Journal of
the Serbian
Chemical Society

JSCS-info@shd.org.rs « www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 78 (2) 303-312 (2013)  UDC 546.72+62-493+546.18:627.157.004.74
JSCS4417 Original scientific paper

Removal and recovery of phosphorus during anaerobic digestion
of excess sludge by the addition of wasteiron scrap

WEI ZHENG!, XIAO MING LI+%*, DONG BO WANG?, QI YANG?, KUN LUO?,
GUO JING YANG! and GUANG MING ZENG!

1College of Environmental Science and Engineering, Hunan University, Changsha 410082, P.
R. China and 2School of the Environment, Guangxi University, Nanning 530004, P. R. China

(Received 5 February, revised 11 June 2012)

Abstract: In the current investigation, the feasibility of phosphorus removal in
the anaerobic digestion of excess sludge by the addition of waste iron scrap
(WIS) was studied. The results showed that the removal efficiency of phos-
phorus increased with increasing amount of WIS, and the maximum removal
efficiency of 39, 93 and 99 % could be reached at WIS dosagesof 1,2and 3g L-
1, respectively. Sterilization greatly decreased the removal efficiency of phos-
phorus, being only —6, 53 and 64 % at WIS dosages of 1, 2 and 3 g L1, respec-
tively. This means that iron-reducing bacteria and hydrolytic bacteria enhance
45 , 40 and 35 % of the phosphorus removal at WIS dosages of 1, 2and 3g L1,
respectively. The first and most important mechanism of phosphorus removal
using WIS involves hydrolytic bacteria, which reduce the pH of the sludge to
corrode the WIS, followed by precipitation of phosphorus by ferrous iron gene-
rated by iron-reducing bacteria. Phosphorus adsorption onto the WIS is the
second probable mechanism. The removed phosphorus is recovered by up to 56 %
using magnet. This method is characterized by high removal efficiency, easy
and steady operation, low cost, recovery and reuse, making it better than other
physical and chemical treatments.

Keywords: waste iron scrap; phosphorus removal; excess sludge; anaerobic di-
gestion.

INTRODUCTION

An excessive presence of phosphate in freshwater affects the water quality
and the ecosystem balance negatively through a process known as eutrophication.
To diminish the negative effects of phosphorus in effluents from municipal was-
tewater treatment plants (MWWTP), treatment processes are becoming more
stringent. Today, the main commercial processes for phosphorus removal from
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wastewater effluents are chemical precipitation with iron, alum, lime and magne-
sium!-6 and, to alesser extent, biological removal.”

An efficient phosphate removal technique is precipitation involving struvi-
te;8 however, the crystallization rate of struvite is low. Another method, chemical
precipitation, is a very flexible and speedy process for phosphorus removal using
ferric chloride and ferrous sulfate.® However, this process is not generaly fa-
vored because of high costs.10

In contrast to the majority of research dedicated to the removal of phospho-
rus, including chemicall-14 and biological methods,15-20 phosphorus is removed
from the agueous phase to the solid phase, especially in biologica methods.
Phosphorus is transferred from the water to the sludge, and in the process of
sludge treatment, abundant phosphorus is released from the sludge to the aqueous
phase. The whole process consumes large amounts of energy and cannot funda-
mentally solve the problems.

Currently, the removal of phosphorus in the process of sludge digestion has
not yet been studied. In the present study, investigated the feasibility of phos-
phorus removal in the process of excess sludge digestion using waste iron scrap
(WIS) was investigated. The effects of sterilization and adsorption were also stu-
died to understand the mechanisms of phosphorus removal. The phosphorus reco-
very was also investigated.

MATERIALSAND METHODS
Composition of anaerobic sludge and WIS

The anaerobic sludge used in this study was obtained from a MWWTP in Changsha,
China. The sludge was filtered through a 1x1 mm metal sieve and stored at 4 °C for later use.
The total solids (TS) content, total volatile solids (TVS), dissolved phosphate, total iron ions,
and pH were 11.1, 7.5, 93.6 and 125 mg L1 and 6.8, respectively. The WIS, which was col-
lected from a grinding workshop near Hunan University, China, was 4-8 mm in length and
3 mm in width. The WIS was first degreased in 10 % NaOH solution and then cleaned using
deionized water.

Experimental setup

Experiments on the influence of dosage of WIS on phosphorus removal were performed
in 10 identical glass reactors, each having a liquid volume of 500 mL. The WIS was added
into the reactors (i.e., unsterilized, sterilized sludge and prepared phosphate solution) at do-
sages of 0, 1, 2 and 3 g L. Subsequently, the reactors were air-bath mixed at 120 rpm to
blend the contents, at a temperature maintained at 25+1 °C. Each reactor was purged with
nitrogen gas for 5 min and sealed to ensure anaerobic conditions. To investigate the adsorption
performance of WIS onto phosphorus, a phosphate solution of definite concentration was
prepared to which WIS at the above-mentioned dosages was added. All the reactors were run
for 10 d. At predetermined time intervals, samples were collected and analyzed. All tests were
performed in triplicate and the average results are presented in this study.
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Analytical methods

The values of TS, TVS, and dissolved phosphate were determined according to standard
methods.2! The pH was determined using a Multiline 330i pH meter standardized using buffer
solutions of different pH values. The concentration of total iron was measured using the
phenanthroline spectrophotometric method.22

The volatile fatty acids (VFAS) were analyzed using an Agilent 6890N GC with a flame
ionization detector and equipped with a 30 mx0.25 mmx0.25 pm DB-FFAP column. Nitrogen
was used as the carrier gas at aflux of 5.6 mL min'l. The injection port and the detector were
maintained at 250 and 300 °C, respectively. The oven of the GC was programmed to start at
70 °C for 3 min, then to increase at a rate of 20 °C min® to 250 °C, at which temperature, it
was held for 3 min. The sampleinjection volume was 1.0 pL.

RESULTSAND DISCUSSION
Effect of WIS dosage

The amounts of phosphorus removed as a function of the amount of WIS are
shown in Fig. 1. The amount removed increased with increasing amount of WIS,
except for the control test because of the phosphorus released in the process in
excess of the dudge digestion. The highest phosphorus removal efficiency at WIS
dosages of 1, 2 and 3 g L—1 were 39, 93 and 99 %, respectively, because higher
dosages of WIS have larger surface areas available for reaction with phosphate.
The chemical removal of phosphate was accompanied by the adsorption of phos-
phate ions and dissolved organic phosphorus on ferric hydroxide flocs.1323 The
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Fig. 1. Effect of WIS dosage on the removal of phosphorus (A, 0; ¥, 1; %, 2; m,3gL).
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removed phosphorus, Fig. 1, was not released with extended time, indicating that
the WIS had a high affinity for phosphorus. The final concentration of phosphate
at a WIS dosage of 3 g L~ was 0.8 mg L1, which is lower than the permitted
level of phosphate in MWWTP effluent in China.

The removal of phosphorus from excess sludge prior to supernatant recyc-
ling in aerobic tanks can significantly reduce the phosphorus load in the main
stream of the MWWTP effluent, thereby preventing the eutrophication of aquatic
systems and deterioration of water quality.1324 Another benefit of this techno-
logy isthat it can recover phosphorus used as afertilizer in agriculture.

pH Variation and total production of volatile fatty acids

The pH variations at different WIS dosages during sludge digestion are
shown in Fig. 2, from which it can be seen that the pH of the sludge in the pre-
sence and absence of WIS exhibited a similar trend: an initial decrease followed
by an increase. Thistrend is caused by the production of organic acids during the
digestion of the excess sludge and the bacterial conversion of the organic acids
into methane and carbon dioxide. Higher WIS dosages can shorten the time during
which the pH decreases, which may be attributed to the bioreduction of WIS
(Egs. (1) and (2)) and the corrosion of WIS (Egs. (3)and (4)).
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Fig. 2. Variation in pH at different WIS dosages during sludge digestion
(A,0; V, 1, %,2;m,3gL™D).
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An anaerobic digester contains many types of iron-reducing bacteria.2> With
acetate as the electron donor, the reduction of WIS, which is mainly composed of
FeoO3 and Fe3Oy4, and the precipitation of phosphorus by ferrous irons can be
described by the following equations:

4Fey,03 + CH3COOH + 16H* — 8Fe2* + CO,1 + 10H,0 (D]
4Fe304 + CH3COOH + 24H* — 12Fe2* + 2CO,1 + 14H,0 2
FeyO3 +6H* — 2Fe3* +3H,0 3

Fes0y4 + 8HT — Fe2t +2Fe3t + 4H,0 4

3Fe?* + 2PO43~ — Fes(POs)2) ©)

Fe3* + PO43~ — FePOy (6)

However, Ca2* and Mg2* are released in the process of excess sludge diges-
tion. The results of Gao and Mucci?® further indicated that the formation of
Mg?*, Ca?* and ternary cation—phosphate surface complexes (=FeOMg*, =FeOCa",
=FeOMgHPO,4~, =FeOMgH,P0O40, =FeOCaHPO4~ and =FeOCaH,PO40) affect
phosphate adsorption by WIS.

The effects of WIS dosage and hydrolysis time on the total production of
VFAsare shown in Fig. 3. Theindividual VFAswere converted to chemical oxy-
gen demand (COD) values using appropriate conversion factors. The total VFA
concentration was greatly affected by the WIS dosage. The fermentation time to
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Fig. 3. Production of VFAs at different WIS dosages during sludge digestion
(A,0;V,1,%,2;m,3gLD.
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reach the maximum VFA concentration was also affected by the WIS dosage.
For example, the maximum VFA concentration was 485 mg COD L~ on the 6th
day in the blank test, 200 mg COD L~ on the 5th day at a WIS dosage of 1 g L~
1,78 mg COD L1 onthe 3'd day at 2 g L1 and 50 mg COD L1 on the 2" day
at 3 g L-1. Moreover, as shown in Fig. 3, the concentration of the VFAS de-
creased with increasing WIS dosage because the VFAS were consumed, accord-

ing to Egs. (1)—(4).
Effect of adsorption

The important mechanisms involved in phosphorus removal using steel slag
are specific adsorption on metal hydroxides and precipitation.2” To determine the
effect of adsorption, three 140 mg L—1 phosphorus solutions were prepared. The
phosphorus removal efficiency by WIS as function of the WIS dosage and con-
tact time are presented in Fig. 4, which shows that phosphorus removal first in-
creases with the increasing contact time, then there was no obvious increase
when the contact time was longer than 9 and 7 d at WIS dosagesof 3or2and 1 g
L1, respectively. This finding indicates that the adsorption reaction of phospho-
rous onto WIS mainly occurred within the first 9 and 7 d, respectively. When the
contact time reached 9 and 7 d, phosphorus removal was 38, 34 and 16 % at WIS

40 -
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Fig. 4. Effect of the adsorption of phosphorus at different WIS dosages
(V,1;,%,2;m,3gLD.
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dosages of 3, 2 and 1 g L1, respectively. The presence of Ca2*, Mg2* and other
heavy metals in the excess sludge led to decreases in phosphorus removal by the
sludge phase. Thus, adsorption removal of phosphorus in the process of excess
sudge digestion was less than 16, 34 and 38 % at WIS dosagesof 1, 2and 3g L1,
respectively. The contribution of iron-reducing bacteria and hydrolytic bacteria
(hyrolyze complex organics (carbohydrates, proteins and lipids to monosaccha-
rides, amino acids, higher fatty acids and acohols) in phosphorus removal was
more than 32, 61 and 61 % at WIS dosages of 1, 2 and 3 g L1, respectively.

Effect of sterilization

Sterilization was used to determine the effect of iron-reducing bacteria and
hydrolytic bacteria. As shown in Fig. 5, the concentration of phosphorus first
increases and then decreases. However, the concentration of phosphorus in the
reactor of unsterilized dudge decreases with the increase in time at all WIS dosa-
ges (Fig. 1). Thisfinding indicates that sterilization can inhibit phosphorus remo-
val, especidly at the low WIS dosages. As shown in Figs. 1 and 5, the removal
efficiencies of phosphorus are—6, 53 and 64 % in sterilized sludge and 39, 93 and
99 % in unsterilized sludge at WIS dosages of 1, 2 and 3 g/L, respectively. This
finding indicates that iron-reducing bacteria and hydrolytic bacteria enhance 45,
40 and 35 % of phosphorus removal at WIS dosages of 1, 2 and 3 g/L, respecti-
vely.
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Fig. 5. Effect of sterilization on the removal of phosphorus (¥, 1; %, 2; m,3g LY.
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Recovery of phosphate

Currently, fertilizer utilizes 80 % of the world's phosphate production. The
production of phosphorus fertilizer from ores is non-renewable and should be
considered unsustainable.28 Thus, recycling phosphorus resources and gaining
political and economic priority are important in the long term. A magnet is used
for the removal of phosphorous from the sludge (3g L—1) via three cycles of
attraction for a 10-day treatment. During this process, WIS and the adsorbed
phosphate can be fully attracted, while Fex(PO4)2 and FEPO,4 are partially attracted
due to their weak magnetism. The attracted substance was cleaned using distilled
water and then transferred to a clean beaker. The attracted substance was dis-
solved using hydrochloric acid (1 mol L—1). The results show that 56 % of phos-
phate was recovered. The attraction between the magnet and the removed phos-
phorus was (P+WIS) > Fe3(POg4)2 > FePO4. Thus, the recovered phosphorus was
mainly in the form of phosphate adsorbed by WIS and partially in the form of
Fe3(PO4)2 and FePOg,.

Economic estimation

Theiron scrap in the present study was waste and obtained free. No reagents
were added in the entire process, except WIS. This method is characterized by
high removal efficiency, easy and steady operation, low cost, recovery and reuse,
making it better than other physical and chemical treatments.

CONCLUSIONS

The results of the current study indicate that WIS could effectively remove
phosphorus from excess dudge. The highest phosphorus removal efficiencies at
WIS dosages of 1, 2 and 3 g L—1 were 39, 93 and 99 %, respectively. The mecha-
nisms of phosphorus remova by WIS were surface adsorption onto WIS, hyd-
rolysis and bioreduction of WIS and precipitation of phosphorus by ferrous ions
resulting from the action of hydrolytic and iron-reducing bacteria. The first and
the most important mechanism of phosphorus remova using WIS is hydrolytic
bacteria, which reduce the pH of the excess sludge that corrodes the WIS, fol-
lowed by precipitation of phosphorus using ferrous ions. Phosphorus adsorption
to WIS is the second mechanism, which is less than 16, 34 and 38 % at WIS do-
sages of 1, 2 and 3 g L~1. This type of material may have broader applications
because of its high phosphorus removal efficiency, abundant supply, and low cost.
Using a magnet, 56 % of the removed phosphorus is recovered. This method is
characterized by high removal efficiency, easy and steady operation, low cost,
recovery and reuse, making it better than other physical and chemical treatments.

Acknowledgements. This research was supported by the National Natural Science
Foundation of China (Grant No. 51078128), the Commonwealth Technology Application

Available online at shd.org.rs/JSCS/

2013 Copyright (CC) SCS



PHOSPHORUS REMOVAL DURING ANAEROBIC DIGESTION 311

Research Project of Zhejiang Province (No. 2009C33063) and the Graduate Innovative
Research Project of Hunan Province (CX2009B079).

H3BOI

YKITABARE U CAKYITJBAIBE ®OCPOPA TOKOM AHAEPOBHE OBPAJIE
OTIIAODHOT MYJbA TOJABALEM OTITAJIA TBOXBA

WEI ZHENG', XIAO MING LI'?, DONG BO WANG', QI YANG', KUN LUO', GUO JING YANG'
u GUANG MING ZENG'

1College of Environmental Science and Engineering, Hunan University, Changsha 410082, P.R. China u
2School of the Environment, Guangxi University, Nanning 530004, P.R. China

Y oBOM HCTpakHBamy Npoy4aBaHa je U3BOABUBOCT YKIamawa dhocdopa nIpu aHaepodHOj
pepagy OTNafHOT MyJba fofaBameM oTnafa reoxha (OI). Pesynratu nokasyjy fa ce eukac-
HOCT yKnamama docdopa nobospimasa ca konnunHoM O, moctmwxyhu edburkacHocT ox 39, 93
1 99 % mipu nosama OT ox 1, 2, onHocHo 3 g L. Crepunusanuja sHaTHO yMamyje eUKacHOCT
yknamama ocdopa, noctuxkyhu camo 6, 53 u 64 % mpu gosama OT o 1, 2, onHocHo 3 g L1,
OBo 3Hauu fAa dakTepuje Koje ykiamajy rsokhe M xumponutuuyke OaxTepuje modosblaBajy
yknamame gocdopa 3a 45, 40 u 35 % npu nosama OT ox 1, 2, ogHocHo 3 g L1, TIpsu u Haj-
Ba)KHUjH MEXaHH3aM yKiIamama gocdopa nomohy OT cy xugponuruuke dakrepuje, koje cMa-
wyjy pH mysma na 6u Harpusna OT', HakoH uera cienu Tanoxeme gocdopa depo-joHuMa Koje
reHepuily dakrepuje koje penykyjy rsoxbe. JIpyru moryh mexanusam je apcoprnuuja doc-
¢opa Ha OT'. To 56 % yknomeHor docdopa ce cakynu nomohy marHera. OBaj MeToz KapakTe-
pHlle BUCOKa €(PUKACHOCT yKIawmama, JJak U KOHTHHyalaH paji, EKOHOMUYHOCT U pelMKiIa-
OWITHOCT, LITO ra YUHHU DOJBUM OJ OPYTUX DU3NUYKUX M XEMUjCKUX TTOCTYaKa.

(ITpumsbeHo 5. dedpyapa, peBunupano 11. jyna 2012)
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