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ABSTRACT

The natural organic matter (NOM) contaminated water treated by ferrate without or with Ca ions
was comparatively studied. The NOM removal process by ferrate assisted with kaolin clay were
investigated under different NOM concentration. At pH 9.0, the NOM removal by ferrate with
Ca could significantly improve 55% than without Ca, and Ca could promote the transformation
of ferrate to iron oxides instead of soluble Fe. The flocs produced from NOM removal by ferrate
without or with Ca was analysed by fractal dimension and Fourier-transform infrared spectros-
copy. We found that Ca could increase the strength and recovery of flocs structure in the NOM
removal process by ferrate. Therefore, Ca addition can enhance the oxidation and coagulation of

ferrate in the water treatment.
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1. Introduction

The natural organic matter (NOM), ubiquitously existing
in natural waters, is a very diverse collection of organic mol-
ecules derived from natural sources [1-2]. The presence of
NOM in surface water are highly concerned. Because NOM
can bring a few problems for drinking water: (1) poor aesthetic
quality of the water such as colour, taste, odour [1,3-4]; (2)
potential health risk due to the formation of disinfection
by-products (DBPs) during water treatment by reacting with
other chemicals [5-7]; (3) bacterial regrowth and biofilm
formation in distribution systems [1,3]. Therefore, it’s quite
important to the elimination and control of NOM levels.

* Corresponding author.

The mostapplied methods for removal of NOM from water
are coagulation [8-10], adsorption [10,11], membrane filtra-
tion [12,13], advanced oxidation processes (AOPs) [7,14,15],
biological and ion exchange (IE) processes [1,16,17].
Coagulation and flocculation for NOM removal from drink-
ing water has recently attracted significant attention from
scientists and industry, because of low cost and short time
[9,18]. In the coagulation process, coagulants are critical to
improve the NOM removal efficiency, including ferric salts
and aluminium salts. Kohler et al. [19] reported that 50%—
52% of NOM was removed by coagulation/sedimentation
and filtration at the Gorvaln WTP in Sweden. To improve
the NOM removal efficiency, oxidants (e.g., liquid chlo-
rine, pypocholoride, ozone) are used as pretreatment and
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followed by coagulation. These oxidants can often react with
NOM, producing new aromatic halogenated DBPs [20,21].

Ferrate often has been used as a high-effective and
green chemical agent for removing various organic con-
taminants [22,23]. The advantage of the application of fer-
rate arises from oxidation and subsequent coagulation by
v-Fe,O, serving as an in situ coagulant and adsorbent [24].
There is a handful studies reported in the literatures on the
effective oxidation and coagulation of pharmaceuticals and
other contaminants such as different disinfection by-prod-
uct precursors [25,26]. Several researchers have investigated
that heavy metals (e.g., Fe(II), Fe(IlI), Mn(II)) and silica gel
could enhance the degradation of pharmaceuticals in the
wastewater by ferrate [27,28]; however, the effect of surface
water quality (e.g., Ca ion and clay particles) on the oxida-
tion and coagulation of ferrate to remove NOM is largely
unknown. Therefore, there is an urgent need to investigate
the efficient and environmentally friendly technologies
for the removal of NOM in aquatic environment.

The objectives of this work were (1) to compare the NOM
removal efficiency and molecular weight by ferrate with or
without Ca; (2) to investigate the effect of Ca on the fractal
structure and particle size of flocs; (3) to analyze the floc
structure by Fourier-transform infrared spectroscopy (FTIR).

2. Materials and methods
2.1. Materials and reagents

Potassium ferrate (K,FeO,, >99%), humic acid (HA,
>90%), calcium chloride (CaCl,, >99%), sodium bicarbonate
(NaHCO,, >99%) and kaolin (1-5 um, negative charge) were
purchased from Sigma-Aldrich or Sinopharm Chemical
Reagent Co., Ltd. All the solutions were prepared by using
ultrapure water (Mill-Q Biocel, 18 MQ).

Stock solution was prepared as follows: 1.00 g humic
acid was dissolved in 1 L of 1 x 10 mol/L NaOH solution
with 24 h of continuous stirring, and then filtered through
0.45 um glass fiber membrane filter. 1.00 g kaolin was dis-
solved in 1 L ultrapure water and stirred for 24 h. 0.2 mol/L
NaHCO, was also prepared. These solutions were stored
in refrigerator for later use.

Synthetic test NOM water was prepared by adding
a measured amount of humic acid stocking solution into
deionized water (0—40 mg/L TOC), meanwhile, 1.0 mmol/L
NaHCO, was added to provide a certain buffer capacity
and ionic strength as well as 50 mg/L kaolin. The pH of test
water was adjusted by 0.1 mol/L. NaOH or 0.1 mol/L. HNO,
solutions.

2.2. Jar tests

Flocs were formed by performing a series of jar tests.
After 10 min of slow growth phase, the mixing speed was
increased to 200 rpm for 1 min to break the flocs, followed
by another slow mixing at 40 rpm for 10 min to regrow the
flocs. A laser diffraction instrument (Malvern Mastersizer
2,000, Malvern, U.K.) was used to measure the median d,,
floc size during the whole experiment. The suspension was
monitored by drawing water through the optical unit of
the Mastersizer and back into the jar by a peristaltic pump

on the return tube with 6 mm internal diameter peristaltic
pump tubing. The inflow and outflow tubes were positioned
opposite one another at a depth just above the paddle in the
holding ports. Ferrate and pH adjustment chemicals were
added at the start of the rapid mix. Size measurements were
taken every 30 s for the duration of the jar test and logged
onto a computer. Flocs were pumped through the system
at a flow rate of 10 rpm.

Standard jar tests were conducted on a program-con-
trolled jar test apparatus (TA-6, Wuhan Hengling Technology
Co., Ltd., China) at room temperature. Test water of 300 mL
was transferred into a 500 mL beaker; under rapid stirring
of 250 rpm for 0.5 min, 0.2 mmol/L ferrate was dosed to
pre-oxidation, followed by a rapid mix at 200 rpm for 1 min;
after 1.5 min, the stirring speed was changed to 40 rpm with
a duration of 10 min; then after 30 min of quiescent string,
sample was collected from 2 cm below the surface for mea-
surements. Collected sample was filtered through 0.45 um
membrane to measure total organic carbon (TOC), final pH,
and turbidity.

2.3. Analysis

Infrared spectrums were recorded on a Thermo Fisher
Nicolet 8700 ATR-FTIR spectrometer. The pH of all solu-
tions was read by a Mettler Toledo pH meter (FE20) with a
combined glass electrode (LE438). The turbidity was mea-
sured using a 2100 N turbidimeter (Hach, USA). The TOC
of the solution was analyzed using a TOC-VCPH analyzer
(Shimadzu, Japan). The molecular weight of NOM was
determined using high performance liquid chromatography
(1200 series; Agilent) with a C18 column (5 pm, 4.6 x 250 mm;
Agilent). The analysis was carried out at 254 nm using a
H,PO, solution (pH = 3) as the mobile phase.

3. Results
3.1. Removal of NOM with ferrate

The TOC removal efficiency, turbidity and Fe residual
amount on the NOM removal by ferrate were investigated
at pH 7.0. Fig. 1 shows the variation of NOM removal effi-
ciency, turbidity and Fe residual amount as a function of
the increase of NOM concentration. In the process of NOM
removal by ferrate, when NOM content was increased from
0 to 18.8 mg-C/L, the NOM removal efficiency and turbid-
ity in solution was 80%-100% and 2-30 NTU, respectively,
with the increase from 0 to 4 mg/L of Fe residual amount.
When NOM was increased from 18.79 to 37.58 mg-C/L,
TOC removal efficiency was decreased from 80% to about
0%, and turbidity and Fe residual amount were increased
from 30 to 80 NTU and from 4 to 12 mg/L, respectively.
This indicates ferrate can completely remove NOM with
less than 18.79 mg/L at pH 7.0. Compared with NOM
removal by Fe salt (Fig. S1), for moderate HA concentra-
tion (10-20 mg/L), the NOM removal efficiency from fer-
rate was high 4-5 times than that from Fe salt coagulation.
This may be related with the oxidation of ferrate.

The change of 0—40 mg-C/L NOM molecular weight
before and after ferrate treatment is shown in Fig. 2. The
results display that most NOM molecular weights were
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1-10 K. At less than 10 mg-C/L NOM, few molecules using
ferrate treatment were left compared with Fe salt treatment
(Fig. S2). At moderate concentration (18.79 mg-C/L), most
of molecules were removed by ferrate while some mol-
ecules (2 K-8 kDa) were left by Fe salt treatment. At high
concentration (37.58 mg-C/L), large amounts of molecules
were left after ferrate treatment, even producing more large
molecular weights (40 kDa). This mainly resulted from
colloid particles [29,30], indicating that iron oxides were
coated by parts of organic molecules.

3.2. Impact of Ca on the NOM removal by ferrate

The variations of TOC removal efficiency, Ca concentra-
tion and Fe residual on the NOM removal by ferrate with
Ca at pH 9.0 are shown in Figs. 3 and S3. In the removal
process of 10.3 mg-C/L NOM, with the increase of Ca from
0 to 0.75 mmol/L, TOC removal efficiency was up from 0%
to about 55%, and Ca was almost no adsorbed. Interestingly,
Fe residual concentration was decreased from about 9 mg/L
to 0. For high NOM concentration (around 21 mg-C/L), the
removal behaviors in Fig. S3 were similar with those in low
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Fig. 1. Fe concentration and remaining turbidity, TOC removal
efficiency in the solution during the NOM removal by ferrate
(ferrate dosage: 0.2 mmol/L; NOM concentration: 0-40 C-mg/L;
kaolin dosage: 50 mg/L; pH: 7.0).
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NOM. For example, increasing the Ca concentration from 0 to
0.75 mmol/L, TOC was decreased from 21 to 17 mg-C/L, the
Fe residual amount decreased from around 10 to 8.5 mg/L,
and Ca concentration was no changed. This indicates that
Ca may remarkably affect the oxidation and coagulation of
ferrate.

The NOM molecular weight distribution after treatment
by ferrate with or without Ca at pH 9.0 is shown in Fig. 4.
At low Ca concentration (0-0.30 mmol/L Ca), all the mole-
cules were almost no removed, producing more large molec-
ular weights (40 kDa).In contrast, high Ca concentration
(0.75 mmol/L Ca) can promote the NOM molecular removal
and avoid the formation of large molecular weights (40 kDa).

3.3. Flocs analysis of NOM and Ca with ferrate

3.3.1. Fractal dimension analysis

The influence of Ca* and NOM on floc growth at fer-
rate dosage 0.2 mmol/L and pH 7.0 is shown in Fig. 5. The
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Fig. 2. NOM molecular weight distribution after ferrate
treatment.
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Fig. 3. TOC removal efficiency, Fe concentration and Ca concentration in the solution during the NOM removal by ferrate
(ferrate dosage: 0.2 mmol/L; NOM concentration: 10.3 mg/L; Ca dosage: 0-0.75 mmol/L; pH: 9.0).
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results show that NOM was better able to accelerate the fer-
rate coagulation than Ca*. In Fig. 6A, by increasing NOM
concentration, flocs size and growth rate rose and then
fell. For instance, flocs size kept growing to achieve the
largest medium diameter (around 650 um) at 16 mg-C/L of
NOM concentration; flocs growth rate reached the high-
est value (650 um/min) at 8 mg-C/L of NOM concentra-
tion. In Fig. 6B, flocs size (250-300 um) and growth rate
(80-100 um/min) were less changed after the addition of Ca*
compared with the addition of NOM.

The aggregates’ structure can be simply described by a
parameter D, fractal dimension, which was defined as the
exponent of relationship of mass (M) and size (L) [13]:

M, o L 1)

Similar relationships can be obtained regarding the vol-
ume and sedimentation velocity to particle size. In Fig. 6C
and D, there was almost no difference in Fe flocs fractal
dimension (D) when breakage or regrowth, but NOM or
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Fig. 4. NOM molecular weight distribution after treatment by
ferrate with Ca.
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Ca had large influence on the Fe flocs fractal dimension. For
example, the D, of Fe flocs increased to around 2.50 at 20 mg/L
of NOM and then reduced with increasing their concentra-
tions. With the increase of Ca concentration, Fe floc fractal
dimension was increased from 2.25 to 2.35. In 0.2 mmol/L
ferrate dosage, Fe flocs size, growth rate and fractal dimen-
sion were increased when NOM reaching 8-16 mg-C/L, and
then decreased; they were no significantly changed with the
increase of Ca concentration. As having been reported in
the previous studies [31,32], flocs with open structure have
low D, values, whereas, high D, values generally indicate
more compact structures.

The strength factor and recovery factor calculated using
Egs. (2) and (3) in Table 1 were used to interpret the floc
breakage and recoverability. The addition of NOM decreased
the strength factor value (58) and recovery factor value (23)
at 4 mg-C/L. By increasing NOM concentration, the recov-
ery factor value of flocs was decreased from 50 to 12 while
strength factor value was increased slightly. In contrast, Ca
could improve the recovery factor and strength factor that
were 73 and 60 at 1.0 mmol/L of Ca. This suggested that
flocs with Ca were similar to resist shear with NOM, and the
regrowth of flocs with NOM was poorer than that with Ca.
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3.3.2. Flocs structure analysis

FTIR spectra of Fe flocs obtained by ferrate were mea-
sured. FTIR of kaolin (Fig. S4) showed usual peaks at 1,114;
1,025 and 996 cm™ for Si—O bending [33,34], 934 and 909 cm™
for AI-OH bending [33], 789 and 749 cm™ for Si-O-Al com-
pounded vibrations [34]. Fig. 7 exhibits the FTIR spectra of
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Fig. 5. The growth, breakage and regrowth profiles of ferrate flocs with NOM or Ca at pH 7.0 (A) [NOM] = 040 mg-C/L and (B)

[Ca*] = 0-1.0 mmol/L).
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Table 1
Strength and recovery factors of flocs formed with different sol-
vents after breakage

Solvent Concentration Strength Recovery
factor factor
0 58 50
NOM 4 mg-C/L 58 23
8 mg-C/L 58 12
16 mg-C/L 54 12
20 mg-C/L 62 12
Ca 0.1 mmol/L 48 51
0.2 mmol/L 62 65
0.5 mmol/L 60 66
1.0 mmol/L 60 73

Fe flocs produced from ferrate under different NOM con-
centrations. In the absence of NOM, the IR spectra of flocs
obtained from ferrate was almost the same with that of
kaolin. As seen from Fig. 7, by the increase of NOM concen-
tration from 0 to 10 mg/L, the peaks of 996 and 1,025 cm™
at the IR of Fe-NOM flocs from ferrate also shifted to high
wavenumbers and their intensities were decreased, sug-
gesting that the Si-O-Fe binding was formed. When the
NOM concentration reached 20 mg/L, the peak of 1,025 cm™
returned the initial position. This attributes that more
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Fig. 7. FTIR spectra of flocs produced from 0.2 mmol/L ferrate
with 50 mg/L kaolin under different NOM concentration.

NOM inhibits the interaction between kaolin particles and
iron oxides producing by decomposition of ferrate.

4. Conclusion

In summary, this study mainly includes as follows: The
comparison of NOM removal by ferrate in the presence of
Ca or not was studied. The removal efficiency of NOM
(around 20 mg-C/L) by ferrate at pH 7.0 was 4-5 times than
that by Fe salts; Ca addition can significantly improve 55%
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for NOM removal by ferrate at pH 9.0 and inhibit the trans-
formation of iron oxides to soluble Fe. The flocs produced
from NOM removal by ferrate without or with Ca was ana-
lyzed by fractal dimension and FTIR. We found that Ca
could increase the strength and recovery of flocs structure
in the NOM removal process by ferrate.
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centration in the solution during the HA removal by ferrate
(ferrate dosage: 0.2 mM; HA concentration: 21 mg/L; Ca dosage:
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