e.g., CA hydrolase.

Assessment of CA biodegradability via co-digestion with glucose
The nine batch experimental runs were monitored for 7 consec-

utive days to assess the biodegradation of CA, as shown in Fig. 6. In
run 1, 125 mg/L of CA and 500 mg/L of glucose were co-digested,
and CA removal of 96% was achieved. In run 4 that was fed with
similar CA of 125 g/L and higher glucose of 750 mg/L, CA was
almost entirely used up resulting the highest CA removal of 98%.
At CA up to 125 mg/L and glucose of 250–750 mg/L, the three runs
(i.e., run 2, run 3, and run 4) showed a comparable degradation
trend (Fig. 6a). Despite the glucose addition at highest dose
(1000 mg/L) in run 6, lower CA removal of 84% was achieved as
Table 2
Time course of COD, total volatile fatty acids (TVFA), and NH4-N when co-digestion of cyan
incubation (Run 1 to 9).

Batches Results Incubation time (d)

0 1 2

Run 1 COD 583 200 131
TVFA 90 113 118
NH4-N 22 43 53

Run 2 COD 345 153 140
TVFA 91 157 135
NH4-N 17 42 57

Run 3 COD 1065 542 487
TVFA 91 227 222
NH4-N 31 31 34

Run 4 COD 842 357 309
TVFA 91 157 162
NH4-N 26 51 62

Run 5 COD – 178 151
TVFA – 90 104
NH4-N – 24 31

Run 6 COD 1006 585 510
TVFA 91 183 208
NH4-N 31 52 88

Run 7 COD 576 257 272
TVFA 91 111 94
NH4-N 22 41 40

Run 8 COD 119 180 152
TVFA 91 92 171
NH4-N 24 43 69

Run 9 COD 586 230 259
TVFA 91 186 200
NH4-N 22 56 52

Run 1: 125 CA + 500 G; Run 2: 125 CA + 250 G; Run 3: 1000 G; Run 4: 125 CA + 750 G; R
Run 9: 187.5 CA + 500 G.
compared to runs 2–4, which is most likely as a result of the higher
CA concentration causing microbial inhibition. Further, the impact
of glucose co-digestion was emphasized among run 6 and run 8
where higher concentration of CA (250 mg/L) was employed. The
absence of glucose deteriorated the biodegradation rate of CA
(run 8), as compared to run 6 (Fig. 6a). 34% CA-degradation effi-
ciency was observed over the incubation period in run 8. Due to
the very low carbon to nitrogen ratio of CA, addition of external
carbon source, such as glucose, is required to improve its biodegra-
dation [2,53]. In the absence of such carbon-nitrogen balance, Cook
et al. [54] found little CA mineralization, although some pure cul-
tures have been reported to degrade CA at low concentrations
[2,55,56]. In run 7 and run 9, identical glucose concentration of
500 mg/L was co-digested with CA doses of 62.5 and 187.5 mg/L
resulting in CA removals of 95 and 77%, respectively (Fig. 6c).
The low CA degradation efficiency could be also assisted by the
potential accumulation of unidentified metabolites such as urea,
as proposed by Radosevich et al. [57].

The daily COD, NH4-N and TVFA concentrations in the batch cul-
tures are shown in Table 2. Over 70% of the COD were consumed
after 24 h of incubation in all the batches. Run 3 (no CA and
1000 mg/L glucose) showed the highest COD removal efficiency
of 94% (Fig. 6c), whereas run 2 (125 mg/L CA and 250 mg/L glucose)
had the least of 72%. This could be due to the relatively low glucose
as compared with the added CA dose. From these results, the pres-
ence of CA inhibited the COD removal via anaerobic digestion pro-
cess. As aforementioned, the increase in NH4-N concentration can
be associated with the degradation of CA. Table 2 shows that
NH4-N was generated during the first 24 h, in all batches. After
the first 48 h, decrement NH4-N release was observed, which is
consistent with the previous report by Radosevich et al. [57]. The
degree of NH4

+-N release was found to decrease with increasing
glucose concentration, which is also consistent with earlier study
Ernst and Rehm [58]. It should be noted that the release of NH4

+-
uric acid (CA) and glucose (G) was employed at different concentrations in batch-type

3 4 5 6 7

124 115 131 115 78
109 135 157 154 126
64 68 71 76 78
123 176 212 183 97
176 154 148 150 116
64 68 71 74 81
291 123 108 97 69
244 268 172 165 184
31 39 49 49 53
222 134 108 77 60
191 203 198 191 141
69 69 71 73 79
133 128 149 136 91
120 102 117 110 108
34 36 45 46 44
375 186 139 110 82
174 208 176 183 186
107 111 114 116 116
165 223 75 78 58
147 150 120 130 124
49 56 58 60 67
141 153 107 92 91
154 164 150 159 127
73 79 91 96 108
204 189 179 121 88
212 174 172 130 152
63 69 82 85 99

un 5: no substrate; Run 6: 250 CA + 1000 G; Run 7: 62.5 CA + 500 G; Run 8: 250 CA;
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N was found to be negligible in the control sample (i.e., run 3
where CA was not added). The uptake of CA by microbial species
can be inhibited by the presence of readily consumable nitrogen
sources such as ammonia, urea, and serine [59]. Hence, this could
explain the lack of complete removal of CA in our systems, though
the substantial release of ammonia indicates that the CA ring can
be mineralized in the large extent. In addition, Table 2 shows that
the level of TVFA generation was higher in the absence of CA (run
3) compared to the CA-amended culture medium at similar glucose
content (run 6). This observation reveals that the presence of CA
affected the bacterial metabolic pathway rather than the VFA con-
sumption by archaea to produce methane; this could be explained
by the CA-derived impact on bacterial composition in the medium.

Regarding the cumulative methane production (CMP), Fig. 6b
shows that the highest CMP of 127 mL was found in the absence
of CA (run 3: no CA and 1,000 mg/L glucose). In run 6 (250 mg/L
CA and 1,000 mg/L glucose), slightly lower CMP (100 mL) was
obtained despite of the presence of CA. In run 1 (125 mg/L CA
and 500 mg/L glucose), run 7 (62.5 mg/L CA and 500 mg/L glucose)
and run 9 (187.5 mg/L CA and 500 mg/L glucose) where lower glu-
cose concentration was employed, lower CMPs of 74, 46, and
36 mL, respectively, were recorded. These observed decrease in
biogas production is most likely attributed to the lower glucose
availability in the system. It is also interesting to note that dis-
cernible amount of methane (29 mL of CMP) can be produced in
the absence of co-substrate (i.e., glucose) as shown in the treat-
ment of run 8 (250 mg/L CA and no glucose). Overall, the CMP
was largely dependent on the initial glucose concentration, and
Fig. 7. Response surface plots showing the effect of co-digestion of cyanuric acid (CA) an
cumulative methane production (CMP) (c).
the presence of CA showed relatively small inhibitory effect on
methane production when high concentration of glucose (i.e.,
1,000 mg/L) was employed.

Optimization of CA-glucose combinations using RSM
As shown in Fig. 7, the overall obtained results showed that CA

and glucose initial concentrations had a significant interactive
impact on CA and COD removal, as compared to CMP. The surface
plot for CA removal had a clear peak showing that the maximum
CA removal could be obtained within the design boundary
(Fig. 7a). For the COD removal, the surface convexity was not high
enough, suggesting that higher removal efficiency could be
observed outside of the designed conditions (Fig. 7b). For the
CMP model, little interaction was found for the individual vari-
ables, although the critical point of the interaction is shown
(Fig. 7c). The optimum combination of CA and glucose was pre-
dicted to be 200 mg/L and 2,000 mg/L respectively, which yielded
a higher CMP of 160 mL compared to the experimentally deter-
mined CMP in this study. Table 3 shows the model fitness results,
using analysis of variance (ANOVA) and polynomial regression, for
each of the three responses. The obtained second-order models, for
each response, were formulated as presented in Eqs. (3)–(5). The R2

values, for each model, were determined to be 0.92, 0.99 and 0.96
for CA removal, COD removal, and CMP, respectively, and p-value
less than 0.05 was obtained except for the CA removal model
(where p-value [0.065] was slightly higher than the significance
level of 0.05), suggesting the reasonable fit of model to the exper-
imental data.
d glucose on the system performance: CA removal (%) (a), COD removal (%) (b), and



Table 3
Model fitness results, using analysis of variance (ANOVA) and polynomial regression, for cyanuric acid (CA) removal (%), COD removal (%), and cumulative methane production
(CMP).

Source Sum of squares Degree of freedom Mean square F value P value

CA removal (%) Model 12,700 5 2539 7.4 0.065
A: CA 2679 1 2679 7.8 0.068
B: Glucose 621 1 621 1.8 0.27
AB 626 1 626 1.8 0.27
A2 691 1 691 2.0 0.25
B2 60 1 60 0.17 0.71
Residual 1033 3 344
Total 13,733 8
R2 = 0.925, adjusted R2 = 0.800
COD removal (%) Model 4680 5 936 111 0.001
A- CA 201 1 201 24 0.016
B- Glucose 3356 1 3356 399 0.000
AB 147 1 147 17 0.025
A2 0.41 1 0.41 0.049 0.84
B2 113 1 113 13 0.035
Residual 25 3 8.0
Total 4705 8
R2 = 0.995, adjusted R2 = 0.986
CMP Model 10,430 5 2086 15 0.026
A- CA 114 1 114 0.79 0.44
B- Glucose 9108 1 9108 63 0.004
AB 337 1 337 2.4 0.22
A2 478 1 478 3.3 0.17
B2 757 1 757 5.3 0.11
Residual 431 3 144
Total 10,861 8
R2 = 0.960, adjusted R2 = 0.894
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Y ðCA removal; %Þ ¼ 99 þ 24X1 þ 12X2 þ 13X1X2 - 53X
2
1- 16X

2
2

ð3Þ
Y ðCOD removal; %Þ ¼ 88 - 6:7X1 þ 27X2 þ 6:1X1X2 - 1:3X
2
1- 22X

2
2

ð4Þ
Y ðCMP; mLÞ ¼ 57 - 5:0X1 þ 45X2- 9:2X1X2- 44X
2
1 þ 56X2

2 ð5Þ
Conclusions

In this study, continuous and batch-type treatments were con-
ducted to investigate the long-term effect of low CA concentrations
on anaerobes, and to improve the CA biodegradability (at high con-
centrations) via substrate co-digestion. The long-term exposure of
mixed culture bacteria to low-strength wastewater (0.6 gCOD/L/d)
containing 20 mg/L CA in an anaerobic reactor (i.e., UASR) showed
stable performance as well as sludge development (as determined
by morphology, XRD, and FTIR analyses). Regarding the microbial
community structure, progressed abundance was found, during
the long-term incubation, for the genus Actinobacteria, which is
known to degrade CA. Then, for the high CA concentrations (up
to 250 mg/L, as could be existed in some industrial effluents), opti-
mized co-digestion strategy with glucose was suggested. Based on
a batch-mode experiment, designed using RSM, the co-digestion of
125 mg/L CA and 750 mg/L glucose achieved the peak CA biodegra-
dation of ~98%. Although higher doses of CA (>125 mg/L) nega-
tively affected the anaerobic process resulting in decrements in
methane productivity and COD removal, CA removal of ~77% was
recovered when higher glucose (1,000 mg/L) was co-digested with
250 mg/L CA. The progression of CA and urea (i.e., possible CA
degradation by-product) degraders and the concurrent generation
of NH4

+-N along with CA degradation profile were consistent with
the fact that decomposition of CA and its derivatives occurred in
the anaerobic environments examined. Overall, mixed culture
anaerobes dealing with low-strength wastewater can efficiently
deal with low CA (20 mg/L), whereas the co-digestion with high
concentration of readily assimilable substrate, such as glucose,
can be an efficient technique when high CA concentrations are
existing (up to 250 mg/L).
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