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Effects  of  low  molecular  weight  organic  acids  (LMWOAs;  citric  acid,  oxalic  acid  and  tartaric  acid)  on
phosphorus  (P)  adsorption  by ferric-alum  water  treatment  residuals  (FARs)  were  studied.  Both  batch  and
column experiments  indicated  that  the  effects  of  LMWOAs  on  P  adsorption  were  closely  related  to adsorp-
tion time.  Initially,  all acids  presented  inhibitory  function  on  P adsorption.  The  inhibition  became  weaker
with  time,  eventually  promoting  P  adsorption  for citric  acid and  tartaric  acid.  In the  column  experiment
with  a  61-day  duration,  high  P  adsorption  rates  (>55%)  were  observed  for the  test  groups  containing
citric  acid  and  tartaric  acid.  Interestingly,  higher  pH likely  enhanced  P adsorption  with  the  effects  of
dsorption
erric-alum water treatment residuals
ow molecular weight organic acids
hosphorus

LMWOAs  and a distinct  relationship  between  LMWOAs’  effects  on  P adsorption  and  their  concentrations
was  not  observed.  Moreover,  fractionation  of  the adsorbed  P from  the  FARs  demonstrated  that  oxalic
acid  reduced  P  adsorption  capacity,  while  citric  acid  and  tartaric  acid increased.  Based  on the forms  of  Fe
and Al existing  in  the FARs  and  Fourier  transform  infrared  spectroscopy  analyses,  LMWOAs  can  promote
P  adsorption  through  activating  crystalline  Fe/Al  and  preventing  crystallization  of  amorphous  Fe/Al  to
increase  P  adsorption  sites,  and can  also  inhibit  P adsorption  by  competition  with  adsorption  sites.
. Introduction

Water treatment residuals (WTRs) have been widely studied
ecause of their strong phosphorus (P) adsorption capability [1–6].
herefore, to improve the recycling of P adsorption material, some
esearchers have also focused on factors that can affect P adsorption
y WTRs. For example, particle size, pH, adsorption time, tem-
erature and P species have been reported to affect P adsorption
n WTRs [7,8]. Among them, pH showed the greatest influence,
ffecting both the amount of P adsorption and the processes of P
dsorption [9].  In addition, P adsorption capability of WTRs was
ot affected by the aging of WTRs [10,11]. Even under different
edox systems, WTRs still performed with high P adsorption ability
12]. More attention should be paid to the effects of environmental
actors on P adsorption by WTRs during their application.

Low molecular weight organic acids (LMWOAs) are distributed
idely in nature. They are mainly derived from the decomposition

f organic matter and secretion of plant roots and microbes, and

hey always include oxalic acid, citric acid, tartaric acid, malic acid,
uccinic acid, salicylic acid, p-hydroxybenzoic acid and maleic acid,
mong others. The concentrations of LMWOAs are usually low in

∗ Corresponding author. Tel.: +86 10 5880 0160; fax: +86 10 5880 0160.
E-mail address: yspei@bnu.edu.cn (Y. Pei).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.11.084
© 2011 Elsevier B.V. All rights reserved.

natural environment [13,14]. The facts that LMWOAs have adverse
effects on P adsorption by soil and can also increase the amount
of exchangeable Al from soil have been reported [15–17].  How-
ever, in some special circumstances, they can exist at high levels,
which is detrimental to the stability of P in the environment. In wet-
lands or soils where WTRs are reused, LMWOAs produced by plants
and microbes during their metabolism may  affect the process of
P adsorption, but little attention has been paid to these aspects.
Therefore, the effects of LMWOAs on P adsorption were studied in
detail in this work, which could supply the basis for constructed
wetlands or soil remediation.

In this study, batch experiments and column experiments based
on ferric-alum water treatment residuals (FARs) were employed
to study the characteristics of P adsorption and how they were
affected by citric acid, oxalic acid and tartaric acid. Moreover, the
mechanisms of P adsorption perturbation by LMWOAs were also
inferred by analyzing structures and components of FARs in column
experiments.

2. Materials and methods
2.1. Materials

The FARs were taken from the dewatering workshop of the 9th
Water Supply Plant of Beijing, China, in April 2010. Samples were

dx.doi.org/10.1016/j.jhazmat.2011.11.084
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:yspei@bnu.edu.cn
dx.doi.org/10.1016/j.jhazmat.2011.11.084
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ir-dried and ground to pass through a sieve in order to provide
est adsorbent with a diameter less than 1 mm (it was denoted as
aw-FARs). Citric acid, oxalic acid and tartaric acid were selected

n this work, and their concentrations were determined according
o the previous studies [15–18].

.2. Batch experiments

Samples of 0.5 g were put into a series of 50 ml  polyethy-
ene bottles, and 25 ml  solutions containing 0.01 M KCl, 500 mg/L

 (KH2PO4) and a certain concentration of LMWOAs were then
dded. All samples were kept at a specified pH and shaken for 2,

 and 10 days. Then, the samples were immediately centrifuged
t 5000 × g for 10 min  and filtered through 0.45 �m Millipore fil-
er paper. The P concentration was analyzed by the ammonium

olybdate spectrometry method. P absorption without LMWOAs
as also run as a control group. Triplicate samples were taken

nd the result was represented as their average. The standard
rror deviation was within 5% in the batch experiments. Ippolito
t al. suggested that a 10-day shaking period should be used
n batch tests to ensure complete P adsorption by water treat-

ent residuals (WTRs) [19]. This suggestion was adopted in the
resent study though the shaking time is commonly set up to

 days in many batch tests related to P adsorption by WTRs
5,9].

The effect of LMWOAs concentrations on P adsorption was  stud-
ed at pH 7. Concentrations of LMWOAs were kept at 3, 6, 9 or
5 mmol/L. Meanwhile, the pH values of 5, 7 and 9 were also tested
ith 6 mmol/L LMWOAs.

.3. Column experiments

Four columns (i.d.: 25 mm,  height: 500 mm)  were packed with
00 g of FARs with approximately 3 cm quartz sand at the bottom of
hese columns to prevent loss of FARs. On one hand, three columns
ere arranged to determine the effects of LMWOAs on P adsorp-

ion by the FARs. A synthetic solution (pH 7) containing 50 mg  of
/L (as KH2PO4) [20] and 6 mmol/L LMWOAs was supplied continu-
usly at a rate of approximately 720 ml/day using a constant-head
eeding tank. Water in the storage tank was renewed every day.
n the other hand, the rest one column was employed as a con-

rol group. Influent and effluent were sampled every day during
he first 15 days and then collected every two days for the remain-
ng 46 days. Both dissolved reactive P (DRP) and total reactive P
TRP) were determined. All tests were repeated twice and the aver-
ge values were reported. The standard error deviation was within
%.

.4. Residuals analyses

After the column experiments, all FARs were dried at 105 ◦C
nd mixed together for further analysis. Total Fe and Al contents of
he samples were determined using inductively coupled emission
pectroscopy (ICP-AES, ULTIMA, JY) according to USEPA-METHOD
050B [21]. Oxalate-extractable P, Fe and Al were determined
y ICP-AES after extracting in darkness at a 1:60 solid:solution
atio [2]. A sequential extraction procedure, which divides P into
l-bound P (Al–P), Fe-bound P (Fe–P), occluded-P (O–P) and Ca-

ound P (Ca–P), was used for the extraction of inorganic P after
dsorption [22]. Fourier transform infrared spectroscopy (FTIR;
exus 670, Nicolet) was used to examine the structure of the
ARs.
Tar taric  aci d co ncentrat ion (mmol/L)

Fig. 1. Effects of LMWOAs on P adsorption under different concentrations.

3. Results

3.1. Batch experiments

3.1.1. Effect of LMWOAs under different concentrations
The results of the effect of LMWOAs on P adsorption under

different concentrations are shown in Fig. 1. Compared with the

control group, citric acid and oxalic acid showed a strong inhibitory
action while tartaric acid did a weak inhibition within the first 2
days. Furthermore, the inhibition effects of citric acid and oxalic
acid became weaker while tartaric acid promoted P adsorption
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t the 5th day. Both citric acid and tartaric acid were favorable
or P adsorption at the 10th day, whereas oxalic acid still kept
he inhibition. More than 2.18–3.05 mg/g P had been adsorbed by
he FARs with tartaric acid. No distinct relationship between the
ctions and concentrations of LMWOAs was observed in the exper-
ments, even at the concentration of 25 mmol/L. However, much
igher concentrations (i.e. >25 mmol/L) probably lead to different
esults, whereas such high concentrations would diverge from the
eal situation.

.1.2. Effect of LMWOAs under different pH
The results of the effect of LMWOAs on P adsorption under dif-

erent pH values are shown in Fig. 2. Similar trends for P adsorption
ith and without LMWOAs were observed under different pH val-
es though lower pH values were more favorable to P adsorption.
ompared with the control group, LMWOAs showed inhibitory
ction at the 2nd day, in which tartaric acid presented the weakest
nhibition (Fig. 2c). As pH increased, the inhibitory action became

eaker for all acids. However, the effect of LMWOAs changed from
nhibition to promotion with pH increasing at the 5th and 10th day.
he strongest promotion function by tartaric acid was  observed,
ollowed by citric acid (Fig. 2a) and oxalic acid (Fig. 2b). Therefore,
he inhibition of LMWOAs on P adsorption by FARs weakened with
ncreasing pH.

.2. Column experiments

The results of column experiments are illustrated in Fig. 3. There
as a similar distribution pattern between DRP and TRP (data not

hown) in outflow. Compared with the control group, all acids
xhibited different inhibitory actions on P adsorption during the
nitial stage (Fig. 3a). At the 9th day (Fig. 3b), however, inhibition
y citric acid and tartaric acid was transformed into promotion.

n the citric acid group, P removal rate declined slowly after the
th day, but the rate rose again at the 21st day. The P removal
ate was increased in the tartaric acid group on the 9th day, and
scended from 72.23% (on the 9th day) to 93.20% (on the 23rd day).
ver the whole experiment (61 days), both the citric acid group
nd the tartaric acid group maintained a high removal rate of P
>55%), while the control group saturated. Additionally, the oxalic
cid group showed an inhibitory action on P adsorption until the
3rd day, while no obvious promotion or inhibition was  observed
ince then. Moreover, out of all the groups, only the citric acid group
as blocked on the 41st day. Therefore, when FARs are applied as

 adsorption material in different environments, attention should
e paid to the problem of blocking.

Consequently, the effects of citric acid, oxalic acid and tartaric
cid on P adsorption by FARs were closely related to adsorption
ime. Citric acid and tartaric acid mainly promoted P adsorption,
specially tartaric acid, while oxalic acid inhibited P adsorption.

.3. Residuals analysis

Extraction results of different forms of P are shown in Fig. 4. It
an be seen that FARs in the tartaric acid group adsorbed the largest
mount of P, followed by the citric acid group, the control group
nd the oxalic acid group. Compared with the control group, it can
e found that the FARs in citric acid group and tartaric acid group
dsorbed more than 3.65 and 3.98 mg/g P, respectively, while it was
ecreased by 1.17 mg/g in the oxalic acid group. These results indi-
ated that citric acid and tartaric acid promoted P adsorption while
xalic acid inhibited it. Furthermore, Fe–P and Al–P were found to

e the main forms existing in FARs after adsorption. Compared with
he contents of Fe–P and Al–P in the control group, both species
ere more in the tartaric acid and citric acid groups but lower in

he oxalic acid group. Moreover, the amounts of total inorganic P
Fig. 2. Effect of LMWOAs on P adsorption under different pH conditions. (a) Citric
acid,  (b) oxalic acid and (c) tartaric acid.

from sequential extraction and oxalate-extractable P were not sig-
nificantly different, which indicated that most of the adsorbed P
existed in FARs were amorphous forms.

The existence of both Al and Fe in the residuals resulted in sig-

nificantly higher P adsorption capability. Therefore, the effects of
LMWOAs on the forms of Al and Fe were also investigated. Levels of
different forms of Al and Fe of FARs in different groups are displayed
in Fig. 5. In all groups, approximately 92.08 ± 3.65% of total Al was
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xalate-extractable, while only 63.91 ± 3.53% of total Fe could be
xtracted by oxalate. In addition, total amounts of Al in Raw-FARs
ere 3.14 and 3.89 mg/g higher than those in the citric acid and
artaric acid groups, respectively. Meanwhile, total amounts of Fe
n Raw-FARs were 3.03 and 7.65 mg/g higher than those in the citric
cid and the tartaric acid groups, respectively. However, no visible
tively.

differences in total Fe or total Al were observed among Raw-FARs
and the FARs in the oxalic acid group and the control group. These
results indicated that citric acid and tartaric acid could promote the
loss of Fe and Al from FARs. Additionally, the amounts of oxalate-
extractable Fe and Al in all groups were lower than in Raw-FARs.
And the amounts of oxalate-extractable Fe and Al in the citric acid,
oxalic acid and tartaric acid groups were higher than those in the
control group.

Results of FTIR analysis of FARs in different groups are shown
in Fig. 6. For the FARs with citric acid or tartaric acid, the pat-
terns of the FTIR spectra after adsorption were similar to those
before adsorption, thus the citric acid and tartaric acid had the
weak ability of competing for adsorption sites with P. However,
for the FARs with oxalic acid, the FTIR pattern presented two  spe-
cific peaks at 1315.20 cm−1 and 779.82 cm−1 after adsorption. The
peaks at 1317 cm−1 represented oxalate corresponding to the C O
stretching frequencies [23]. The peak 780 cm−1 was also consid-
ered as a characteristic peak of oxalate [24]. Thus the two peaks at
1315.20 cm−1 and 779.82 cm−1 presented oxalate after adsorption,
indicating that oxalic acid strongly competed with P for adsorption

sties in the FARs.
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. Discussion

The ability of Al(OH)3 to adsorb P in FARs can be reduced due
o its crystallization in lake water [25]. In addition, amorphous
e can also crystallize under these some conditions (pH 6, 2–6
eeks under 40–60 ◦C) [26]. Compared with Fe and Al hydroxides,

ARs might have different but similar characteristics in struc-
ure and P adsorption mechanism. Agyin-Birikorang and O’Connor
27] found that incubation of fresh Al-WTR was  more effective
han field drying for stabilizing the most reactive Al in Al-WTR.
herefore, crystallization of reactive Fe/Al caused the amounts of
xalate-extractable Fe/Al to decrease in all groups (similar to wet
ncubation), which were below the values observed for Raw-FARs
similar to field drying).

LMWOAs not only can activate crystal Fe/Al [28,29] but also can
nhibit the crystallization of amorphous Fe/Al [30,31].  On one hand,
MWOAs can bind with amorphous Fe/Al to form Fe/Al complex
ompound which inhibit crystallization of Fe and Al in the FARs; on
he other hand, LMWOAs can change the crystal Fe and Al in FARs
nto the amorphous forms through acidization [30,32].  As a result,
rystallization of Fe and Al in the FARs weakened in the LMWOA
roups, causing the amounts of oxalate-extractable Fe/Al in the
ontrol group to be lower than those in LMWOA  groups. Moreover,
he loss of Fe/Al in the citric acid and tartaric acid groups might
esult from the strong acidization effects.

Previous studies showed that the larger amount of oxalate-
xtractable-Fe/Al in WTRs was responsible for the stronger P
dsorption ability [33]. As was shown in batch and column exper-
ments, the inhibitory actions of LMWOAs only occurred in the
nitial stage of P adsorption. The reason for this phenomenon might
e that more P adsorption sites were occupied by the LMWOAs
15,16] than that increased by activation effects of LMWOAs on
e/Al in FARs at the beginning [28]. Oxalic acid had the most obvi-
us inhibitory action because it has the strongest ability to compete
ith P for adsorption sites (Fig. 6). However, activation of crystal

e/Al increased with time, which in turn increased the number of
dsorption sites for P. Therefore, oxalic acid showed neither inhibi-
ion nor promotion (after the 33rd day). For citric acid and tartaric
cid, however, little Fe/Al was lost, but the total amount of amor-
hous Fe/Al was higher than that in the control group, which helped
o add adsorption sites for P. Furthermore, citric acid and tartaric
cid only weakly competed for adsorption sites (Fig. 6), and thus,
oth groups had an increasing trend of higher P adsorption.

Results of the inorganic P sequential extraction of FARs showed
hat all LMWOAs in this study simultaneously inhibited or pro-

oted the combination of P with Fe and Al in FARs. Therefore, it was
educed that LMWOAs should show similar effects on P adsorption
or other WTRs (Fe-WTRs or Al-WTRs).

The mechanism of LMWOAs’ effects on P adsorption by FARs
ould be divided into two aspects: (1) inhibition caused by compe-
ition for adsorption sites and (2) promotion due to the activation of
rystalline Fe/Al and the prevention of the crystallization of Fe/Al
n FARs. The dominant action depended on the properties of the
pecific LMWOAs. In this study, oxalic acid could inhibit P adsorp-
ion through a stronger ability to compete for adsorption sites.
owever, citric acid and tartaric acid could improve P adsorption
ecause of their stronger abilities for activation and weak ability to
ompete for adsorption sites. Furthermore, the fact that higher pH
alues were more beneficial for Al activation was  demonstrated in
he study of Li and Xu [17] and Kodama and Schnitzer [34], which

ight explain the stronger promotion of LMWOAs under high pH
onditions.
However, on one hand, Hu et al. argued that organic acids were
ot helpful for P adsorption by some variable charge soils [35].
ualls et al. found that natural dissolved organic matter could

nhibit P adsorption by ferric chloride and aluminum sulfate [36].
aterials 203– 204 (2012) 145– 150 149

On the other hand, Borggaard et al. considered that organic acids
could inhibit the aging process of Al in some sandy soil, result-
ing in high maximum P adsorption capacities [37]. Gerke found
that humic substances could initially inhibit P adsorption by poorly
ordered Fe-oxide, whereas the inhibition became weaker with time
and finally changed to promotion of P adsorption [38]. These diver-
gences likely arose from different experimental conditions such
as adsorption time, adsorbents and organic matters. Gerke found
that after 55 day humic substances were beneficial to the adsorp-
tion [38]. The favorable effects of LMWOAs on P adsorption in this
study were presented after 5 days in batch tests and 9 days in
column experiments. Nevertheless, the adsorption time set in pre-
vious studies was  no more than 5 days. It was  not long enough
to make the promotion functions of organic acids happen fully
and only the inhibition effects can be observed. Moreover, adsor-
bents such as FARs, contain some crystal Fe and Al. These Fe and Al
can be transformed to the amorphous forms by LMWOAs, causing
the adsorption sites to increase. But if adsorbents had no crystal
but amorphous Fe and Al (e.g. ferric and aluminum salts), there
would have been no adsorption sites that could be increased by
organic matters. As a result, organic matters could only occupy
the P adsorption sites, presenting the inhibition function. Finally,
different types of organic acids could express various effects on P
adsorption by the FARs owing to their specified chemical charac-
teristics. Further work is needed to clarify these effects in detail.

5. Conclusion

This work was designed to study the effects of LMWOAs on
P adsorption by the FARs. Results revealed that the effects of
LMWOAs changed from inhibition to promotion with increase of
adsorption time. With pH rising, the inhibitory action of LMWOAs
on P adsorption weakened and was  also gradually changed to
promotion. No distinct relationship between the actions and con-
centrations of LMWOAs was  observed. LMWOAs could inhibit or
promote the combination of P with Fe and Al in the FARs. The
inhibitory action could rise from competition of adsorption sites by
LMWOAs while the promotion action could result from the inhibi-
tion of crystallization of amorphous Fe/Al by LMWOAs. The results
could be significant to the recycling and reusing of the FARs.
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