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a b s t r a c t

This study examined the influences of calcium and bicarbonate ions on the performance of poly(vinylidene

fluoride)-supported nano zero-valent iron (PSN) for metronidazole (MNZ) removal. The presence of Ca2+ and

HCO3
−, whether in their individual or collective forms with low or high levels, exerted differing degrees of

inhibitions to MNZ removal by PSN, but these inhibitions were insignificant. Adding some other inorganic

ions (i.e., NH4
+, SO4

2−, Mg2+, PO4
3−, and NO3

−) into MNZ solutions also caused suppressive effects and their

inhibitive ability generally followed the order: NH4
+ > SO4

2− > Mg2+ > PO4
3− > NO3

−. Humic acid (HA) was

found to introduce relatively larger inhibition to MNZ removal by PSN, whether in its single presence in MNZ

solutions or in its coexistence forms with Ca2+ or HCO3
− in MNZ solutions. The interaction of Ca2+, HCO3

−

and HA with iron (oxy)hydroxides on PSN surface might contribute to these adverse impacts on PSN–MNZ

reaction system. It was noteworthy that, even with 20 mg/L HA in MNZ solutions where high levels of Ca2+ and

HCO3
− were introduced, the MNZ removal by PSN was still above 73.37%. Results reported herein indicated

the potential of using PSN to pretreat antibiotic wastewaters in complex environmental conditions.

© 2014 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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. Introduction

The past 15 years have witnessed a continuing interest in nano

ero valent iron (NZVI) materials due to their high reactivity and cost-

ffectiveness in eliminating toxic pollutants from environment [1–3].

ecently, NZVI technology has also been used as a potential method

o restore antibiotic-contaminated wastewaters [4,5]. Antibiotics, as

merging contaminants in environment, have antibacterial proper-

ies, toxicity, potential mutagenicity, and carcinogenicity, and thus

ose a significant threat to the earth’s ecosystems [6]. Therefore, it is

f great necessity to remove them from various polluted sites [7].

Our previous work showed that poly(vinylidene fluoride) (PVDF)

upported NZVI (PSN) hybrids demonstrated excellent performance

or metronidazole (MNZ) removal from water via the reduction pro-

ess induced by NZVI [8]. However, it was suggested that the reduc-

ion efficacy of NZVI-centered materials toward contaminants might

e affected by stochastic geochemical constituents in aqueous matrix

9–13]. Bicarbonate ion, as a main substance in wastewater, was found

o exert either positive or negative influences on the reduction reac-

ivity of NZVI materials toward pollutants [9,10]. Differing impacts of

a2+ on the removal of contaminants by zero-valent iron (ZVI)-based

omposites were also reported in previous work [9,11]. Meanwhile,
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pecial attention has been given to the combined effects of Ca2+ and

CO3
− [11,12]. In addition, some other common cations (e.g., Mg2+,

H4
+), anions (such as SO4

2−, NO3
− and PO4

3−) and natural organic

atters (NOMs) like humic acid (HA) were also found to introduce

dverse effects on Fe0 reactivity toward contaminants, depending on

he physicochemical characteristics of NZVI composites and the types

f the background species and pollutants [10,13].

Hence, evaluating the effects of various chemical constituents on

he reduction reactivity of NZVI-centered materials toward antibiotics

s of great importance in the viewpoint of environmental engineering.

nfortunately, to date, we lack such knowledge. Toward this end,

fforts had been directed in this study to investigate how Ca2+ and

CO3
− would influence the reduction efficacy of PSN toward MNZ in

he presence of other common inorganic ions and HA.

. Materials and methods

.1. Materials

All chemicals were used as received without further treatment un-

ess otherwise specified (refer to Table S1, in Supplementary material

SM)). The design principles for PSN hybrids were previously reported

8], and their synthetic procedures were provided in SM. Ultrapure

ater (resistivity > 18.25 M� cm) was used for preparation of all so-

utions. All cation and anion stock solutions were prepared using their
ts reserved.

http://dx.doi.org/10.1016/j.jtice.2014.11.033
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jtice
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jtice.2014.11.033&domain=pdf
mailto:wxya213@126.com
mailto:famdct@sohu.com
http://dx.doi.org/10.1016/j.jtice.2014.11.033


114 J. Yang et al. / Journal of the Taiwan Institute of Chemical Engineers 49 (2015) 113–118

Table 1

Fitted parameters of two-parameter pseudo-first-order decay kinetics model for PSN–MNZ reaction system.

Run nos. CaCl2 (mM) NaHCO3 (mM) Other inorganic solutes Humic acid (mg/L) Cultimate (mg/L) k (1/min) R2

#001 0 0 5 mM NaCl 0 3.515 0.1015 0.9979

#002 0.4 0 5 mM NaCl 0 4.141 0.1003 0.9983

#003 2 0 5 mM NaCl 0 8.775 0.0962 0.9926

#004 0 2 5 mM NaCl 0 5.557 0.1036 0.9975

#005 0 8 5 mM NaCl 0 9.119 0.0881 0.9952

#006 0.4 2 5 mM NaCl 0 6.057 0.1049 0.9986

#007 0.4 8 5 mM NaCl 0 10.146 0.0880 0.9967

#008 2 2 5 mM NaCl 0 9.345 0.0985 0.9975

#009 2 8 5 mM NaCl 0 11.095 0.0881 0.9943

#010 2 0 5 mM NaCl + 10 mM NO3
− 0 13.270 0.0648 0.9972

#011 2 0 5 mM NaCl + 10 mM SO4
2− 0 9.856 0.0891 0.9932

#012 2 0 5 mM NaCl + 10 mM PO4
3− 0 11.735 0.0773 0.9951

#013 2 0 5 mM NaCl + 10 mM NH4
+ 0 9.189 0.0952 0.9945

#014 2 0 5 mM NaCl + 10 mM Mg2+ 0 10.134 0.0883 0.9983

#015 0 8 5 mM NaCl + 10 mM NO3
− 0 16.657 0.0527 0.9991

#016 0 8 5 mM NaCl + 10 mM SO4
2− 0 9.376 0.0802 0.9971

#017 0 8 5 mM NaCl + 10 mM PO4
3− 0 12.876 0.0730 0.9962

#018 0 8 5 mM NaCl + 10 mM NH4
+ 0 8.554 0.0940 0.9965

#019 0 8 5 mM NaCl + 10 mM Mg2+ 0 10.741 0.0807 0.9968

#020 0 0 5 mM NaCl + 10 mM NO3
− 0 12.822 0.0769 0.9940

#021 0 0 5 mM NaCl + 10 mM SO4
2− 0 8.889 0.0963 0.9934

#022 0 0 5 mM NaCl + 10 mM PO4
3− 0 10.176 0.0842 0.9979

#023 0 0 5 mM NaCl + 10 mM NH4
+ 0 4.149 0.0985 0.9960

#024 0 0 5 mM NaCl + 10 mM Mg2+ 0 9.847 0.0926 0.9967

#025 0 0 5 mM NaCl 5 9.231 0.0905 0.9976

#025 0 0 5 mM NaCl 10 11.224 0.0801 0.9970

#027 0 0 5 mM NaCl 20 13.010 0.0682 0.9953

#028 2 0 5 mM NaCl 20 15.872 0.0552 0.9996

#029 0 8 5 mM NaCl 20 14.683 0.0619 0.9998

#030 2 8 5 mM NaCl 20 17.102 0.0456 0.9969
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corresponding chloride and sodium salts, and the HA stock solution,

which was stored in dark at 277 K, was prepared based on a method

reported elsewhere [9].

2.2. Batch experiments

Batch experiments (see Table 1) were carried out in 60-mL sealed

vials, each of which contained a piece of PSN hybrid (containing

9.52 ± 0.14 mg Fe0) and 50 mL of 67.44 mg/L MNZ solution with dif-

fering combinations of Ca2+, HCO3
−, other inorganic ions and/or HA.

5 mM NaCl was used as the background electrolyte in solutions for

all experiments [14]. The initial concentrations of Ca2+ were 0.4 mM

and 2 mM, representing low and high hardness of waters, respec-

tively, while those of HCO3
− were 2 mM and 8 mM, respectively

representing low and high alkalinity [12,14,15]. The concentrations

of Mg2+, NH4
+, SO4

2−, NO3
− and PO4

3− ions were all 10 mM, repre-

senting high levels of other common inorganic ions [16]. According

to previous work [9], different levels of HA (5, 10 and 20 mg/L) were

also designed to examine the impacts of NOM concentration on PSN–

MNZ reaction system. Unless otherwise specified herein, all solution

pHs were adjusted to 7.00 ± 0.10 by dropwise adding the solutions of

0.1 M HCl and 0.05 M NaOH, and determined using a PHS-2F precision

pH meter (Shanghai, China). Then vials were sealed and mechanically

shaken back and forth at 30 rpm in water bath shaker under room

temperature. Solutions were sampled at pre-determined time inter-

vals (up to 120 min) and filtered through 0.45 μm acetate cellulose

membranes, followed by the residue analysis of MNZ. All batch ex-

periments were run in duplicate under aerobic conditions.

2.3. Characterization and analysis

Surface morphologies of samples were observed using a high-

solution field emission scanning electron microscope (FE-SEM, JEOL

Ltd., Japan). Attenuated total reflectance-infrared (ATR-IR) spectra

of fresh and aged PSN were examined by a Bruker Vertex 70 FT-

IR spectrometer. Elemental information of PSNs before and after
eaction was determined by X-ray photoelectron spectroscopy (XPS,

HI5000Versaprobe-II). The concentration of MNZ and loading of

ZVI were determined by HPLC/MS (Agilent 1100) system and the

,10-phenanthroline colorimetric method, respectively [8].

. Results and discussion

In this study, it was found that, in all cases, the concentrations

f MNZ in various solutions decreased fast within the first 40 min

nd later gradually flattened out (data not shown), which was con-

istent with our previous work [8]. Given such removal profiles, a

wo-parameter pseudo-first-order decay model was used to describe

NZ removal by PSN [8,17,18].

t = Cultimate + (C0 − Cultimate)× exp(−kt) (1)

here Ct is the concentration of MNZ (mg/L) at reaction time t, Cultimate

epresents the concentration of unreactive MNZ (mg/L) in solution,

0 and k denote the initial concentration (mg/L) and reaction kinetics

onstant (1/min) of MNZ for each test, respectively. It was obvious

hat the removal of MNZ by PSN under differing conditions of Ca2+

nd HCO3
− could be well-described by such kinetics model with cor-

elation coefficients (R2) being above 0.99 (Table 1).

.1. Influence of Ca2+ and HCO3
−

Single additions of Ca2+ caused a marginal influence on MNZ re-

oval by PSN. The drop of 5.22% in k at high concentration of Ca2+

ight be the loss of reactive sites due to the formation of Ca–iron ox-

de complexes on PSN surface. The existence of Ca2+ within aged PSN

as detected by the peaks at 345.8 and 349.2 eV (spectrum b, Fig. S4B),

nd strong peaks at 709.0–711.0 and 722.6–724.6 eV (spectra a and

, Fig. S4A), corresponding to 2p3/2 and 2p1/2 of Fe2O3, respectively

19,20], implied the oxidation of Fe0 to Fe3+ during MNZ removal. The
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Fig. 1. Influence of varying levels of Ca2+ and HCO3
− on PSN–MNZ reaction system

under room temperature. Reaction conditions: 50 mL of 67.44 mg/L MNZ solution, pH

7.00, and reaction time 120 min. The errors bars, unless otherwise noted, indicate the

standard deviations of duplicate experiments.
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dsorbed Ca2+ would react with iron (oxy)hydroxides within PSN,

artially covering surface reactive sites (Fig. S5b) and later resulting

n the values of Cultimate being slightly elevated (see Table 1). Con-

ersely, the PSN only reacted with MNZ exhibited more identifiable

article-shaped morphology (Fig. S5a). Note that the relatively small

e0 peaks at 706.2–707.2 and 718.4–718.6 eV [19,20], were also de-

ected in Fig. S4A (spectra a and b), which might be a result of the

rotection of iron oxides [21]. This positive protection of PSN itself

ould contribute to the further removal of MNZ from water under

omplex conditions. Generally, the presence of Ca2+ coupling with

ron oxides did not necessarily block the reactive sites of PSN or out-

ompete MNZ during the reaction process. When HCO3
− was singly

dded into MNZ solutions, an interesting but antagonistic trend was

bserved: low HCO3
− level slightly enhanced rate constant for MNZ

emoval over PSN, while the high one led to a decreased reaction

ate constant compared to its absence (Fig. 1). The minor increase

n k at low HCO3
− level might be a result of both the buttering ef-

ect of HCO − and the enhancement of Fe corrosion induced by its
3
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ig. 2. ATR-IR spectra of spent PSN hybrids after reacting with MNZ solutions under differi

oom temperature: (a) no Ca2+ or HCO3
− , (b) 2 mM Ca2+, (c) 8 mM HCO3

− , (d) 2 mM Ca2+ an

nd 20 mg/L HA, and (h) 2 mM Ca2+, 8 mM HCO3
− and 20 mg/L HA. Other conditions: 50 mL
uttering effect [12,14,15]. On the other side, regardless of the pro-

oted iron corrosion by the increased HCO3
− level, its contribution

o MNZ removal was not expected to be better than or as significant

s that of its low level, because increasing concentration of HCO3
−

ould improve the opportunities of HCO3
− to react with amorphous

ron (oxy)hydroxides [22,23], which might cover/block reactive sites

confirmed by FE-SEM image in Fig. S5c) and later exert negative im-

act on MNZ removal. The double peak at 1711.53 and 1640.52/cm

spectrum c, Fig. 2A) suggested the stretching of –COO− groups in

CO3
− and the complexation of HCO3

− with iron corrosion products.

n addition, the peaks at 1550.02–1554.92/cm in spectra (a–h) were

ttributed to the binging of iron with –COO− groups of PAA within

SN [24].

Compared with MNZ solutions receiving 0.4 mM Ca2+, a slight in-

rease in k with slightly deceased removal rate of MNZ was observed

hen 2 mM HCO3
− was added together with 0.4 mM Ca2+ (Fig. 1).

his conflicting trend might be a result of the buffering impact of

CO3
−. On one hand, HCO3

− can accelerate Fe corrosion, which, in

urn, provides more reactive species like H∗ in a short time for MNZ

egradation, thus showing positive effect on MNZ reaction kinetics;

owever, on the other hand, HCO3
− can react with the corrosion prod-

cts or Ca2+ to form complicated complexes [14,15], which, undoubt-

dly, would become “nano/micro-barriers” to MNZ–PSN reaction sys-

em. Subsequent studies indicated that differing impacts of Ca2+ and

CO3
− under changing levels existed. For instance, increasing con-

entration of HCO3
– to 8 mM under low Ca2+ level would result in k

eing decreased by 13.33% with removal efficiency of MNZ decreased.

he PSN reacted under high levels of Ca2+ and HCO3
− was charac-

erized by FE-SEM, XPS and ATR-IR techniques. The “mound-reef”-

haped surfaces unevenly encrusted with blocky colloids (Fig. S5d)

mplied the formation of surface complexes during MNZ removal.

uch surface complexes were Ca2+/iron oxides-centered, which were

urther confirmed by the peaks of Ca2p and Fe2p levels in spectrum

(Fig. S4). The disappearance of peak at 1711.53/cm in spectrum d

Fig. 2A) appeared to be ascribed to the reaction of Ca2+ with HCO3
−

n PSN surface [24], while the peak at 1639.40/cm was speculated

o be indicative of combination of HCO3
− with Ca2+ or iron corrosion

roducts [14,15]. Considering the above discussion, it was assumed

hat the complexation of HCO3
− with surface Fe corrosion hybrids

f PSN and/or Ca2+ might be responsible for the reduction in MNZ
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−

of 67.44 mg/L MNZ solution, pH 7.00, and reaction time 120 min.
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3.2. Influence of Ca2+ and HCO3
− in the presence of other inorganic ions

Evidently, whether Ca2+ and HCO3
− existed or not, the ad-

ditions of selected anions and cations introduced different ex-

tent of decrease in MNZ removal, and the decreased pseudo-first-

order decay reaction kinetics constants of MNZ followed the order:

NH4
+ > SO4

2− > Mg2+ > PO4
3− > NO3

−, ranging from 0.0952 to

0.0527/min, corresponding to the removal efficiencies ranging from

88.91 to 75.44% (Table 1 and Fig. 3). For NH4
+, two possible factors

can be assigned to explain its insignificant inhibition to MNZ removal

by PSN: one is that NH4
+ ions can continuously consume OH− orig-

inated from Fe0 corrosion process, thus retarding the formation of

passive iron-based (oxy)hydroxides on PSN surface; the other is that

NH4
+ can restrain the formation of complexes of HCO3

− with iron

(oxy)hydroxides through its reaction with HCO3
−. It is the two fac-

tors that make PSN provide the accessibility of reactive sites for MNZ

degradation. By contrast, divalent Mg2+ caused greater adverse im-

pacts on MNZ removal. This might be attributed to the formation of

passivating surface layers as discussed above for Ca2+. Compared to

Ca2+–HCO3
− free case, the presence of NO3

− in MNZ solutions caused

rate constants being decreased by 24.27%, 36.22% and 48.07% for the

cases of NO3
−, Ca2+–NO3

− and HCO3
−–NO3

−, respectively (Fig. 3 and

Table 1). The larger negative influence resulted from NO3
− is under-

standable and self-evident due to its potential consumption of reac-

tive species [25]. Note that, despite the sharply decreased k caused by

NO3
−, the lowest removal rate of MNZ is still above 75.44%, indicating

that PSN can demonstrate comparatively ideal performance against

MNZ removal under the condition of co-existing pollutants. The in-

hibition effects of SO4
2− on MNZ removal were also observed (Fig. 3

and Table 1). As suggested in previous work [23], the adsorption and

replacement of SO4
2− with iron (oxy)hydroxides on the surface of

PSN might contribute to the decline in MNZ removal. Clearly, the

competition of single SO4
2− ions for reactive sites and its adsorption

on iron corrosion products was not strong enough to greatly decrease

the reactivity of PSN except for the roles of Ca2+ and HCO3
− them-

selves (Table 1 and Fig. 3). Nevertheless, the inhibition impacts were

enhanced when PO4
3− was added into MNZ solutions (Fig. 3). The

strong affinity of PO4
3− with iron (oxy)hydroxides together with Ca2+

and HCO3
− as well as their complexation with iron corrosion products

might result in such drops in MNZ removal efficiencies and kinetics
10,23]. Note that the decrease trend of MNZ removal caused by the

elected inorganic ions at low levels of Ca2+ or HCO3
− generally fol-

ows that of high levels (data not shown) , but the extent of decrease

n MNZ removal is negligible other than the effects of inorganic ions

hemselves.

.3. Influence of Ca2+ and HCO3
− in the presence of HA

Fig. 4 depicts the impacts of Ca2+ and HCO3
− on the removal of

NZ in the absence or presence of HA (20 mg/L) (the effects of HA

oncentrations on MNZ removal were also provided in Table 1 as a

omparison). It is evidence that HA adversely influenced the removal

f MNZ and the negative influence was reinforced with increased

A concentrations ranging from 5 to 20 mg/L (Table 1). The adverse

mpact might be a result of the adsorption of HA on PSN surface.

o verify this speculation, FE-SEM and ATR-IR techniques were used

o examine the reacted samples. Compared to PSN reacted in HA-

ree solutions (Fig. S5a), the PSN reacted in HA-containing solutions

ad a lager blocky surface with different levels of filling (Fig. S6a),

hich might result from the reaction of adsorbed HA with iron oxides

ithin PSN [26]. This was further confirmed by ATR-IR spectrum e of

ig. 2B, in which two identifiable peaks at 1713.80 and 1639.40/cm,

espectively, corresponding to the –COO− groups of HA and formation

f Fe2+/Fe3+–humate complexes [14,27], existed.

Continuous decline in MNZ removal was detected as a result of

he addition of high hardness (2 mM Ca2+) into simulated solutions

ontaining 20 mg/L HA. This might be associated with the decreased

eactive sites for MNZ because of co-adsorption of Ca2+ and HA on PSN

urface, and the co-adsorption of Ca2+ with HA was verified by the

isappeared peaks at 1713.80 and 1639.40/cm (spectrum f, Fig. 2B)

14,28]. The adsorption of Ca2+ and HA on PSN surface, together with

recipitation of Fe corrosion products, not only produced a decline

n PSN reactivity (Fig. 4) but also a decrease in hydraulic conductiv-

ty and porosity (Fig. S6b displayed some blocked inner pores within

SN), which would finally lower the performance of PSN hybrids and

heir longevity. However, compared to solutions only receiving 8 mM

CO3
−, the removal efficiency and k of MNZ deceased by 11.11% and

9.73%, respectively, when extra 20 mg/L HA were added, whereas

hose for the case of 2 mM Ca2+ reduced by 14.62% and 42.59%, re-

pectively, under similar conditions (Table 1). Such trend might be
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result of the competition of HA for reactive sites and the butter-

ng effect of HCO3
−, which was different from the interaction of HA

nd Ca2+. On one hand, HCO3
– and HA with some negatively charged

rganic ligands can both reacted with Fe corrosion products [26,29],

.e., the competition of HCO3
− and HA existed; on the other hand, the

o-presence of buttering effect of HCO3
− and reducing action of HA

ould adjust or even reverse the electrostatic charges of PSN surfaces

12,14,26]. The overall role of two effects depending on the content

f HA and HCO3
− as well as other environmental parameters would

nally control the performance of PSN during MNZ removal. Reacted

SNs were collected from MNZ solutions containing HA with sole

CO3
−, and then were characterized using FE-SEM. Selected SEM im-

ge exhibited cauliflower- and block-like morphologies on the surface

f aged PSN (Fig. S6c), which might stem from the formation of iron

oxy)hydroxycarbonate and iron–humate complexes. The appearance

f peak at 1631.69/cm (Fig. 2B, spectrum g) further confirmed the ex-

stence of these iron–carboxyl complexes [12,14,26].

Notably, the removal efficiency and k of MNZ deceased to 73.37%

nd 0.0456/min, respectively, when its solutions containing 2 mM

a2+ and 8 mM HCO3
− received HA (20 mg/L). The steady and en-

anced decline in MNZ removal under these conditions might origi-

ate in the formation of some passivated surface complexes (e.g., iron

xide–humate complexes, carbonate green rust, Ca(HCO3)2 and their

onodentate or multidentate complexes) [12,14,15], which would

esult in the blockage of surface reactive sites and pores and thus

ead to inhibitory impacts. The irregular and noncrystal aggregates

ppeared in FE-SEM image (Fig. S6d) suggested the presence of the

urface complexes. And the coexistence of iron oxide-centered hy-

rids within surface complexes was evidenced by peaks of XPS spec-

ra at 710.0–711.0 and 722.8–724.6 eV (Fig. S4A, spectrum d) [19,20].

eanwhile, weak small peaks at 706.8 and 719.0 eV were also de-

ected, indicating the presence of Fe0 within spent PSN surface due

o the protection of surface iron oxides [30]. A peak at 1636.30/cm in

TR-IR spectrum h (Fig. 2B) verified the adsorption of HA and HCO3
−

entered compounds on PSN surface [10,12]. The variations in spec-

rum d for Ca2p level in comparison with spectra b and c (Fig. S4B)

i.e., peaks at 349.4, 349.0, 347.8 and 346.8 eV in binding energy ap-

eared and that at 349.2 eV disappeared) indicated the formation of

alcium–humate/carbonate coupling with iron oxides over the whole

eaction [12,14,15,22]. As a whole, the influences of HA with binary

a2+ and HCO − on efficacy of PSN toward MNZ were complex.
3
. Conclusions

Generally, the Ca2+ and HCO3
− with different concentrations and

ombinations did not materially affect the MNZ removal in spite of

heir detected unfavorable effects. The additions of selected inorganic

ons resulted in the reaction kinetics constants of MNZ decreased

ith the order: NH4
+ > SO4

2− > Mg2+ > PO4
3− > NO3

−, ranging

rom 0.0952 to 0.0527/min, corresponding to the removal efficiencies

anging from 88.91 to 75.44%. HA, whether in its single form or com-

ined forms with Ca2+ and/or HCO3
−, introduced a larger inhibition

o MNZ removal by PSN with its reaction kinetics constants reduced

y 10.84–48.24%. Results reported herein suggest the attention to the

oles of common geochemical factors in efficacy of NZVI-centered

omposites during their applications in environmental remediation.
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