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Abstract

With the rapid development of urbanization, the number of urban sewage treatment plants is increasing, wastewater treat-
ment volume is gradually becoming large, and correspondingly, the sludge production capacity has a rapid growth. As a new
method of sludge disposal, sludge carbonization is characterized by low energy consumption, simple products, and wide
resource utilization prospects, which is of great help to solve problems of current sludge disposal in China. The residual
sludge from sewage plant was used as raw material in this study in order to investigate the physical and chemical properties
of sludge charcoal after high temperature carbonization and explore the enhancement in the removal of pollutants including
COD,,, NH;-N, TN, and TP during sewage treatment with the used sludge charcoal. The results show that the optimal dosing
amount of sludge charcoal was 2 g.L.~! when it was added into SBR equipment at one time, while the optimal dosing amount
is 0.06 g.L~! when it was added into SBR equipment with each influent process. The enhanced removal effect of pollutants
in sewage treatment process mainly depended on the physical adsorption and intensified bio-degradation of sludge charcoal,
and activated sludge and sludge charcoal were synergistic in water treatment. The removal effect of pollutants is strengthened
in the physical adsorption—bio-degradation—sludge charcoal reproduction—re-adsorption system. These suggested that
sludge charcoal could be promising for the enhancement of pollutant removal in sewage through activated sludge process.

Keywords Sludge charcoal - Sludge carbonization - Sludge disposal - Sewage treatment - Waste reuse - Sludge utilization

Introduction

The process of urbanization in China has been accelerating
in recent years. To ensure the health of natural environ-
ment and people’s living environment, there was increasing
in the number of urban sewage treatment plants and the
amount of sewage treatment capacity (Y. Wang et al. 28).
The sludge production capacity showed a sharp growing
trend correspondingly. Municipal sludge carries pathogenic
microorganisms (J. Werther et al. 30), parasite eggs (A.
Figura et al. 6), refractory heavy metals, persistent organic
substances (P. Oleszczuk et al. 22), and other substances
that are subject to make pollution to water and the atmos-
phere, thus damaging ecological environment and human
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health. Municipal sludge also contains a wide variety of
heavy metals, mainly Cu, Pb, Zn, Ni, Cr, Hg, and Cd (T.
Chen et al. 3), which is characterized by easy migration,
easy enrichment, and high hazard (X. Wang et al. 26). These
substances may cause great harm to the ecological environ-
ment and human health if improperly disposed of. On the
other hand, sludge has potential utilization value, and it
contains considerable organic matter, nitrogen, phosphorus,
potassium, and various trace elements, and the feasibility
of energy and resource utilization exists (Y. Li et al. 16).
Therefore, appropriate treatment and disposal of sludge has
become an important research topic in recent years.
Traditional sludge disposal methods mainly include land-
fill, composting, incineration, and land use (R. Fu et al. 7).
These methods have gradually exposed different problems
in practical application. The sanitary condition of sludge
landfill is poor with big odor and lots of mosquitoes and
flies (Y. Zhu et al. 39), putting pressure on the environ-
ment. Meanwhile, sludge landfill covers a large area. The
site selection is difficult and the geographical location is
remote (S. P. McGrath et al. 21), which makes the sludge
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operation cost too high. Sludge composting method is char-
acterized by a large area, long processing time, and much
production of odor. Heavy metals in sludge will cause soil
pollution, hindering the realization of sludge harmlessness
(S. Wang et al. 27). Sludge incineration will produce toxic
gases such as NO,, SO,, HCI, and dioxins (H. Li et al. 17),
causing secondary pollution to the environment. Sludge
land use includes landscaping, soil improvement, and agri-
cultural utilization (J. Yu et al. 36), being characterized by
low energy consumption and operating cost, contributing to
investment saving. Sludge contains large amount of nitro-
gen, phosphorus, and many other trace elements that are
necessary to plants’ growth, so it has the possibility to be
used as grow fertilizer (D. Fytili et al. 8). But excessive
application of sludge will lead to heavy metal infiltration
of groundwater.

The basic principle of sludge carbonization is to pyroly-
sis organic matter in the sludge by heating up in anoxic or
anaerobic conditions to generate combustible volatile gas
composed mainly of hydrocarbons (S. Li et al. 18). The
energy released by the process of combustion is used to dry
the sludge (J. A. Conesa et al. 4), so that water in sludge is
released and the carbon content in excess sludge is retained
to the maximum extent. Sludge carbonization can convert
surplus sludge into valuable products and concentrate heavy
metals in it (Z. Jin et al. 12) and realize the heavy metal
immobilization of sludge. The weight and volume of sludge
can be reduced by sludge carbonization. The organic com-
ponents in the sludge are converted into usable energy, the
resource utilization value of its products are improved, and
the heat energy of sludge is recovered at the same time,
achieving the purpose of energy saving (W. A. N. Liguo
et al. 19). Compared with traditional sludge treatment meth-
ods, sludge carbonization effectively reduces the harm of
heavy metals, viruses, and bacteria. It has no secondary pol-
lution and is more energy saving, which can realize thor-
ough treatment of sludge, so that the investment cost will
be reduced, the product utilization value is higher, and the
product is more widely used (X. Yang et al. 35; D. Xiao et al.
33; L. Xiang et al. 32).

In order to make full use of carbonaceous organics and
recover the energy in the sludge, so as to realize resource
utilization of sludge, many scholars have conducted fur-
ther research on the sludge carbonization products in recent
years. Research showed that the product from high-temper-
ature carbonization of municipal sludge was characterized
by a large specific surface area, rich internal pore structure,
and strong adsorption capacity after activation and modi-
fication (J. M. Dias et al. 5), which could be used for the
removal of organics and heavy metals in wastewater and the
treatment of waste gas. In addition, sludge charcoal could
also be used to improve the effect of activated sludge pro-
cess in wastewater treatment. He et al. (11) comprehensively
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analyzed the adsorption effect of sludge-activated carbon
on pollutants in wastewater and found that sludge-activated
carbon prepared via chemical activation had strong metal
ion adsorption capacity. It had broad prospects as dye adsor-
bent since its adsorption capacity of dye was higher than
that of commercial activated carbon. Its surface chemical
properties could improve the adsorption capacity of phenol
and phenolic compounds and other pollutants such as COD,
chroma and phosphate. Zhang et al. (38) comprehensively
introduced recent research status of preparation methods
of sludge-based activated carbon: (1) sludge-activated car-
bon had a significant effect on metal ion adsorption; (2) the
sludge-activated carbon was feasible to adsorb dyes; (3)
in recent years, the treatment of wastewater that adsorbed
antibiotics and phenols with sludge-activated carbon has
attracted much attention. Racek et al. (24) reviewed the
derived biochar from sludge pyrolysis. Unlike activated
carbon, the production of sludge-derived biochar did not
require high temperature and additional activation process,
so the production cost was low, and it had abundant raw
materials, making it a potential low-cost new adsorbent.
Gopinath et al. (10) reviewed effects of sludge-derived bio-
char on pollutant removal through adsorption and catalysis.
In summary, sludge carbonization products had a certain
adsorption capacity for pollutants in sewage, so it was fea-
sible to add sludge charcoal to the activated sludge process
of sewage treatment to improve the removal effect of pollut-
ants. In this paper, the strengthening effect of sludge char-
coal on activated sludge process in sewage treatment was
explored through experiments. The experiment was divided
into two stages. In the first stage, the sludge charcoal was
added into the activated sludge SBR reactor in a certain pro-
portion at one time, that is, excessive sludge charcoal was
added only in the initial stage of the entire experimental
cycle. Then, detect changes in the removal rates of COD_,,
NH;-N, TN, and TP in the effluent. In the second stage, the
sludge charcoal was added into the activated sludge SBR
reactor in a certain proportion respectively, that is, a certain
amount of sludge charcoal was added in each influent stage
of the entire experimental cycle. Then, detect changes in the
removal rates of COD,_,, NH;-N, TN, and TP in the effluent
and analyze the causing factors.

Materials and methods
Characteristics of sludge charcoal

The used sludge charcoal in this research was prepared refer-
ring to the methodology in the literature “From pollutant to
solution of wastewater pollution: Synthesis of activated car-
bon from textile sludge for dye adsorption”: sludge samples
were first dried in an oven at 105 °C for 24 h to a constant
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Fig. 1 Scanning electron micro-
scope (SEM) images of sludge
charcoal
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Table 1 Specific surface area

7o of Sample BET specific Micropore adsorption ~ Micropore Average adsorp-
and pore size o sludg.e charcoal surface area (m?.  surface area (m”. g_l) volume (cm®. tion pore size
powder and commercially -1 -1

. . g g) (nm)
available activated carbon

Sludge charcoal 214 77 0.20 3.70

Coal activated carbon 858 409 0.22 2.30

Wood activated carbon 1315 582 0.30 4.60

weight and then carbonized in a furnace with nitrogen flow
at a heating rate of 5 °C.min~"! to 650 °C. After holding for
30 min, the product was rinsed with 10 wt% solution of
HCl to eliminate excess dehydrating agents and soluble ash,
then rinsed the carbonization with distilled water and dried
in an oven at 80 “C for 24 h to obtain sludge charcoal (S.
Wong et al. 31). Scanning electron microscope was used to
observe the surface characteristics of sludge charcoal pow-
der samples. SEM images (Fig. 1) present its rough surface
and abundant internal pore structure, indicating that it had
the potential to absorb organic pollutants in wastewater. The
specific surface area and porosity of sludge charcoal powder
sample were detected. The measurement results are shown
in Table 1.

The physical and chemical properties of sludge charcoal
were slightly inferior to commercially available activated
carbon, but sludge charcoal could solve the disposal prob-
lem of residual sludge to a certain extent and could realize
the reuse of sludge waste. Therefore, sludge charcoal has
high research value. The internal pore of sludge charcoal
was mainly mesopore, with an average adsorption pore size
of 3.7 nm, equaling to the size of the highly carcinogenic
gas dioxins (B. Krizanec et al. 14), thus possessing a high
adsorption removal rate of it.

Sludge charcoal was mainly composed of C, H, O, N,
and S elements, respectively, accounting for 29%, 1.97%,
8.45%, 1.12%, and 0.24%, resulting from determination,
which was closely related to the functional groups on the
sludge charcoal.

The analysis of metal elements in sludge charcoal powder
is shown in Table 2. It can be seen that the content of Al, Ca,

Table 2 Metal elements in sludge charcoal powder

Metal element Content (mg.g™") Metal element Content
(mg.g™")

Al 66.95 Si 1.05

Ca 43.27 Na 0.86

Fe 27.43 Cu 0.77

K 6.41 Mn 0.36

Mg 3.13 Zn 0.22

and Fe elements were much higher than that of other metal
elements. The reason may be that Fe(OH); and AI(OH),
colloid formed by hydrolysis of aluminum salt and iron salt
added in sewage could enlarge sludge floc, thus promoting
its settlement (C. S. Lee et al. 15), and at the same time
adsorb impurities in water to achieve the effect of water puri-
fication, so that the generated sludge contained rich Al and
Fe elements.

Fourier infrared spectrometer was used to determine the
functional groups contained in sludge charcoal. The meas-
urement range was 500—4000 cm~!. Multiple absorption
peaks can be seen in the FTIR spectrum (Fig. 2).

Among them, the absorption peak between 3650 and
3200 cm™~! belonged to the stretching vibration of hydro-
gen—oxygen bonds in hydroxyl groups (-OH); the absorp-
tion peak between 2935 and 2915 cm™' belonged to the
anti-symmetric stretching vibration in methylenes (-CH,-);
the absorption peak at 1650 cm™! belonged to the stretch-
ing vibration of carbonyl groups (-C =0); the absorption
peak at 1541 cm™! belonged to the stretching vibration of
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Fig. 2 Fourier infrared spectroscopy (FTIR) analysis results

carbon—carbon double bonds in benzene ring; the absorp-
tion peak at 1404.70 cm™! belonged to the anti-symmetric
stretching vibration in methyl groups (-CHs); the absorption
peak at 1061.04 cm™' belonged to the Si—O-Si stretching
vibration in quartz. The absorption peaks had larger ampli-
tudes at 3378.45 cm™', 1650 cm™', and 1061.04 cm™, indi-
cating that there were more hydroxyl, carbonyl, and Si—O-Si
functional groups on the surface of sludge charcoal (A.-L.
Ren et al. 25; W. Zhang et al. 37; R. E. N. Ailing et al. 1).

Experiment preparation and methods

In the experiment, a simulated SBR reactor was used as the
activated sludge reaction system, with a total of 5 systems.
Operation parameters of each reactor were controlled under
same conditions. The operation cycle T of each reactor was
8 h. Treatment processes included water intake, aeration,
precipitation, and drainage.

The sludge charcoal powder and water were put into a
branched conical flask, then pressurize and vacuum the coni-
cal flask from the branch pipe for 2-3 min. Residual gas
in the internal pores of charcoal was replaced into liquid
through vacuum treatment, which could improve the con-
tact efficiency between the surface of charcoal and liquid,
thus enhancing the adsorption capacity of sludge charcoal
material in the liquid phase. Then, the sludge charcoal liquid
was obtained.

The initial MLVSS/MLSS of the experimental activated
sludge was 0.55. The experimental water was prepared artifi-
cially. Glucose, ammonium chloride, and potassium dihydro-
gen phosphate were used as carbon, nitrogen, and phosphorus
sources. At the same time, trace element nutrient solution was
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prepared to meet the needs of microbial growth. The experi-
mental activated sludge was put into a 100-L organic glass
container and diluted with water for 24 h. Then, domestic sew-
age was prepared according to the ratio of C:N:P=100:5:1,
and an appropriate amount of nutrient solution was added for
domestication and culture of activated sludge. After running
1 week continuously, the activated sludge changed from light
black to yellow brown. Its MLVSS/MLSS increased from 0.55
to 0.69, and it could be used for experiment when free bacteria
and bell worms could be found in microscopic examination.

The research was divided into two stages, considered as two
different adding methods that sludge charcoal was added into
activated sludge SBR test equipment (1) at one time; (2) with
each influent process, and they had different adding ratios of
sludge carbonization liquid. In the first method, sludge char-
coal was added at the ratio of 0.5 g.L_l, 1 g.L_l, 2 g.L_l, and
3 g.L'1 at one time, and in the second method, sludge char-
coal was added at the ratio of 0 g.L‘l, 0.02 g.L‘l, 0.04 g.L‘l,
0.06 g.L7!, and 0.08 g.L.~! with each influent process.

Put activated sludge into the SBR reactor, and add the car-
bonization in different proportions as control experiment. Each
stage ran for 20 days. Considering the addition of sludge char-
coal decreases as the water comes out in the second method
and affects the experiment, the experiment was designed as an
independent experiment which means the SBR reactors were
disposable after each cycle of the treatment process. And in the
next cycle, original volume of sludge charcoal liquid would be
added along with new volume of sludge charcoal liquid into
new SBR reactors to realize the layering effect of sludge char-
coal in relatively ideally situation. The simulated SBR reactors
were laboratory size. Then, detect the concentration of pollut-
ants in the influent and effluent and analyze the removal effect
of pollutants by comparing each experiment group. The SBR
reactor adopted instantaneous water intake. The running time
of stirring, aeration, and sedimentation was respectively 2 h,
5 h, and 1 h. Then, it used instantaneous drainage afterwards.

Analysis methods

By comparing the change of pollutant index concentration
in and out of the water of each SBR reactor, the enhance-
ment effect of different adding methods and adding ratios of
sludge charcoal liquid on biological treatment of activated
sludge was analyzed. The pollutant index involved and its
determination method are shown in Table 3.

Results
Results in the first stage

The sludge charcoal liquid was added to the SBR reactor
at the ratioof 0 g.L.71,0.5g. L™, 1 gL}, 2¢g L7} and 3 g.
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Table 3 Pollutant indicators and their determination methods

Analysis item Analysis method

COD Potassium dichromate method

NH;-N Nessler’s reagent spectrophotometry

TN Alkaline potassium persulfate digestion
UV spectrophotometry

TP Ammonium aluminate spectrophotometry

Table 4 Composition and concentration of simulated domestic waste-
water

Indicator COD_/ NH;-N/ TN/(mg. TP/(mg. pH
(mgL™") (mgL™ L7 LY
Concen-  413.9- 242-41.2 29.8-514 1.8-54 6.3-7.5
tration 506.2

L~! according to the treated water volume for continu-
ous cycle of intermittent cultivation. The aeration volume
of the reactor was controlled by gas flowmeter, and the
duration of cultivation and monitoring cycle was 20 days.
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The composition and concentration of simulated domestic
wastewater are shown in Table 4.

Analysis on the promotion of removal effect of COD_,

Changes of the COD_, concentration in influent and effluent
from the SBR reactor and the COD_, removal efficiency are
shown in Fig. 3.

During the experiment, the influent COD_, concentra-
tion in the reactor was between 413.90 and 506.27 mg.
L~'. The effluent COD,, concentration of each experi-
mental device was 15.70-34.33 mg.L~!, 10.81-25.90 mg.
L~!, 11.84-28.09 mg.L™!, 12.15-24.72 mg.L~!, and
12.10-31.79 mg.L~!. The average COD,, removal rate was
respectively 94.75%, 95.98%, 96.00%, 95.83%, and 95.37%.
Compared with the control group, the removal efficiency of
COD,, was increased by 1.23%, 1.25%, 1.08%, and 0.62%
respectively when the amount of sludge charcoal powder
added in the reactor was separately 0.5 g.L~!, 1 g L™}, 2 g.
L' and 3 g.L_l.

In general, the activated sludge system after adding
sludge charcoal had no obvious improvement on the removal
of COD,, in effluent. The reason may be that the carbon

600 100
$22222080000%0 000000000 2022222000 N
-1 90
500  _mm "
= " .....-- ] -.Il. - . .. \ ] 80
= LI | u )
g’ .'. " W "0 8
= 100 - =
Q o O
8 # Influent COD concentration 160 ©
s @ Effluent COD concentration of control group ‘s
< 300 A Effluent COD concentration of 1 g/L charcoal addition ratio 150 £
L - Removal rate of COD of control group g
£ ® Removal rate of COD of 1 g/L charcoal addition ratio 440 €
c =}
8 200 £
Qo - Q
S 30 &
[&]
120
100 |
110
[ nn*“,q.l::’nn”noe.n.nnnppm "
)
0 5 10 15 20 25 30 35 10
B: Period(T)
600 100
.Q;Q.Q.!"*.,..QQQQQQ.,S!',‘QQO..!Q’Q.'
-1 90
500  _mm "
= = Il...-- n -l..- o . - \ w] 80
= LI . u =
g’ " "s A o " R
5 100 =
o = Influent COD concentration 460 8
8 @ Effluent COD concentration of control group s
O a00 F A Effluent COD concentration of 3 g/L charcoal addition ratio 45 @
_5 #*- Removal rate of COD of control group o
§ ® Removal rate of COD of 3 g/L charcoal addition ratio 440 =
g 200 é
G 200 P
S - 30 &’
[&]
20
100 |
10
agh L TYYYY a 1
. a22202%s40y0 " 200000000g0,4,00000000000

0 5 10 15 20 25 30 35 10
D: Period(T)

Fig.3 The influent and effluent COD_, concentration and removal efficiency at different sludge charcoal addition ratios
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source used in domestic sewage was glucose, which was
easy to be rapidly degraded by microorganisms in activated
sludge. As a result, the original removal rate of COD_, was
high, and the promotion of removing COD_, via activated
sludge method was inconspicuous. In addition, with the
increasing amount of charcoal material added, the removal
rate of COD_, decreased on the contrary, since the addition
amount of charcoal powder led to high sludge concentration,
in which the sludge was easy to settle, and the aeration effect
was not good. And when the amount of sludge charcoal
exceeded, there would be interaction between the charcoal,
leading to desorption phenomenon (F. A. N. Xiaodan et al.
34). Consequently, the activity of activated sludge became
lower, and the removal rate of COD_, was reduced.

Analysis on the promotion of removal effect of NH;-N

Changes of the NH;-N concentration in influent and effluent
from the SBR reactor and the NH;-N removal efficiency are
shown in Fig. 4.

During the experiment, the influent NH;-N concentration
in the reactor was between 24.25 and 41.25 mg.L™!. The
effluent NH;-N concentration of each experimental device
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was 5.60-13.60 mg.L~!, 2.90-10.70 mg.L~!, 2.79-11.00 mg.
L', 3.50-10.80 mg.L~!, and 2.70-11.30 mg.L~". The aver-
age NH;-N removal rate was respectively 68.92%, 76.67%,
77.11%, 76.97%, and 77.50%.

By comparing the removal effects of NH;-N with differ-
ent amount of sludge charcoal powder, it can be seen that
compared with the operating device without adding char-
coal powder, those adding charcoal had different degrees of
improvement effect on the reduction of NH;-N concentra-
tion in effluent. When the amount of sludge charcoal was
respectively 0.5 g.L.7!, 1 g L7}, 2 g L7!, and 3 g.L7!, the
NH;-N removal efficiency increased separately at the rate
of 7.75%, 8.19%, 8.05%, and 8.58%. With the increase of
sludge charcoal dosage, the enhancement of removal effect
of NH;-N showed a trend of rising and then flattening. In
addition, it can also be seen from the figure that in the early
stage of the reaction, the addition of charcoal had a rela-
tively obvious improvement effect on the removal of NH;-N
in sewage, but when the reaction continued to proceed, the
magnitude of the enhancement gradually decreased. It may
be presumed that sludge charcoal had certain adsorption
effect, so the removal of NH;-N in the early stage of the
reaction mainly depended on the adsorption effect of sludge
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Fig.4 The influent and effluent NH;-N concentration and removal efficiency at different sludge charcoal addition ratios
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charcoal. As the reaction proceeded, sludge charcoal gradu-
ally presented adsorption saturation; thus, the removal of
pollutants decreased correspondingly.

Analysis on the promotion of removal effect of TN

Changes of the TN concentration in influent and effluent
from the SBR reactor and the TN removal efficiency are
shown in Fig. 5.

During the experiment, the influent TN concentration
in the reactor was between 29.85 and 51.40 mg.L~!. The
effluent TN concentration of each experimental device was
10.07-23.26 mg.L~!, 6.74-20.34 mg.L~!, 7.46-21.29 mg.
L', 6.74-20.80 mg.L™!, and 6.13-19.57 mg.L~". The aver-
age TN removal rate was respectively 59.02%, 66.90%,
68.13%, 68.85%, and 67.33%.

It can be seen that compared with the operating device
without adding charcoal powder, those adding charcoal pow-
der had a great improvement effect on the reduction of TN
concentration in effluent. When the amount of charcoal was
respectively 0.5 g7, 1 g L™, 2 ¢ L™!, and 3 g L7, the TN
removal efficiency increased separately at the rate of 7.88%,
9.11%, 9.83%, and 8.31%. With the increase of the adding
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proportion of charcoal, the removal effect of TN showed a
trend of first increasing and then decreasing. In terms of the
removal effect of TN, the optimal dosing amount of charcoal
was 2 g.L7!.

The overall removal rate of TN was lower than that of
NH;-N, since NH;-N was included in TN which also con-
tains organic nitrogen, nitrite, and nitrate nitrogen. But
the increase of removal rate of TN was higher than that
of NH;-N in general. It may be influenced by the original
removal rate. Given that the original removal rate of NH;-N
was higher, it had less upside and would quickly reach the
adsorption saturation. As a result, the increase of removal
rate of TN showed a larger number.

Analysis on the promotion of removal effect of TP

Changes of the TP concentration in influent and effluent
from the SBR reactor and the TP removal efficiency are
shown in Fig. 6.

During the experiment, the influent TP concentration in
the reactor was between 1.80 and 5.40 mg.L™". The efflu-
ent TP concentration of each experimental device was
0.80-3.20 mg.L~!, 0.45-2.85 mg.L ™!, 0.55-2.70 mg.L~!,
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Fig.5 The influent and effluent TN concentration and removal efficiency at different sludge charcoal addition ratios
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0.50-2.68 mg.L~!, and 0.60-2.75 mg.L~'. The average TP
removal rate was respectively 55.01%, 64.52%, 65.74%,
66.00%, and 62.63%.

The results show that compared with the operating device
without adding charcoal powder, those adding charcoal pow-
der had a great improvement effect on the reduction of TP
concentration in effluent. When the amount of charcoal was
respectively 0.5 g L7, 1 gL', 2 g L™} and 3 g. L7, the TP
removal efficiency increased separately at the rate of 9.51%,
10.73%, 10.99%, and 7.62%. With the increase of the adding
proportion of charcoal, the removal effect of TP showed a
trend of first increasing and then decreasing. When the dos-
ing amount was 2 gL ™!, it had the highest improvement of
removal effect.

Results in the second stage

The sludge charcoal liquid was added to the SBR reactor
at the ratio of 0 g.L™!, 0.02 g¢.L™!, 0.04 g.L7!, 0.06 g.L7},
and 0.08 g.L™! according to the treated water volume with
each influent process. The units operated continuously for
20 days, and the domestic wastewater treatment period was

15 ® Influent TP concentration 100
14 F @ Effluent TP concentration of control group
A Effluent TP concentration of 0.5 g/L charcoalq
13 F ° addtion ratio
ok ® e e "o % Removal rate of TP of control group py
= o o0 ® ® Removal rate of TP of 0.5 g/L charcoal 0
g 11 F *: . *t....addnonraho _
=] S
El0f R\ % f =
a o o e E
=9re A, [ N/ANERN o]60 T
2 B F W " I'* *:.:o e ..**1 2
B N * * .‘t:* e
® ]
n L]
= 6f * % 140 3
8 5 "% 5
o o)
s wuy l"l. o
O I m mg® u n - o )
| gl gEE
3 _.. " L L} L] [} | | -:. 20
9 i - als o nf 222a4 N
evetee, o o 28
1 MRe%4,4,4a4, 200222
0 1 1 1 1 1 1 1 0
0 5 10 15 20 25 30 35 10
A: Period(T)
15 ® - Influent TP concentration 100
14 @ Effluent TP concentration of control group
A Effluent TP concentration of 2 g/l charcoalq
3Fre_ oo 0a’® addtion ratio
10k e o @ * Removal rate of TP of control group 480
B ™ ® ¢ ® Removal rate of TP of 2 g/L charcoal
R N L *, addtion ratio
= ) S
€10 | * *_ o *c . ;\‘_’
& 9} * o g F
F 9 ° 60 O
5 ¥\ x * * o *:0 *Re © . N 15}
c 8r W K * k0% % ] 2
©
% = * ¥ R * xR =
(]
£ 6 * [] 410 3
85t a1 5
- s " &
3 Sy " L]
o 4 n Ry m n - . w
3 _-- | o WaE gEag® oy . " .:’ ” 90
5 |1 240,, of ifge
® o0 A®®
‘002"A'o “.OX o Aad%x 2¢]
L gl i u*a 22000847 24
1 1 1 1 1 1 1
0 0
0 5 10 15 20 25 30 35 10
C: Period(T)

8 h. The composition and concentration of simulated domes-

tic wastewater are shown in Table 5.

Analysis on the promotion of removal effect of COD_,

Changes of the COD_, concentration in influent and effluent
from the SBR reactor and the COD_, removal efficiency are

shown in Fig. 7.

Table 5 Composition and concentration of simulated domestic waste-

During the experiment, the influent COD,, concentration
in the reactor was between 342.72 and 478.94 mg.L™!, aver-
aging at 398.88 mg.L~". The average effluent COD,, con-
centration of each experimental device was 13.98 mg.L™!,
11.80 mg.L7!, 11.19 mg.L™!, 10.65 mg.L™!, and 11.23 mg.
L~!. The average COD,, removal rate was respectively
96.48%, 97.02%, 97.17%, 97.30%, and 97.17%. Compared
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Fig.6 The influent and effluent TP concentration and removal efficiency at different sludge charcoal addition ratios
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Fig.7 The influent and effluent COD_, concentration and removal efficiency at different sludge charcoal addition ratios

with the control group that had no charcoal powder in it, the
removal efficiency of COD,, increased by 0.54%, 0.69%,
0.82%, and 0.69% respectively when the amount of sludge
charcoal powder added in the reactor was separately 0.02 g.
L7!,0.04 g L%, 0.06 g.L7!, and 0.08 g.L7".

With the increasing amount of charcoal powder added
in, the removal rate of COD_, showed a trend of first ris-
ing and then falling. It could be analyzed that the result in
the second stage of the experiment was almost same as that
in the first stage, that is, the activated sludge system after
adding sludge charcoal had no obvious improvement on the
removal of COD_, in effluent. It came to the inference that
the carbon source used in domestic sewage was glucose,
which was easy to be rapidly degraded by microorganisms in
activated sludge, so the original removal rate of COD,, was
high and the increase of treating COD,, through activated
sludge method was unobvious.

Analysis on the promotion of removal effect of NH;-N
Changes of the NH;-N concentration in influent and effluent

from the SBR reactor and the NH;-N removal efficiency are
shown in Fig. 8.

During the experiment, the influent NH;-N concentra-
tion in the reactor was between 28.95 and 39.97 mg.L ™!,
averaging at 33.01 mg.L™!. The average effluent NH,-N con-
centration of each experimental device was 8.39 mg.L~!,
7.31 mg.L7!, 6.79 mg.L~!, 6.56 mg.L~!, and 6.68 mg.L~".
The average NH;-N removal rate was respectively 74.71%,
78.02%, 79.65%, 80.30%, and 79.96%. Compared with the
control group that had no sludge charcoal powder in it, the
removal efficiency of NH;-N increased by 3.31%, 4.95%,
5.59%, and 5.25% respectively when the amount of sludge
charcoal powder added in the reactor was separately 0.02 g.
L', 0.04 g.L_l, 0.06 g.L_l, and 0.08 g.L_l. As can be seen,
the removal rate of NH;-N raised up at first and then went
down with growing amount of sludge charcoal added to the
wastewater, and the optimal dosing amount was 0.06 g.L 1.

Analysis on the promotion of removal effect of TN
Changes of the TN concentration in influent and effluent

from the SBR reactor and the TN removal efficiency are
shown in Fig. 9.

@ Springer



5298

Environmental Science and Pollution Research (2024) 31:5289-5303

100
+* Removal rate of NH3-N of control group

80 F
0 ® Removal rate of NH3-N of 0.02 g/L cgarcoal addtion ratio

* ® ]

70F ) . fe 0%® o Y
- o % a2 o2% 480
3 ¥ ay * * o *
> | /' A I Sl L G/t T z
£ 60 2 *x 3
= * nef zZ
z % o
]t:'z 50 u- Influent NH3-N concentration <460

Bl
z ®- Effluent NH3-N concentration of control group ..z_
s A Efﬂu.ent NH3-N concentration of 0.02 g/L charcoal addtion ratio 8
5 10 . e m . s
® Lt - an gy " e gug®y 440
€ 30F i o i | - 3
g £
2 ©
Swr =

420

of A 26" %ae o =
o | ‘n‘,.:n.x‘.:h..hghlxxl a2
0 1 1 1 1 1 1 1 0
0 5 10 15 20 25 30 35 10
A: Period(T)
80 100

#* Removal rate of NH3-N of control group
@ Removal rate of NH3-N of 0.06 g/L c.harooal addtion ratio 490
70 & )

° e o
\ 'Y o . e e

L R LT Pl SR I e I

= 60 F [ ] * * * )
g, b **‘...* *  w ** -, *t**_ 76 =
5 ¢ *_ * Mz
%50k X £
g’ 160 =
= . O
S 0r ™ . 450 2
o L L " = = = =
S 30 - . .--l.l-l.... mey wt T "ai 10 s
§ u- Influent NH3-N concentration 430 g
§ 20 F # Effluent NH3-N concentration of control group &

A Effluent NH3-N c

L
x"‘xlo o
L ]
4 22 Ag;l,,:x.xl.:‘:n::x:“xzzﬂr 10
0 1 1 1 1 1 1 1 0
0 5 10 15 20 25 30 35 10

C: Period(T)

1 of 0.06 g/L ch: | addtion ratio <420

ok *

80 100
- Removal rate of NH3-N of control group
¥ @ Removal rate of NH3-N of 0.04 g/L charcoal addtion ratio B
70 2 = a o .
oo oo'.*..g o®e o %% J s
- 2 % *KK O i °
Tl | Mg awae X S ek geel ™
£ s0,° *x *l0
= g %%y n 2
%50l X o
o< - 6 H
I 60
s s
S0 aa™a B 450 o
] L L " am "u | L e
® L] - L) L - =
g 30 F ™S " .y L wy 40 g
3 =- Influent NH3-N concentration 430 E
S 20}k o Effluent NH3-N concentration of control group g
o A Effluent NH3-N cor of 0.04 g/L ch: I addtion ratio <20
s 4,22
10 P  § 9 a o 0° o
. ° . 2
s . xx!n‘:,xh‘ l’gXA:ZAx‘:A 2710
0 1 1 1 L 1 1 1 0
0 5 10 15 20 25 30 35 10
B: Period(T)
80 100

% Removal rate of NH3-N of control group

@ Removal rate of NH3-N of 0.08 g/L charcoal addtion ratio 490
L] L -

70 fa o e ®
® g oo e 0,00 °

- 7 0%, ook Xlep iwx®C00 " e | {50

= 60k L] e W, W H xR K*K Ox* 9le =
g fece® *x *1a
Z [§ X i
T 50 | leo £
% 6 z
5 -~ ©
2 10 e W 150 o
i<} n® " n = [
= L " an an - - g s om ] —
'g dln " . .'.lll = w - = g
8 u- Influent NH3-N concentration d430 E
é 20 F o Effluent NH3-N concentration of control group &

A Effluent NH3-N concentration of 0.08 g/L charcoal addtion ratic o 20
A n.‘.:ﬂ 0 ,0%20002
a . 0e®
Pl x::’n:hlh: 2922822, 22028227 10
0 1 1 1 L 1 1 1 0
0 5 10 15 20 25 30 35 10
D: Period(T)

10

Fig.8 The influent and effluent NH;-N concentration and removal efficiency at different sludge charcoal addition ratios

The influent TN concentration in the whole reaction was
between 34.34 and 42.9 mg.L~!, averaging at 38.59 mg.
L~!. The average effluent TN concentration of each experi-
mental device was 13.94 mg.L™!, 12.00 mg.L~!, 11.13 mg.
L', 10.53 mg.L™!, and 10.89 mg.L~!. The average TN
removal rate was respectively 63.92%, 67.00%, 71.25%,
72.80%, and 71.90%. It can be seen that compared with the
operating device without adding charcoal powder, those
adding charcoal powder had a great improvement effect on
the reduction of TN concentration in effluent. The removal
efficiency increased by 3.08%, 7.33%, 8.88%, and 7.98%
respectively when the amount of sludge charcoal powder
added in the reactor was separately 0.02 g.L=!, 0.04 g.
L', 0.06 g.L_l, and 0.08 g.L_l. The removal rate of TN
showed a trend of first rising and then decreasing with
growing amount of sludge charcoal added to the wastewa-
ter, and the optimal dosing amount was 0.06 g.L~'. And
it can be seen in the figure that, at first, the addition of
charcoal showed unobvious improvement in removing TN.
As the reaction proceeded, the removal efficiency raised up
and maintained at a steady state. The data above showed
the similar trend as those in the first stage, that is, the
overall removal rate of TN was lower than that of NH;-N,

@ Springer

and the increase of removal rate of TN was higher than
that of NH;-N in general.

Analysis on the promotion of removal effect of TP

Changes of the TP concentration in influent and effluent
from the SBR reactor and the TP removal efficiency are
shown in Fig. 10.

The influent TP concentration in the whole reaction was
between 3.11 and 4.2 mg.L™!, averaging at 3.58 mg.L~".
The average effluent TP concentration of each experimen-
tal device was 1.27 mg.L™!, 1.16 mg.L™!, 1.12 mg.L~},
1.11 mg.L7!, and 1.13 mg.L~!. The average TP removal
rate was respectively 64.70%, 67.43%, 68.80%, 69.09%, and
68.37%. It can be seen that compared with the operating
device without adding charcoal powder, those adding char-
coal powder had a great enhancement effect on the reduc-
tion of TP concentration in effluent. The removal efficiency
increased by 2.73%, 4.1%, 4.39%, and 3.67% respectively
when the amount of sludge charcoal powder added in the
reactor was separately 0.02 g.L7!, 0.04 g.L.!, 0.06 g.L 7!,
and 0.08 g.L~!. The removal rate of TP showed a trend of
first rising and then decreasing with growing amount of
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Fig.9 The influent and effluent TN concentration and removal efficiency at different sludge charcoal addition ratios

sludge charcoal added to the wastewater, and the optimal
dosing amount was 0.06 g.L ..

The general increase of removal rate of TP was lower than
that of NH,;-N and TN. The reason may be that the carbon
source used in domestic sewage was glucose. Kargi et al.
(13) found that when glucose was used alone as the carbon
source, phosphorus release and uptake rates were the low-
est. Pijuan et al. (23) found that under anaerobic conditions,
when acetic acid, propionic acid, butyric acid, and glucose
were used as carbon sources, PHA was synthesized with the
lowest efficiency using glucose as carbon source. And dif-
ferent from the first stage, the initial amount of sludge char-
coal added to the sewage was smaller. As a result, the final
increase removal rate of TP was lower than that of NH;-N
and TN.

Comparison of the treatment effect
between the two adding forms

By comparing the promotion effect of removing pollutants
in activated sludge method between the two adding forms,
it can be seen that when sludge charcoal was added into
SBR reactors at certain ratio at one time, the enhancement

in treatment effect of COD_, NH;-N, TN, and TP was
superior to that when charcoal powder was added into
reactors with each influent process. The experiment
showed that when sludge charcoal was added through
the first method, the effluent water quality improved in
the preceding period, and in the later period, the pro-
motion effect of removing pollutants decreased. When
sludge charcoal was added through the second method,
the enhancement of treatment effect was unobvious, but
with the extension of the reaction period, it rose and then
maintained at a steady state. The difference may be attrib-
uted to the physical adsorption of pollutants by charcoal
compounds. When adopting the first adding form, sludge
charcoal had large initial amount, intensifying its adsorp-
tion capacity of pollutants in sewage, so the effluent had
good water quality in the preceding period. With the
reaction proceeding, sludge charcoal gradually achieved
saturation, which slowed down the removal efficiency of
pollutants. Compared with the initial stage, the enhance-
ment effect in removing the pollutants decreased. When
adopting the second adding form, sludge charcoal had lit-
tle initial amount, and the adsorption effect was not obvi-
ous. With the reaction period extending, the accumulated
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Fig. 10 The influent and effluent TP concentration and removal efficiency at different sludge charcoal addition ratios

amount of charcoal addition grew, the adsorption capacity
rose, and with certain ratio of charcoal added into each
influent process, the improvement effect in removing pol-
lutants could maintain at a steady state. Meanwhile, the
promotion of removing rate was inconspicuous in the first
adding method when the amount of charcoal increased
could be attributed to that the adding amount exceeded
the optimal adding amount. On the other hand, the large
adding amount in initial period would lead to high con-
centration of activated sludge, making it easy to settle
and produce dead space during the aeration, thus reduc-
ing oxygen transmission efficiency. Comprehensively
consider with data, the optimal dosing amount was 2 g.
L~!. When adopting the second adding form, the experi-
ment showed that the promotion of removing rate had a
trend of first rising and then declining with the increase
of charcoal dosing amount, indicating the existence of
optimal amount. Since the adding volume was small, the
sludge sedimentation phenomenon caused by the increas-
ing concentration of activated sludge would not exist. The
experiment data showed that its optimal dosing amount
was 0.06 g.L7".

@ Springer

Discussion

It can be seen from the experimental results that the addi-
tion of sludge charcoal could enhance the removal effect
of pollutants from sewage in activated sludge process. It
can be analyzed that, firstly, the sludge charcoal had a
large specific surface area and porous structure. The sludge
charcoal powder and liquid were mixed the vacuum lique-
faction equipment, in which the contact efficiency between
the surface of charcoal and liquid in internal pores was
raised up, thus improving the adsorption capacity of sludge
charcoal. By analyzing samples in the second method that
sludge charcoal was added at the ratio of 0 g.L.™!, 0.02 g.
L7, 0.04 g L%, 0.06 g.L7!, and 0.08 g.L~! with each influ-
ent process, the activated sludge concentration MLSS and
SV;, were measured every 3 days during the experiment
period, and the sludge volume index SVI=SV;,/MLSS
was obtained, which could reflect the sludge settling prop-
erty. It was found that after a period of time, the control
group began to show an increasing trend of SVI, while
the SVI of the experimental group remained stable. It was
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observed that the microstructure of activated sludge floc
after adding different proportions of charcoal, indicating
that adding sludge carbonization to activated sludge could
help form a compact floc structure with sludge charcoal
powder as the core, so that the sludge volume got larger
and the structure became compact, which could achieve
stability rapidly, so as to improve the settlement perfor-
mance of activated sludge. Therefore, the enhancement of
the removal effect of pollutants in activated sludge process
is partly due to the enhanced physical adsorption of sludge
charcoal.

In addition, the Fourier infrared spectroscopy (FTIR)
analysis results showed the increase of hydroxyl groups
along with other functional groups that promoted the for-
mation of ionic bonds with polar organic substances and
enhanced the adsorption capacity (Lixiaona et al. 20). The
oxygen-containing functional groups in sludge charcoal
increased the overall hydrophilicity of the activated sludge,
along with the surface polarity, resulting in the increase of
affinity for organic substances, so as to improve the removal
effect of organic pollutants through activated sludge process
in sewage.

Moreover, sludge charcoal was easy to be attached by
microorganisms. Considering the activated sludge concen-
tration as the indicator to represent the biomass in each reac-
tor, in order to avoid the impact of the quality of sludge char-
coal on the sludge concentration, the corresponding quality
of added charcoal should be subtracted when determining
the sludge concentration in the experimental group. We cal-
culated the biomass of the reactor via this method, and found
that the biomass in the reactor after adding sludge charcoal
was higher than that in the control group, indicating that it
was easy to be attached by microorganisms. Their growth
on its surface could increase the density of Zoogloea. There-
fore, at the initial stage of influent, it could absorb some
of pollutants and reduce the impact of high concentration
of pollutants in influent on microbial system in activated
sludge system, thus improving the adaptability of activated
sludge system to adverse environment. In the later stage
of the reaction, the adsorbed organic matter could provide
nutrients for the growth of microorganisms, so that the acti-
vated sludge system could maintain a high biomass. In other
words, the addition of sludge charcoal powder would affect
the abundance ratio of activated sludge microbial colonies to
a certain extent, promote the removal and degradation ability
of activated sludge to macromolecular organic matter and
toxic substances, and effectively prevent sludge swelling.
Therefore, the enhancement of the removal effect of pollut-
ants in activated sludge process is also partly attributed to
the enhanced biochemical reactions of microorganisms in
activated sludge species.

It can be concluded from the above that the enhance-
ment of the removal effect of pollutants in activated sludge

process by adding sludge charcoal mainly came from
physical adsorption and enhanced bio-degradation. At the
same time, the microorganisms had a biological regenera-
tion effect on sludge charcoal, so that adsorption sites in
the charcoal could be partially reserved, and new pollut-
ants could be adsorbed. In the physical adsorption—bio-
degradation—sludge charcoal reproduction—re-adsorption
system, the removal effect of pollutants was strengthened,
so activated sludge and sludge charcoal are synergistic in
water treatment, which complement and promote each other
to improve the effect of sewage treatment. The results are
consistent with the findings of previous studies (M. Chen
etal. 2; K. George et al. 9; G. Wang et al. 29).

Conclusion

The sludge charcoal prepared from municipal sludge was
similar to activated carbon, with rough surface and rich
internal pore structure, which had good adsorption and
removal effect on toxic gas dioxins. It was a by-product of
sewage treatment, with large yield and low preparation cost,
which could not only improve the utilization value of sludge,
but also solve the problem of treatment and disposal of resid-
ual sludge to a certain extent, owning great significance to
realize the resource utilization of sludge.

The experimental results of adding sludge charcoal to the
activated sludge process of wastewater treatment to inves-
tigate its enhancement effect on pollutant removal show
that the addition of sludge charcoal helped to improve the
efficiency of the activated sludge method in removing pol-
lutants, and its resource utilization was feasible. In the first
stage of the experiment, when sludge charcoal was added
into SBR reactors at certain ratio at one time, the enhance-
ment of removal efficiency of pollutants was obvious at the
beginning and then showed a trend of declining. The optimal
dosing amount in the first adding method was 2 g.L~!. In the
second stage of the experiment, when sludge charcoal was
added into SBR reactors at certain ratio with each influent
process, the enhancement of removal efficiency of pollutants
was inconspicuous at the beginning. With the period extend-
ing, it started to rise and finally maintained at a steady state.
The optimal dosing amount was 0.06 g.L~".

The improved removal effect of pollutants in wastewa-
ter treatment process could be attributed to the physical
adsorption and enhanced bio-degradation of sludge char-
coal. Sludge charcoal and activated sludge are synergistic in
water treatment, which complement and promote each other
to improve the effect of sewage treatment.

The utilization of sludge charcoal indicates a sustainable
future of sewage treatment, along with sludge treatment
and disposal. The experiment fully shows the feasibility of
sludge disposal production being used in sewage treatment
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for investment saving and wastes reusing, and it is promising
to be put in large-scale application.
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