
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
A

pr
il 

20
18

. D
ow

nl
oa

de
d 

on
 3

/2
/2

02
6 

11
:0

5:
18

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Performance and
aKey Laboratory of Urban Pollutant Conv

Chinese Academy of Sciences, Xiamen 361

shchen@iue.ac.cn; Fax: +86 0592 6190977;
bUniversity of Chinese Academy of Sciences,

Cite this: RSC Adv., 2018, 8, 15897

Received 5th March 2018
Accepted 17th April 2018

DOI: 10.1039/c8ra01951g

rsc.li/rsc-advances

This journal is © The Royal Society of C
mechanism of free nitrous acid
on the solubilization of waste activated sludge

Jinsong Wang,ab Zhaoji Zhang, *a Xin Ye,a Fuyi Huanga and Shaohua Chen*a

Free nitrous acid (FNA) is a promising chemical reagent for excess sludge reduction. The distinctive

properties of FNA treatment on waste activated sludge (WAS) disposal have previously been

demonstrated, however, the cellular response, permeabilization, and disruption caused by low-

concentration FNA and the direct cell solubilization of WAS using concentrated FNA should be better

understood. In this study, the parameters that influence the sludge solubilization efficiency were

optimized over a wide range of FNA concentrations. The sludge solubilization efficiency was found to be

superior when the sludge was exposed to FNA (when the dosage of NaNO2 was 0.12 g g�1 TSS and the

pH was 3.0, FNA ¼ 20.94 mg L�1) for 10 h at 25 �C, and the TSS removal and COD dissolution

efficiencies were found to be prominent at 38% and 7%, respectively. In the FNA treatment of WAS,

some FNA-tolerable cells increased the K+, Ca2+, and H+ effluxes under low concentrations of FNA, and

finally achieved ion homeostasis based on the results using a scanning ion-selective electrode

measurement technique. This could cause the cells in WAS to maintain cytoactivity and integrity under

a low-concentration FNA treatment. Furthermore, flow cytometry was used to assess the

permeabilization and disruption of sludge cells toward a concentration gradient of FNA. Flow cytometry

results indicated that cells in sludge flocs were disrupted within 30 minutes when the FNA concentration

was above 8 mg L�1.
1. Introduction

Biological sewage treatment processes are conventionally used
as a major technique in global wastewater treatment plants
(WWTPs).1,2 The increasing production of waste activated
sludge (WAS), which contained various microorganisms, extra-
cellular polymeric substance and non-biodegradable particles,
is regarded as an inherent burden to the environment.3

However, WAS is currently being considered as a type of
resource, as it contains nitrogen, carbon and phosphorus.4

Thus, over the past few decades, researchers and engineers have
undertaken considerable work to control and dispose of WAS
and recover resources form WAS efficiently using WWTPs.5,6

Anaerobic digestion is one of the most common options for
stabilizing sludge, reclaiming biogas, and reducing pathogens
in large-scale WWTPs.7 However, due to some drawbacks of
anaerobic digestion (i.e., long residence time for the hydrolysis
stage and high operational costs), novel approaches, experi-
mental and practical, have been developed to improve sludge
disintegration and methanogenic efficiency.8 Among these pre-
treatment techniques, chemically assisted thermal hydrolysis,9
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ozonation, solar photocatalysis,10 and potassium ferrate oxida-
tion11 are currently receiving signicant attention. Moreover,
a novel chemical approach for reducing sludge production in
WWTPs using free nitrous acid (FNA) has been established due
to its strong biocidal and permeabilization effects on activated
sludge cells.12 In the WWTP bioprocess, FNA, as a by-product,
can be produced in situ through the nitritation of anaerobic
digestion liquor.13,14 In addition, FNA, which is the protonated
form of nitrite, has been long thought to be responsible for the
microbial metabolism inhibition of many functional bacteria
(e.g., nitriers, denitriers, and polyphosphate-accumulating
organisms (PAOs)).15 Thus, recently, the FNA treatment of
sludge has been considered an effective and economic way to
reduce the sludge production16 and N2O emission17 of WWTPs,
enhance the secondary sludge biodegradability18 and nutrient
removal,19,20 and advance methane21 and short-chain fatty acid
production.22,23

The unique properties of FNA treatment on WAS disposal
have been demonstrated; however, the inhibition mechanism
and cellular response toward low-concentration FNA remain
inconclusive. Sijbesma et al.24 have found that FNA can act as
a protonophore to inhibit the ATP synthesis of Pseudomonas
uorescens. Park25 discovered that FNA could react directly with
sulydryl-containing enzymes and affect the tricarboxylic acid
(TCA) cycle. Other researchers have conrmed that the effect of
FNA stress on bacteria can be ascribed to the release of nitrogen
RSC Adv., 2018, 8, 15897–15905 | 15897
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intermediates (e.g., NO).26 The reported FNA inhibition mech-
anisms can vary signicantly, because the inhibition effects are
highly dependent on the type of organisms present.15 Anammox
processes, which are widely used for the biological degradation
of concentrated ammonia and nitrite streams, are inhibited by
nitrites, rather than FNA.27

In addition to the inhibition effects of low-concentration
FNA on cells in sludge, knowledge on the permeabilization
and disruption of cells using a high concentration of FNA is
limited and distinguishing the integrity of WAS samples during
FNA treatment is a challenge. More importantly, few studies
have focused on the direct disintegration of WAS using
concentrated FNA. In their pioneering works on nitro-hydrolysis
for sludge reduction, Perkins et al.28 successfully utilized nitric
acid for the rapid hydrolysis of excess sludge at a high
temperature (>160 �C) and pressure (100 psig). Their results
indicated that the sludge reduction rate reached 75% with
a nitric acid concentration of 11.2 wt% and excess sludge
concentration of 4 wt%.28 Further analysis revealed that the
initial hydrolysis of sludge can be completed within ve
minutes.28 The majority of the FNA concentrations used during
sludge pretreatment in previous reports were maintained at
a relatively low level (i.e., below 5 mg L�1) with mild reaction
conditions, leading to the direct solubility of WAS at approxi-
mately 10–20%,29,30 suggesting that some FNA-tolerable bacteria
could maintain cellular integrity at these FNA concentrations
and treatment conditions. Whether the sludge disintegration by
FNA treatment could be improved by more appropriate condi-
tions, especially by treatment with high concentrations of FNA
(i.e., above 10 mg L�1), remains to be tested.

Therefore, the goals of this study were to (1) optimize the
factors that control sludge disintegration, using FNA with
a wide range of concentration gradients; (2) investigate the
cellular response of some FNA-tolerable cells (e.g., anammox
bacteria), which result in the low disintegration effect of WAS
in FNA treatment, by surveying the transmembrane ion ow
rates using the scanning ion-selective electrode technique
(SIET); and (3) assess the permeabilization and disruption of
the sludge cells in high concentrations of FNA using ow
cytometry (FCM).
Table 1 Compositions of the sludge samples (n ¼ 3)

Parameters
Concentration (mg L�1,
except for pH, which is dimensionless)

pH 7.19 � 0.02
TCOD 6647.75 � 25.76
SCOD 22.57 � 2.98
TSS (11.69 � 0.64) � 103

VSS (4.32 � 0.13) � 103

NO2
�–Nb 1.01 � 0.01

NO3
�–Nb 2.03 � 0.28

NH4
+–N 12.58 � 1.29

TNb 43.08 � 2.93

a N.D. refers to not detected. b The basic parameters in the supernatant o

15898 | RSC Adv., 2018, 8, 15897–15905
2. Materials and methods
2.1 Waste sewage sludge samples

Waste sewage sludge was collected from a secondary sedimen-
tation tank in a municipal wastewater treatment plant (WWTP)
(Jimei WWTP, Xiamen City, China). The supernatant of the
sludge samples was removed aer precipitation. Then, the
concentrated samples were kept refrigerated at 4 �C. The pH,
total chemical oxygen demand (TCOD), soluble chemical
oxygen demand (SCOD), total solids (TSS), volatile solids (VSS),
and heavy metals in the samples are listed in Table 1.
2.2 Disintegration of sludge with FNA

The sludge samples (300 mL) in 1 L glass bottles were washed
three times with tap water and were bubbled with argon to form
anaerobic conditions. Then, the pH and NO2

�–N concentra-
tions of the samples were adjusted using hydrochloric acid and
NaNO2. Aer stirring at 300 rpm for a certain time, the mixed
samples were stored in centrifuge tubes at 4 �C for follow-up
tests.

The most important operating parameters, such as the TSS
removal efficiency and COD dissolution efficiency under
different pH levels (i.e., 1.0, 2.0, 3.0, and 4.0) and NaNO2

dosages (i.e., 0, 0.3, 0.9, and 1.5 g g�1 TSS), were rst investi-
gated and compared. Subsequently, the inuences of different
stirring times (i.e., 0.5, 1, 3, 5, 10, 24, and 48 h) and tempera-
tures (i.e., 5 �C, 20 �C, 40 �C, 60 �C, and 80 �C) were determined
using the pH levels and dosages of NaNO2 identied in the
previous step. Thereaer, the sludge reducing efficiencies were
calculated under different dosages (i.e., 0, 0.06, 0.12, 0.18, 0.24,
and 0.30 g g�1 TSS) and dosing patterns (i.e., single, double, and
quadruple stepwise dosing) of NaNO2.
2.3 Analysis of cellular stress response towards low
concentration FNA shock

The bacteria in the mixed sludge show different cellular
responses to chemical stress, including FNA shock. Poly-
phosphate accumulating organisms (PAOs) are inhibited by
FNA in concentrations of as low as 10 mg L�1,31 whereas some
Heavy metals Concentration (mg kg�1)

Cd N.D.a

Pb N.D.a

Zn 1340.00
Cu 170.00
Ni 26.60
Hg 0.42
Cr 82.20
As 1.10

f the sludge samples.

This journal is © The Royal Society of Chemistry 2018
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FNA-tolerant bacteria survive and show high resistance to
hydrolysis,24 resulting in low sludge disintegration rates during
FNA treatment. In this study, Percoll-puried anammox gran-
ules, which can utilize a high concentration of nitrite, were
selected for analyzing the transmembrane ionic currents under
low-concentration FNA shock. The net ux of the K+, Ca2+, and
H+ ions of the puried anammox cells under FNA shock was
measured using the SIET system (BIO-001A; Younger USA Sci. &
Tech. Corp.) at Xuyue (Beijing) Sci. & Tech. Co. Ltd. (http://
www.xuyue.net).32,33 Anammox granules were collected from
an anammox reactor that has been operating over a long time in
our laboratory and puried by Percoll centrifugation according
to the method of Strous et al.34 The concentration gradients of
the selected ions were measured by moving a calibrated
microelectrode between two positions (30 mm) close to the
surface of the anammox granules (approximately 5 mm). The
puried anammox granules were xed on poly-L-lysine-coated
slides for 5 min and equilibrated in a 3 mL measurement
solution (0.1 mM of CaCl2, 0.1 mM of KCl, and 0.3 mM of MES
at a pH 6.0) for 30 min. For the K+, Ca2+, and H+

ux
measurements, the ionic ux was recorded for 5 min, and an
adequate amount of sodium nitrite was added into the
measurement solution to form predesigned FNA concentra-
tions. Subsequently, the ionic ux was continuously recorded
using the ion-selective microelectrode for 20 min. The obtained
ionic ux rate was calculated from Fick's law of diffusion:

J ¼ �D dc

dx

where J is the ion ux, dc/dx represents the ionic concentration
gradients, and D is the ion diffusion constant in a particular
medium.
2.4 Analysis of the permeabilization and disruption of
sludge cells using a high concentration of FNA by FCM

Fresh sludge samples were treated with different concentra-
tions of FNA, and the integrity of the cells was analyzed using
FCM. To differentiate between the intact and permeabilized
bacteria, the cells were stained with SYBR-Green I (1 : 30 dilu-
tion of a commercial stock; Invitrogen, USA; lex¼ 495 nm, lem¼
525 nm) diluted in dimethyl sulfoxide (DMSO, Merck, Germany)
and propidium iodide (PI, stock solution concentration 1 mg
mL�1; Invitrogen, USA; lex¼ 536 nm, lem¼ 617 nm). The sludge
samples were ltered using a 200-mesh sieve to keep the total
suspended cell concentration within 106 to 107 cells per L.
Aerwards, 1 mL of a bacterial suspension with approximately
106 to 107 cells per mL was incubated for 15 min at room
temperature with 10 mL of both uorochromes and away from
light. SYBR-Green I dyed all of the cells, whereas PI only dyed
the membrane-permeable and dead cells.35 In the per-
meabilized cells, the simultaneous staining with SYBR-1 and PI
activated the energy transfer between the uorochromes.
Consequently, intact and permeabilized bacteria emitted green
and red uorescence, respectively.

The cellular states of the sludge samples were analyzed using
a FCM instrument (Quanta SC, Beckman Coulter, California).
This journal is © The Royal Society of Chemistry 2018
The signals collected were green and red uorescence, with
a logarithmic gain and forward angle light scattering (FALS),
which were related to the cell size.36 To eliminate non-bacterial
particles and debris, the data acquisition gates were set to green
and red uorescence distributions. At least 10 000 cells were
analyzed for each sample over a few minutes to provide good
statistical data. The accuracy of the staining method and the
FCM analysis has been previously evaluated using epiuor-
escence microscopy.42 Finally, the intact, permeabilized, and
disrupted cells were identied according to double staining
using FCM analysis.37
2.5 Physicochemical analysis methods

The FNA concentration, COD dissolution efficiency, and TSS
removal efficiency were calculated using the following
equations:38,39

FNA
�
mg L�1� ¼ 47

14
� NO2

� �Nðmg L�1Þ
e
�2300
T � 10pH

; (1)

COD dissolution efficiency ¼ SCODtreated � SCODinitial

TCODinitial

; (2)

TSS removal efficiency ¼ TSSinitial � TSStreated

TSSinitial

: (3)

The mixture was rst centrifuged at 5000 rpm for 5 min and
ltered using 0.45 mm membranes. The concentrations of
NH4

+–N, NO2
�–N, NO3

�–N, and PO4
3�–P in the supernatant

were measured with a ow injection analyzer (8500 Series 2,
QuickChem, USA). The concentrations of TSS and VSS were
measured using the standard method.40 The COD was analyzed
using the colorimetric method (Lian-hua, China).40 The prac-
tical concentration of COD is dened as the measured
concentration minus the concentration of COD, that is, NO2

�–
N. Heavy metals were detected using inductively coupled
plasma optical emission spectrometry (ICP-OES) (Optima
7000DV, Labconco, USA).
3. Results and discussion
3.1 Performance of FNA on the disintegration of WAS

In this section, the main inuencing factors of the effect of FNA
on the disintegration of WAS are analyzed, including the pH,
stirring time, temperature, NaNO2 dosage, and NaNO2 dosing
method. According to eqn (2) and (3), the TSS removal efficiency
and the COD dissolution efficiency were calculated and repre-
sent the efficiency of WAS disintegration.

3.1.1 pH. According to eqn (1), the concentration of FNA is
related to the amount of NO2

�–N and the pH value. At the same
NaNO2 dosage level (0.3 g g

�1 TSS), the relationship between the
efficiency ofWAS disintegration and the pH values was obtained
aer 30 min of batch tests (Fig. 1). The TSS removal efficiency
gradually decreased with an increase in the pH value. When the
pH was 4, the TSS removal efficiency was below 10%. However,
when the pH was 1, the TSS removal efficiency was 40% without
RSC Adv., 2018, 8, 15897–15905 | 15899
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Fig. 1 Sludge disintegration efficiency under different pH values (the
dosage of NaNO2 was 0.3 g g�1 TSS at room temperature (25 �C)).

Fig. 2 Sludge disintegration efficiency and the concentration of
nitrogen in the supernatant under different stirring times (the dosage
of NaNO2 was 0.3 g g�1 TSS at room temperature (25 �C), pH ¼ 3).
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NaNO2. Reportedly, the concentrations of soluble sugar and
protein increased with a decrease in the pH value. When the pH
was 2, the concentrations of soluble polysaccharide and protein
in the sludge using acid pretreatment were 3.1 and 9.9 times
that of the original sludge, respectively.41 Perkins et al.28 inves-
tigated WAS disintegration by HNO3 and found that TSS
removal efficiency is 22–75% and increases with temperature.
Thus, the sky-high concentration of H+ could dissolve the cells,
and WAS could be dissolved in the polar acid conditions. Fig. 1
shows that like the TSS removal efficiency, the COD dissolution
efficiency increased with a decrease in the pH value. When the
pH values were 1, 2, and 3, the COD dissolution efficiencies were
11.19%, 6.86%, and 6.79%, respectively. However, when the pH
was 4.0, the COD dissolution efficiency was less than 2%. In the
supernatant, the concentrations of COD and TN decreased
simultaneously with an increase in the pH value. Moreover, the
C/N ratio decreased gradually.

3.1.2 Stirring time. In a previous study, excess sludge was
contained in an FNA treatment unit for 24–42 h, and the sludge
production was found to be 28% lower than that of the control
used.16 Thus, the stirring time was investigated in this batch
test. Fig. 2 shows that the TSS removal and COD dissolution
efficiencies increased as the stirring time was prolonged from
0.5 h to 48 h. They tended to be steady aer 10 h at 46.46–
15900 | RSC Adv., 2018, 8, 15897–15905
49.60% and 9.51–12.86%. As Fig. 2 shows, with the extension of
time, the concentration of NO2

�–N decreased, whereas the
concentration of NO3

�–N increased gradually. When the pH
value was 3, the denitrifying process was inhibited. Thus, the
slight differences were owing to the majority of the NO2

�–N
being oxidized aer 10 h. In the supernatant, the concentra-
tions of COD and TN increased, and the C/N ratio changed
inconspicuously at approximately 1.0. Thus, it was concluded
that stirring for 10 h was enough.
This journal is © The Royal Society of Chemistry 2018
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3.1.3 Temperature. Thermal treatment is a conventional
sludge reduction technique. The ocs in the sludge are
destroyed because the extracellular polymeric substance (EPS)
is dissolved and hydrolyzed during the thermal treatment.42,43

Previous research, which focused on the nitrolysis treatment of
excess sludge, showed that the efficiency of excess sludge
conversion decreased from 75% to 22% as the temperature
dropped below 160 �C. However, when the temperature excee-
ded 160 �C, the efficiency increased slightly.28 As shown in
Fig. 3, the TSS removal efficiency increased with an increase in
temperature and tended to be steady when the temperature
exceeded 40 �C. The TSS removal efficiencies were 43.22%,
46.72%, and 49.29% at 40 �C, 60 �C, and 80 �C, respectively. In
the supernatant, the concentration of COD increased, whereas
the concentration of TN changed inconspicuously. Therefore,
the C/N ratio changed inconspicuously at approximately 1.0. An
elevated temperature slightly promotes the efficiency of WAS
solubilization, however, using excess heat wastes energy. Thus,
room temperature (25 �C) was deemed an appropriate temper-
ature to use.

3.1.4 NaNO2 dosage. As shown in Fig. 4, the sludge disin-
tegration efficiency increased with the NaNO2 dosage. However,
when the dosage exceeded 0.12 g NaNO2 per g TSS, a slight
difference was observed between the TSS removal and COD
dissolution efficiencies. The TSS removal efficiencies were
Fig. 3 Sludge disintegration efficiency under different temperatures
(the dosage of NaNO2 was 0.3 g g�1 TSS, stirring for 10 h, pH ¼ 3).

Fig. 4 Sludge disintegration efficiency under different dosages of
NaNO2 (stirring for 10 h at 25 �C, pH ¼ 3).

This journal is © The Royal Society of Chemistry 2018
38.08% and 41.63% when the dosages of NaNO2 were 0.12 and
0.18 g g�1 TSS, respectively. In the supernatant, the C/N ratio
decreased gradually as the concentrations of TN increased
conspicuously. Thus, the appropriate dosage of NaNO2 was
determined to be 0.12 g g�1 TSS.
3.2 Mechanisms of FNA on the solubilization of WAS

On the basis of the performance of FNA on WAS reduction, the
mechanisms of this process are discussed in this section. On
the one hand, the typical transmembrane change of the bacteria
from the effect of low-concentration FNA was analyzed using
SIET. On the other hand, under the high-concentration FNA
exposure, the process of cell disintegration was expounded by
the FCM results.

3.2.1 Evaluation of the typical transmembrane ion ux of
bacteria at low FNA concentration by SIET. In this study, the K+,
Ca2+, and H+

uxes on the surface of the puried anammox cell
granules (5 mm to 35 mm), which are considered FNA-tolerant
bacteria, were recorded by the SIET system (Fig. 5). In the
steady state (0 min to 5 min), the anammox granules exhibited
a net feeble K+/Ca2+ efflux, and H+ inux through the cell walls
aer cell equilibration in the measurement solution (Fig. 5).
Then, the dosage of sodium nitrite formed a FNA concentration
of 0.03 mg L�1. When the granules were subjected to FNA-
RSC Adv., 2018, 8, 15897–15905 | 15901
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Fig. 5 Effects of FNA shock on transient (a) K+, (b) Ca2+, and (c) H+

fluxes of purified anammox cells. Appropriate amounts of sodium
nitrite were added to form a FNA concentration of 0.03 mg L�1. The
top-right picture in each figure shows the microelectrode and the
anammox granules.
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induced shock, the anammox cells showed a dramatic increase
in the K+, Ca2+, and H+ effluxes, and the transient (5 min to 10
min) increment of the ion ux returned to the steady state
(Fig. 5). The anammox granules could still remove ammonia
15902 | RSC Adv., 2018, 8, 15897–15905
and nitrite aer SIET. Overall, the FNA exposure of anammox
cells at a FNA of 0.03 mg L�1 did not result in irreversible ion
ux, suggesting that the anammox cells could achieve ion
homeostasis under mild FNA or nitrite toxicity.

In theory, the K+-, Ca2+-, and H+-dependent regulatory
pathways and signaling of cells are considered important cell
responses to environmental stress or toxicity.32,44 H+ transport is
carried out by H+ATPase molecules using the energy from the
adenosine triphosphate (ATP) hydrolysis in anaerobic bacteria,
and viable cells can extrude H+ as a physiological defense
against stress.45 Released Ca2+ ions are considered to reduce K+

efflux and regulate the K+ homeostasis of plant or fungi cells
under transient environmental stress.44 A previous study
revealed that FNA could act as an uncoupler to disturb the
energy generation of cells or mislead the enzyme assemblage.15

That is, FNA could enhance the transmembrane proton
permeability and thus inhibit ATP synthesis.15 Sijbesma et al.24

indicated that FNA could diffuse into the cell membrane of the
denitrier P. uorescens derived by enhanced proton perme-
ability. Then, the denitrier stops releasing protons from the
membrane due to the expenditure of the ATP synthesis.
Therefore, we deduced that FNA induces the permeabilization
of bacteria and eventually leads to cell membrane lysis. This
information will benet our understanding of the FNA inhibi-
tion and disintegration of sludge.

3.2.2 Evaluation of the integrity of sludge cells towards
a concentration gradient of FNA by FCM. The process of FNA
sludge dissolution was analyzed by FCM. According to the
membrane integrity, intact and permeabilized cells were iden-
tied simultaneously using double uorescent staining with
SYBR-I (which can enter all cells, intact or permeabilized) and PI
(a dye which can enter only damaged or permeabilized cells).46,47

Membrane integrity in intact cells should include the protection
of constituents and the potential capability of metabolic activity
and repair. Membranes will eventually decompose if their
structures are freely exposed to the environment. Thus, cells
without an intact membrane are considered permeabilized and
can be classied as dead cells.48 Fig. 6 shows that in the
example, the FCM cytograms have four regions according to the
use of the two dyes (SYBR-1 + PI) and the setting of two
thresholds to red and green uorescence. According to the
intensity of the green and red uorescence emitted, the
following regions can be distinguished: intact cells (green
signals), dead cells (red signals), permeabilized cells (both red
and green signals), and instrument background or noise (red
and green signals below the thresholds).

The activated sludge was found to have some small aggre-
gates, which were formed by the gathering of intact and per-
meabilized cells and appeared uorescent, emitting red and
green signals. Despite the optimization of the disaggregation,
some small moderate aggregates remained. The signicant
FCM cytograms obtained for the most relevant operating
conditions when adding different FNA concentrations are
summarized. Fig. 7 shows an immediate comparison of the FNA
effects on the total cells, distinguished as intact and per-
meabilized cells. In raw WWTP sludge, the vast number of cells
were intact at pH ¼ 6. With a decrease in the pH values, the
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Example of an FCM cytogram of activated sludge with the
indication of the four regions to distinguish intact cells and per-
meabilized cells.
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proportion of intact cells decreased gradually, whereas the
proportion of permeabilized cells and cell fragments increased
obviously. At pH values of 4.5, 4.0, and 3.5, the concentrations
of FNA were found to be 0.27, 8.86, and 82.71 mg L�1, respec-
tively. Meanwhile, several dissolved cell fragments and other
particles were detected. Peer studies have shown that microbial
Fig. 7 FCM analysis of intact cells, permeabilized cells, dead cells, and no
50 mM. (a) pH ¼ 6.00; (b) pH ¼ 5.50; (c) pH ¼ 5.00; (d) pH ¼ 4.50; (e) p

This journal is © The Royal Society of Chemistry 2018
dissimilation is restrained when the FNA concentration is
within 1.3–2.1 mg L�1.38 Thus, the cells in the sludge would be
hydrolyzed owing to the high FNA concentration at low pH.

The mechanisms of the minimal amount of FNA inhibiting
the cellular metabolism and the large amount of FNA decom-
posing the cells remains unclear. Owing to the FNA effect, the
nitrite oxidizing bacteria (NOB) in the sludge in the experi-
mental group (FNA ¼ 1.35 mg of HNO2–N L�1) was reduced by
80% of that of the control group.49 Jabari et al.50 studied the
microbial activity of the phosphorus removal of microorgan-
isms under different FNA concentrations and found that FNA
concentration is one of the most important factors of phos-
phorus removal efficiency. Therefore, FNA has a universal
inhibitory effect on biological metabolic processes.51–54 Further
mechanism studies have shown that these inhibitory effects
restrain ATP metabolic processes, such as the active transport
process of the cell membrane, the process of oxygen intake, and
oxidative phosphorylation.52,55–57 However, reports on the
mechanism of membrane decomposition under high FNA
concentrations are few. Like FNA sludge reduction, sludge
reduction based on a high temperature and the use of high
pressure nitric acid has been industrialized.28 However, FNA
sludge reduction has obvious advantages in terms of energy
consumption compared with this method.
ise in the raw sludge at different pH values (the dosage of NaNO2 was
H 4.00; (f) pH ¼ 3.50).

RSC Adv., 2018, 8, 15897–15905 | 15903

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra01951g


Fig. 8 Proportion of intact cells, permeabilized cells, dead cells, and
noise at different pH values.
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Fig. 8 shows the proportions of dead, permeabilized and
intact cells in fresh sludge at different pH values. When the pH
value was 6.0, the living cells accounted for 34.92%, whereas the
proportions of dead and permeabilized cells were only 0.21%
and 1.21%, respectively. The proportion of intact cells gradually
declined with the pH values, whereas the proportion of dead
and permeabilized cells increased. When the pH value was 3.5,
the percentages of intact, permeabilized and dead cells were
0.37%, 3.03% and 19.39%, respectively. Moreover, the non-
cellular structure impurities and particles in the municipal
sludge were counted by FCM. Thus, the noise not only included
cell debris, but also other impurity particles.
4. Conclusions

In this study, a series of batch tests were conducted to evaluate
direct sludge disintegration using concentrated FNA. The cell
response of transmembrane ion ow rates toward low-
concentration FNA shock was surveyed using a SIET system.
The permeabilization and disruption of bacteria in sludge ocs
under a high concentration of FNA were analyzed by FCM. The
main conclusions can be summarized as follows:

(1) Sludge disintegration efficiency was superior when the
sludge was exposed to FNA for 10 h at 25 �C.When the dosage of
NaNO2 was 0.12 g g�1 TSS and the pH was 3.0 (FNA ¼
20.94 mg L�1), the TSS removal and COD dissolution efficien-
cies were prominent at 38% and 7%, respectively.

(2) In low FNA concentrations, some FNA-tolerable cells
increased the K+, Ca2+, and H+ effluxes and nally achieved ion
homeostasis. This phenomenon may cause the cells to main-
tain cytoactivity and integrity under low-concentration FNA
shock.

(3) In high FNA concentrations, the cells in the sludge ocs
are disrupted within 30 min when the FNA exceeds 8 mg L�1

(pH ¼ 4.0).
15904 | RSC Adv., 2018, 8, 15897–15905
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