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Abstract: The removal efficiencies of heavy metals (As, Cr, Cu, Ni, Pb and Zn) were investigated in the 17 operating municipal 
wastewater treatment plants (WWTPs) and compared with those in four main activated sludge processes. Significant differences of 
heavy metal removal efficiencies were observed among four activated sludge processes. The removal efficiency for As (75.5%) in the 
oxidation ditch (OD) process is significantly higher than that in the conventional activated sludge (CAS) process (38.6%) or 
sequencing batch reactor (SBR) process (51.4%). The mean removal efficiencies for Cu and Ni in the OD process are 90.5% and 
46.7%, respectively, while low mean removal efficiencies are observed for Cu (69.9%) and Ni (16.5%), respectively, in the SBR 
process. The removal efficiencies for Cu and Ni in the OD process are significantly higher than those in the anaerobic-anoxic-oxic 
(A2-O) process. These results highlight the differences of removal efficiencies for heavy metals in different processes and should be 
considered when selecting a wastewater treatment process. 
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1 Introduction 
 

Wastewater irrigation has resulted in heavy metal 
pollution of farmland soil [1−3]. Wastewater treatment 
plants (WWTPs) receive wastewater that contains a 
mixture of nutrients and organic, inorganic 
micro-pollutants. In WWTPs, wastewater is treated to 
reduce the concentrations of these compounds to 
minimize their impact on the environment [4−7]. Most 
biological wastewater treatment processes mainly 
remove organic matter, and the removal of heavy metals 
is considered a side-benefit [8]. In biological WWTPs, 
the metal removal efficiency depends on the metal 
species and concentration, the reactivity of the available 
biopolymers or biomass, and the composition of other 
wastewater components [9−10]. 

There is significant difference between different 
biological wastewater treatment processes because of the 
different biological and physicochemical conditions and 
the operating conditions of the WWTP. HASHIMOTO  
et al [11] evaluated the estrogenic activities of 
wastewaters collected from 28 full-scale wastewater 
treatment plants in Japan and compared the natural 
estrogen removal efficiencies between the conventional 

activated sludge process and the oxidation ditch process. 
Plants with a high solids or hydraulic retention times also 
had high estrogenic activity removal. The results also 
provided some information about the removal 
efficiencies of other pollutants in different WWTPs. 
However, the mechanisms for the removal of heavy 
metals are different from the removal of organic 
pollutants in wastewater. Heavy metals are removed 
from wastewater through bacterial absorption, surface 
adsorption by bacteria or particles, and co-precipitation 
with inorganic salts [12]. Therefore, it is difficult to 
analyze the removal efficiency for heavy metals by 
different WWTPs from the removal efficiency of organic 
pollutants using different WWTPs. 

Some studies have reported that biological WWTPs 
can remove heavy metals from wastewater [13−16]. The 
removal efficiencies of Zn2+ and Cu2+ in a lab-scale 
sequencing batch reactor (SBR) process reached 87.0% 
and 84.9%, respectively [17]. Some studies have also 
investigated the removal efficiencies of heavy metals 
through operating municipal WWTPs. Removal 
efficiencies above 75% were achieved for total Cr and 
Cu in two municipal biological WWTPs of Bursa 
(Turkey) operated under five-stage Bardenpho process 
[15]. KARVELAS et al [8] indicated that the WWTP in 
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Thessaloniki removed 58.2% of Cu, 50.0% of Cr, 44.2% 
of Ni, 30.8% of Pb, 54.5% of Cd and 42.5% of Zn from 
wastewater using activated sludge process. In Bursa 
(Turkey), a WWTP using an activated sludge process 
removed 94.8% of Cr, 71.7% of Cu, 47.0% of Ni, 64.3% 
of Pb and 71.9% Zn from wastewater [18]. It had been 
reported that the metal removal efficiencies are affected 
by both metal ion speciation and concentration [19−20]. 
However, there are only a few studies on the removal 
efficiency of heavy metals at WWTPs using different 
processes. 

In this work, the changes in heavy metal (As, Cr, Cu, 
Ni, Pb and Zn) concentrations during the wastewater 
treatment process were investigated in the 17 operating 
municipal WWTPs in Beijing. We studied the removal 
efficiencies of heavy metals in the municipal WWTPs 
and compared the heavy metal removal efficiencies of 
the four main activated sludge treatment processes used 
in the 17 municipal WWTPs. We have also discussed the 

relationships between the wastewater treatment processes 
and the heavy metal removal efficiencies. 
 
2 Materials and methods 
 
2.1 Description of WWTPs 

There are four main types of activated sludge 
process employed by municipal WWTPs in Beijing: the 
conventional activated sludge (CAS) process, the 
oxidation ditch (OD) process, the anaerobic-anoxic-oxic 
process (A2-O), and the sequencing batch reactor (SBR) 
process. There were 17 full-scale municipal WWTPs in 
Beijing (Fig. 1): three WWTPs using the CAS process; 
six using the OD process; four using the A2-O process; 
and four WWTPs using the SBR process  (Table 1). 
 
2.2 Sample collection 

Samples of the influent, effluent and sewage sludge 
were collected. At each sampling site, three water 

 

 
Fig. 1 Locations of investigated wastewater treatment plants in Beijing city, China 
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Table 1 Location and types of treatment processes in Beijing 

WWTPs 

Location WWTP 
Treatment 

process 
Capacity/ 

(104m3·d−1)

Sewage 
sludgea)/ 
(t·d−1)

Chaoyang 
district 

Gaobeidian CAS Process 100 500−600

Jiuxianqiao OD Process 20 250−300

Beixiaohe CAS Process 10 70−80

Haidian 
district 

Qinhe A2-O Process 20 90−100

Xiaojiahe A2-O Process 2 15−16

Fengtai 
district 

Weijia A2-O Process 10 50−70

Wujiacun SBR Process 8 100 

Fangzhuang A2-O Process 4 30−40

Daxing 
district 

Huangcun OD Process 5 70 

Yizhuang SBR Process 5 40 

Shunyi 
district 

Capital 
Airdrome 

OD Process 8 10−15

Changping 
district 

Changping OD Process 5.4 30−50

Tongzhou 
district 

Tangzhou SBR Process 4.5 50 

Pinggu 
district 

Pinru Ruhe OD Process 4 40 

Huairou 
district 

Huairou OD Process 3.5 30−40

Yanqing 
county 

Xiadujingyang SBR Process 3.0 25−35

Fangshan 
district 

Liangxiang CAS Process 2.7 1.5−2.0
a) Water content is 80% 

 
samples were collected at 1 h intervals and mixed before 
analysis. The influent samples were collected at locations 
before being affected by any recycle flow from the 
sludge treatment facilities. Effluent samples were 
collected at the outlet from the secondary clarifier. To 
ensure that the samples of sewage sludge were 
representative, sewage sludge was collected by taking 
subsamples from various points in the storage pile and 
then bulking them together. The collected wastewater 
and sludge samples were placed in 1.5 L plastic bottles, 
acidified with 15 mL of nitric acid (HNO3), and stored at 
4 °C [21]. 
 
2.3 Analysis of heavy metals 

The sewage sludge samples were dried using a 
freeze dryer (FD-18 Detianyou Co., Beijing, China), 
ground and passed through a 0.149 mm nylon sieve, and 
then digested with HNO3 in accordance with USEPA 
method using a Microwave Digestion System (Mars 5, 
CEM. PyNN Co., NC, USA) [22]. The wastewater 
samples were also digested with nitric acid according to 
standard methods [21]. The digested extracts were 
analyzed for Cr, Ni, and Pb by inductively coupled 

plasma mass spectrometry (ICP-MS, Perkin Elmer 
SCIEX ELAN DRC-e, Massachusetts, USA). An 
inductively coupled plasma-optical emission 
spectrometer (ICP-OES, Perkin Elmer, optima 5300DV, 
MA, USA) was used to measure the Cu and Zn 
concentrations in the digests. The As concentrations in 
water and sewage sludge were determined with an 
atomic fluorescence spectrometer (AFS 2202, Haiguang 
Co., Beijing, China). 

Quality control samples, including certified liquid 
samples (catalogue number GSBZ50005−88, GSB07− 
1187—2000, GSB07−1182—2000, GSB07−1186—2000, 
GSB07−1183—2000 and GSB07−1188—2000, National 
Standard Reference Materials Center, China) and sewage 
sludge samples (catalogue number RTC-CRM055, 
National Standard Reference Materials Center, China) 
were analyzed to ensure the accuracy of all analyses. The 
certified samples were used to check analytical accuracy, 
and the recovery rates ranged between 1% and 10%. 
 
2.4 Calculation of removal efficiencies 

The heavy metal removal efficiencies were 
calculated from the ratios of the effluent to influent 
heavy metal concentrations [8, 23]. The removal 
efficiency ε for each heavy metal in the WWTP was 
calculated using the following equation: 
 

 

 

i

ei

C

CC 
                                  (1) 

 
where Ci is the heavy metal concentration in influent and 
Ce is the heavy metal concentration in effluent. 

All statistical analyses were performed using 
Microsoft Excel 2003 and SPSS V11.3 (SPSS 
Corporation). The locations of the investigated WWTPs 
in Beijing were mapped using the ArcGIS V9.1 (ESRI 
Corporation). 
 
3 Results and discusssion 
 
3.1 Heavy metals in influent, effluent and sewage 

sludge of WWTPs 
The heavy metal concentrations of the influent 

wastewater (Fig. 2) in Beijing were not significantly 
different from the concentrations in influent wastewater 
from other cites, as all the influent samples were mainly 
municipal wastewater. The relative abundances of the 
metals in the influent samples from Beijing were in the 
order of Cr<As<Pb<Ni<Cu<Zn, which is consistent with 
the results observed in other cities [8, 19]. The heavy 
metal concentrations in the effluent decreased 
significantly after the treatment through the WWTPs. 
The heavy metal concentrations in the effluent did not 
exceed the values specified in the standards for irrigation 
water quality (GB 5084 — 2005) in China. The 
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concentrations of As, Cr, Cu, Ni, Pb and Zn in sewage 
sludge were respectively 2388, 19577, 9366, 2003, 4881 
and 7167 times the heavy metal concentrations in the 
influent wastewater, indicating that the majority of Cr, 
Cu, Pb and Zn in wastewater streams was removed and 
mainly accumulated in the sewage sludge (Fig. 2). 
 

 
Fig. 2 Concentrations of heavy metals in influent, effluent and 

sewage sludge in WWTPs 

 
3.2 Removal efficiencies of different heavy metals 

The heavy metal removal efficiencies in the 
WWTPs of Beijing are shown in Fig. 3. The statistical 
result indicated that the WWTPs removed 70.2%−79.7% 
of Cr, Cu, Pb and Zn from influent, on average, and the 
mean removal efficiencies of Cr and Cu were 79.7% and 
78.9%, respectively. However, the mean removal 
efficiencies for As and Ni were only 61.0% and 30.0%, 
respectively. 

Heavy metal removal efficiency depends on the 
metal species and concentration in biological wastewater 
treatment plants. ÜSTÜN [18] indicated that heavy metal 
removal efficiencies were directly proportional to metal 
influent concentrations by 1-year trial. Howerver, other 
conditions such as operating parameters, and physical, 
chemical, and biological factors may also affect the  
 

 
Fig. 3 Removal efficiencies for heavy metals in Beijing 

WWTPs (n=17), China 

removal efficiency. For example heavy metal removal by 
activated sludge processes is dependent on dissolved 
organic matter and pH [24]. 

The removal efficiency of Ni (30.0%) was the 
lowest among all the heavy metals. Nickel is more 
mobile than other heavy metals in wastewater [25], and 
is therefore more difficult to remove by adsorption onto 
bacteria or particles. CHANPIWAT et al [12] previously 
reported an average Ni removal efficiency of only 18.6% 
from six municipal WWWPs using an activated sludge 
process, with lower removal efficiencies of other heavy 
metals also reported. In another work, the activated 
sludge process removed 47.0% of Ni from wastewater in 
urban WWTPs from east Bursa, but the removal 
efficiency of Ni was still much lower than the removal 
efficiencies of Cr (94.8%), Cu (71.7%), Pb (64.3%) and 
Zn (71.9%) [18]. Nickel is mainly (80%−93%) present in 
the dissolved phase, in contrast with Cu, Cr, Pb and Zn, 
which are mostly (75%−95%) associated with the 
particulate phase [8]. Surface adsorption by bacteria or 
particles is key mechanism for the removal of heavy 
metals from wastewater in WWTPs [10]. 

The mean removal efficiency of As was 61.0% in 
the WWTPs which is lower than the removal efficiencies 
of Cu, Cr, Pb and Zn. The predominant forms of N, P and 
As are as anions in aqueous solution, and all three anions 
exhibit similar chemical behavior [26]. Previous studies 
have indicated that there is a lot of phosphate )PO( 3

4
  

and nitrate )NO( 3
   in wastewater, with the 

concentrations of 3
4PO  and 

3NO  approximately 
2000 and 300 times the As concentration, respectively, in 
influent wastewater [27−29]. The ,PO3

4
  ,NO3

  
arsenate )AsO( 3

4
  and arsenite )AsO( 3

3
  ions have 

similar chemical properties, and are competitively 
adsorbed onto solid surfaces [30−31]. Thus, the 
competing ions 3

4PO(  and 
3NO ) in the wastewater 

may competitively adsorb onto the activated sludge 
surface, and therefore reduce the removal efficiency of 
As in municipal WWTPs. 
 
3.3 Correlation analysis of heavy metal concentrations 

in influent and effluent wastewaters 
The As and Ni concentrations in the influent were 

positively correlated with the effluent concentrations, but 
there was no statistical correlation between influent and 
effluent concentrations for the other heavy metals  
(Table 2). The lower removal efficiency of Ni in the 
WWTPs meant that 70.0% of the influent Ni was present 
in the effluent. However, the Cr, Cu, Pb and Zn 
concentrations in effluent were low relative to the 
influent concentrations because of their high removal 
efficiencies in the WWTPs. 

Theoretically, there should be positive correlation 
between the effluent and influent concentrations for all 
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Table 2 Correlation coefficients between heavy metal 

concentrations in influent and effluent (n=17) 

As Cr Cu Ni Pb Zn 

0.501*a) 0.122 0.183 0.953** 0.165 0.336 
a) There is a significant correlation between heavy metal concentration in 
influent and effluent. 

 
heavy metals, but random errors (such as analytical and 
sampling errors) can reduce the accuracy of the heavy 
metal effluent concentrations [32−33]. This error can 
then affect the correlation between the influent and 
effluent concentrations, especially where there is a high 
removal efficiency for the metal. Therefore, significant 
positive correlations between influent and effluent were 
observed for Ni and As, both of which had low removal 
efficiencies, and the correlation coefficient for Ni was 
higher than that for As. There was no significant 
relationship between the influent and effluent 
concentrations for other heavy metals. 
 
3.4 Comparison of removal efficiencies between 

different processes 
OD process has the highest removal efficiencies for 

heavy metals in influent (Fig. 4). Table 3 shows that most 
of heavy metals in the influent were not significantly 
different for WWTPs with four different activated sludge 
processes. The heavy metal concentrations in the effluent 
were significantly lower than the influent concentrations 
after treatment through the OD process, with removal 
efficiencies for As, Cr, Cu and Ni of 75.5%, 91.8%, 
90.5% and 46.7%, respectively. The OD process was 
more effective for removing As than the CAS process; 
and the removal efficiencies of As, Cu and Ni in the OD 
process were significantly higher than in the SBR 

process. HASHIMOTO et al [11] found that the 
oxidation ditch process removed 62%−98% (median 
90%) of the estrogenic activity in wastewater, higher 
than the CAS process, which had removal efficiencies of 
46%−90% (median 70%), indicating that the OD process 
has a high removal efficiency for many types of 
pollutants in wastewater. 

The OD process was more effective for removing 
heavy metals from municipal wastewater when 
compared with the CAS and SBR processes because of 
the high liquor suspended solids (MLSS) concentration 
used in the OD process. Heavy metals in wastewater are 
typically removed through bacterial absorption, surface 
adsorption by bacteria or particles, and co-precipitation 
with inorganic salts [12, 34−36]. The MLSS concentration 
 

 
Fig. 4 Heavy metal removal efficiencies of different 

wastewater treatment processes (Values with different letters 

indicate that the heavy metal removal efficiencies are 

significantly different at ρ=0.05 level among different 

wastewater treatment processes) 

 
Table 3 Concentrations of heavy metals in influent, effluent of different wastewater treatment processes 

Element Sample 
Mass concentration of heavy metals/(μg·L−1) 

A2-O process (n=4) CAS process (n=3) OD process (n=6) SBR process (n=4) 

As 
Influent 8.29±3.911) a 5.70±3.18 a 16.9±6.24 a 9.54±0.86 a 

Effluent 3.58±1.27 3.49±2.36 5.00±5.04 5.26±3.00 

Cr 
Influent 2.19±1.53 a 3.48±7.15 a 6.69±6.36 a 1.69±3.05 a 

Effluent 0.82±0.82 0.278±0.06 1.01±1.07 0.20±0.86 

Cu 
Influent 20.1±8.68 a2) 26.6±51.1 ab 60.5±34.0 bc 24.4±79.1 ac 

Effluent 4.52±2.09 4.09±0.41 6.52±4.30 6.30±3.45 

Ni 
Influent 16.9±5.34 a 18.8±2.34 ab 43.4±28.8 bc 38.1±70.2 ac 

Effluent 13.7±2.90 12.8±2.26 25.7±33.3 31.6±50.9 

Pb 
Influent 7.95±4.14 a 7.21±6.80 ab 14.4±17.9 ab 3.48±1.16 bc 

Effluent 2.34±1.23 1.92±0.96 3.10±0.58 2.81±0.06 

Zn 
Influent 281±336 a 237±289 a 215±117 a 141±39.2 a 

Effluent 78.4±49.4 34.8±12.7 50.2±22.0 69.0±56.9 

Note: 1) Data are mean value; ± is the standard deviation. 2) Values with different letters indicate that the heavy metal concentrations in influent are 
significantly different at p = 0.05 level among different treatment processes. 
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is an important index to describe the content of active 
microflora in drainage engineering [37−39]. Increasing 
the MLSS concentration can improve the bacterial 
absorption and surface adsorption abilities of the sludge 
[17]. The MLSS concentration in the OD process 
(2500−4500 mg/L) is typically higher than that in the 
CAS (1500−2500 mg/L), SBR (1500−3000 mg/L) 
process or A2-O process (2000−4000 mg/L) [40]. 
Consequently, the removal efficiencies for heavy metals 
in the OD process were also higher than those in the 
other processes. 
 
4 Conclusions 
 

1) The operating municipal WWTPs in Beijing 
exhibit high mean removal efficiencies for Cr, Cu, Pb 
and Zn from wastewater of 79.7%, 78.9%, 70.2% and 
73.5%, respectively. The mean removal efficiencies of Ni 
(30.0%) and As (61.0%) are lower than the other heavy 
metals in all treatment plants. 

2) The removal efficiencies for As, Cu and Ni in the 
OD process are also significantly higher than those in the 
SBR process, with the lowest removal efficiency for Ni 
in the SBR process, averaging only 16.5%. The removal 
efficiencies for As in the OD process averaged 75.5%, 
which is more efficient than the CAS process and A2-O 
process. 

3) The OD process has high metal removal 
efficiencies during the treatment of municipal wastewater 
and should be considered when selecting a wastewater 
treatment process. 
 
References 
 
[1] ALDRICH A P, KISTLER D, SIGG L. Speciation of Cu and Zn in 

drainage water from agricultural soils [J]. Environmental Science & 

Technology, 2002, 36(22): 4824−4830. 

[2] SONG Y F, WILKE B M, SONG X Y, GONG P, ZHOU Q X, YANG 

G F. Polycyclic aromatic hydrocarbons (PAHs), polychlorinated 

biphenyls (PCBs) and heavy metals (HMs) as well as their 

genotoxicity in soil after long-term wastewater irrigation [J]. 

Chemosphere, 2006, 65(10): 1859−1868. 

[3] KAN S, CAO Q, ZHENG Y M, HUANG Y Z, ZHU Y G. Health 

risks of heavy metals in contaminated soils and food crops irrigated 

with wastewater in Beijing, China [J]. Environment Pollution, 2008, 

152(3): 686−692. 

[4] WAN NGAH W S, HANAFIAH M A K M. Removal of heavy metal 

ions from wastewater by chemically modified plant wastes as 

adsorbents: A review [J]. Bioresource Technology, 2008, 99(10): 

3935−3948. 

[5] SIM W J, LEE J W, SHIN S K, SONG K B, OH J E. Assessment of 

fates of estrogens in wastewater and sludge from various types of 

wastewater treatment plants [J]. Chemosphere, 2011, 82(10): 

1448−1453. 

[6] WANG Jian-gong, LI Xue-min. Electrochemical treatment of 

wastewater containing chlorophenols using boron-doped diamond 

film electrodes [J]. Journal of Central South University, 2012, 19(7): 

1946−1952. 

[7] LU Jie, YAN Xue, MA Yan-fei, TIAN Cai-xing, DING Jin-cheng. 

Impact of salinity on treatment of saline wastewater by sequencing 

batch biofilm reactor process [J]. Journal of Central South University, 

2014, 21(5): 1989−1994. 

[8] KARVELAS M, KATSOYIANNIS A, SAMARA C. Occurrence and 

fate of heavy metals in the wastewater treatment process [J]. 

Chemosphere, 2003, 53(10): 1201−1210. 

[9] BATTISTONI P, FAVA G, RUELLO M L. Heavy metal shock load in 

activated sludge uptake and toxic effects [J]. Water Research, 1993, 

27(5): 821−827. 

[10] KUMAR J, BALOMAJUMDER C, MONDAL P. Application of 

agro-based biomasses for zinc removal from wastewater—A review 

[J]. Clean-Soil Air Water, 2011, 39(7): 641−652. 

[11] HASHIMOTO T, ONDA K, NAKAMURA Y, TADA K, MIYA A, 

MURAKAMI T. Comparison of natural estrogen removal efficiency 

in the conventional activated sludge process and the oxidation ditch 

process [J]. Water Research, 2007, 41(10): 2117−2126. 

[12] CHANPIWAT P, STHIANNOPKAO S, KIM K W. Metal content 

variation in wastewater and biosludge from Bangkok’s central 

wastewater treatment plants [J]. Microchemical Journal, 2010, 95(2): 

326−332. 

[13] YAN G, VIRARAGHAVAN T. Heavy-metal removal from aqueous 

solution by fungus Mucor rouxii [J]. Water Research, 2003, 37(18): 

4486−4496. 

[14] CHEN Y, GU G. Preliminary studies on continuous chromium (VI) 

biological removal from wastewater by anaerobic-aerobic activated 

sludge process [J]. Bioresource Technology, 2005, 96(15): 

1713−1721. 

[15] SALIHOGLU N K. Assessment of urban source metal levels in 

influent, effluent, and sludge of two municipal biological nutrient 

removal wastewater treatment plants of Bursa, an industrial city in 

Turkey [J]. Clean-Soil Air Water, 2013, 41(2): 153−165. 

[16] ANWAR A, RUMANA G, WAN M. Cd(II), Pb(II) and Zn(II) 

removal from contaminated water by biosorption using activated 

sludge biomass [J]. Clean-Soil Air Water, 2010, 38(2): 153−158. 

[17] SIRIANUNTAPIBOON S, HONGSRISUWAN T. Removal of Zn2+ 

and Cu2+ by a sequencing batch reactor (SBR) system [J]. 

Bioresource Technology, 2007, 98(4): 808−818. 

[18] ÜSTÜN G E. Occurrence and removal of metals in urban wastewater 

treatment plants [J]. Journal of Hazardous Materials, 2009, 17(2/3): 

833−838. 

[19] CHIPASA K B. Accumulation and fate of selected heavy metals in a 

biological wastewater treatment system [J]. Waste Management, 

2003, 23(2): 135−143. 

[20] OLIVEIRA ADA S, BOCIO A, TREVILATO T M, TAKAYANAGUI 

A M, DOMINGO J L, SEGURA-MUÑOZ S I. Heavy metals in 

untreated/treated urban effluent and sludge from a biological 

wastewater treatment plant [J]. Environmental Science and Pollution 

Research–International, 2007, 14(7): 483−489. 

[21] American Public Health Association (APHA). Standard methods for 

the examination of water and wastewater [M]. 20th ed. Washington, 

DC, 1998. 

[22] CEM. Microware acid digestion of sludges, sediments, soil and oils 

[EB/OL] [1994−01−04]. http://www.cem.de/documents/pdf/ 

publikation/digestion/RD055.pdf. 

[23] CHANG D, FUKUSHI K, GHOSH S. Simulation of activated sludge 

cultures for enhanced heavy metals removal [J]. Water Environment 

Research, 1995, 67(5): 822−827. 

[24] WANG J M, HUANG C P, ALLEN H E, POESPONEGORO I, 

POESPONEGORO HTAKIYAMA L R. Effects of dissolved organic 

matter and pH on heavy metal uptake by sludge particulates 

exemplified by copper(II) and nickel(II): Three-variable model [J]. 

Water Environment Research, 1999, 71(2): 139−147 

[25] SÖRME L, LAGERKVIST R. Sources of heavy metals in urban 



J. Cent. South Univ. (2015) 22: 3788−3794 

 

3794

 

wastewater in Stockholm [J]. Science of the Total Environment, 2002, 

298(1/2/3): 131−145. 

[26] [26] DOU X, LI R, ZHAO B, LIANG W. Arsenate removal from 

water by zero-valent iron/activated carbon galvanic couples [J]. 

Journal of Hazardous Materials, 2010, 182(1−3): 108−114. 

[27] CHEVALIER P, PROULX D, LESSARD P, VINCENT W F, NOUE 

J. Nitrogen and phosphorus removal by high latitude mat-forming 

cyanobacteria for potential use in tertiary wastewater treatment [J]. 

Journal of Applied Phycology, 2000, 12(2): 105−112. 

[28] GUO C H, STABNIKOV V, IVANOV V. The removal of nitrogen 

and phosphorus from reject water of municipal wastewater treatment 

plant using ferric and nitrate bioreductions [J]. Bioresource 

Technology, 2010, 101(11): 3992−3999. 

[29] XU X, GAO B Y, YUE Q Y, ZHONG Q Q. Preparation of 

agricultural by-product based anion exchanger and its utilization for 

nitrate and phosphate removal [J]. Bioresource Technology, 2012, 

101(22): 8558−8564. 

[30] GAO Y, MUCCI A. Individual and competitive adsorption of 

phosphate and arsenate on goethite in artificial seawater [J]. 

Chemical Geology, 2003, 199(1/2): 91−109. 

[31] CARABANTE I, GRAHN M, HOLMGREN A, HEDLUND J. In 

situ ATR–FTIR studies on the competitive adsorption of arsenate and 

phosphate on ferrihydrite [J]. Journal of Colloid and Interface 

Science, 2010, 351(2): 523−531. 

[32] HOFFMAN D, KRINGLE R. A total error approach for the 

validation of quantitative analytical methods [J]. Pharmaceutical 

Research, 2007, 24(6): 1157−1164. 

[33] STANLEY C R, O’DRISCOLL N, RANJAN P. Determining the 

magnitude of true analytical error in geochemical analysis [J]. 

Geochemistry: Exploration Environment Analysis, 2010, 10(4): 

355−364. 

[34] AL-QODAH Z. Biosorption of heavy metal ions from aqueous 

solutions by activated sludge [J]. Desalination, 2006, 196(1/2/3): 

164−176. 

[35] PAGNANELLI F, MAINELLI S, BORNORONI L, DIONISI D, 

TORO L. Mechanisms of heavy-metal removal by activated sludge 

[J]. Chemosphere, 2009, 75(8): 1028−1034. 

[36] SASSI M, BESTANI B, SAID A H, BENDERDOUCHE N, 

GUIBAL E. Removal of heavy metal ions from aqueous solutions by 

a local dairy sludge as a biosorbant [J]. Desalination, 2010, 

262(1/2/3): 243−250. 

[37] KIM Y, PIPES W O. Factors influencing suspended solids 

concentrations in activated sludge settling tanks [J]. Journal of 

Hazardous Materials, 1999, 67(1): 95−109. 

[38] POPHALI G R, KAUL S N, NANDY T, DEVOTTA S. Development 

of a novel circular secondary clarifier for improving solids liquid 

separation in wastewater treatment [J]. Water Environment Research, 

2009, 81(2): 140−149. 

[39] DAMAYANTI A, UJANG Z, SALIM M R, OLSSON G. The effect 

of mixed liquor suspended solids (MLSS) on biofouling in a hybrid 

membrane bioreactor for the treatment of high concentration organic 

wastewater [J]. Water Science and Technology, 2011, 63(8): 

1701−1706. 

[40] Shanghai Municipal Engineering Design Institute (GROUP) Co. Ltd. 

GB 50014 — 2006 Code for design of outdoor wastewater 

engineering [S]. Beijing: Standards Press of China, 2006. (in 

Chinese) 

(Edited by DENG Lü-xiang) 

 

 


