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PREPARATION OF POLYMERIC FERRIC SULFATE
—QUATERNARY AMMONIUM CATIONIC-MODIFIED
STARCH COMPOSITE FLOCCULANT
AND ITS APPLICATION IN OILY SLUDGE TREATMENT

Inorganic-organic compound flocculant of PFS-quaternary ammonium cation-modified starch
composite flocculant was prepared by etherification and compounding method, with corn starch, so-
dium hydroxide (NaOH), cationic etherifying agent 3-chloro-2-hydroxypropyl trimethyl ammonium
chloride (CHPTMA), polymeric ferric sulfate (PFS) as raw materials. The best preparation conditions
were the rate of PFS and quaternary ammonium cation-modified starch mass 4:1, pH of the solution 2,
temperature 60 °C, and the reaction time of 4 h. The factors were ranked according to the influence
degree as follows: mass ratio > reaction time > pH > temperature. The flocculant prepared under opti-
mal preparation conditions was applied to the treatment of oily sludge in the oil field. When pH of the
oily sludge—flocculant mixture was 7 and the dosage at 110 mg/dm?, the deoiling rate of the oily sludge
reached 82.25%, which was an effective conditioning flocculant for oily sludge. SEM analysis showed
that the mechanisms of flocculant were mainly net catching and adsorption bridging action. Thermo-
gravimetry (TG) and energy dispersive spectroscopy (EDS) analyses showed that crude oil and bound
water were removed by the composite flocculant.

1. INTRODUCTION

With the increasing exploitation of petroleum and natural gas, the output of oily
sludge also increases. The treatment of oily sludge mainly involves sludge conditioning
by adding high-efficient and appropriate flocculant [1-3]. Flocculants mainly include
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inorganic, organic and microbial flocculants [4, 5]. Some researchers use organic floc-
culants such as polyacrylamide, alkyl benzene sulfonate, and alkyl phenol ether and
inorganic flocculants such as silicate, iron salt and aluminum salt in oily sludge condi-
tioning to promote the effective deoiling of oily sludge to maximise the recovery of
crude oil [6].

Traditional flocculant causes extensive corrosion to the equipment and results in
high concentrations and specific weights of residual heavy metals. These disadvantages
are becoming increasingly obvious in production. Starch is a natural polymer com-
pound, which is non-toxic, pollution-free, and cheap. It has high selectivity, thus attract-
ing high attention it has been widely used [7]. Starch has a wide range of sources, in-
cluding potato, wheat, and corn. At present, a breakthrough has been made in synthetic
starch. The sources of starch are diverse [8]. China is a large, agricultural country with
rich starch resources. Starch has diverse polymer structure chains and strong reaction
activity on the sub-chain. The required modified starch can be obtained through esterifi-
cation, oxidation and graft copolymerization, or the composite flocculant can be obtained
by compounding starch with inorganic and organic substances [9-11]. Some researchers
modified starch via etherification and graft copolymerization for application in sludge
dewatering and wastewater treatment, achieving good results [12, 13]. The modified
starch, as a natural organic polymer flocculant, has a strong role in capturing and pro-
moting the sedimentation of suspended particles in water [14]. The modified starch floc-
culant has been widely used in sewage treatment, drinking water purification and for
removal of dyes and heavy metals [15-17].

Inorganic-organic composite flocculant can overcome the shortcomings of a single
flocculant. It has both characteristics of inorganic and organic polymer flocculant. Inor-
ganic flocculant is characterised by rapid demulsification and strong electric neutralisa-
tion ability, while organic polymer flocculant is characterised by obvious absorption
bridging effect, rapid floc sedimentation and less flocculant dosage, and it can lower the
concentration of residual metal ions and reduce secondary pollution [18]. It is widely
used in sewage treatment because of its highly efficient flocculation performance at low
temperatures and its wide range of applications [19, 20]. The inorganic-organic modi-
fied starch composite flocculant can also be used in sludge dewatering, treatment of oil
sand tailings and improvement of oil field recovery [21-23].

In the present study, a cheap and abundant starch was modified and compounded
with polymeric ferric sulphate (PFS) flocculant. After chemical modification by cationic
etherifying agent (CHPTAM), polyhydroxy starch and PFS formed a composite floccu-
lant. By changing the chemical structure of the inorganic polymer flocculant, the effect
of PFS-quaternary ammonium type cationic-modified starch composite flocculant on
the oil removal from oily sludge was studied innovatively. The novel inorganic-organic
polymer composite flocculant has many advantages such as ease of obtaining raw ma-
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terials, easy operation, mild reaction, and high application value. The composite floc-
culant was applied to the centrifugal conditioning treatment of oil-bearing sludge in the
oil field for the first time, and good treatment effects were obtained.

2. EXPERIMENTAL

Reagents and instruments. The reagents include corn starch (grade I edible product,
No. 2 Branch, Beijing Gusong Economic & Trade Co., Ltd.), polymeric ferric sulfate
(PFS), analytical pure, Tianjin Damao Chemical Reagent Factory, cationic etherifying
agent 3-chloro-2-hydroxypropyl trimethyl ammonium chloride (CHPTAM, 69% lig-
uid, Dongying J&M Chemical Co., Ltd.), glacial acetic acid (analytical pure, Shenyang
Huadong Reagent Factory), absolute alcohol (analytical pure, Shenyang Huadong Rea-
gent Factory), potassium bromide (analytical pure, Shenyang Huadong Reagent Fac-
tory), sodium hydroxide (analytical pure, Shenyang Huadong Reagent Factory), sulfuric
acid (analytical pure, Shenyang Huadong Reagent Factory) and oily sludge (Daqing Oil
Field, gasoline 93#).

The instruments include HH-S26S digital constant water bath (Jiangsu Jintan Earth
Automation Instrument Factory, China), UV-1750 Shimadzu ultraviolet-visible spec-
trophotometer (Japan), 202-Type constant drying oven (Shanghai Shengqi Instrument
Co., Ltd., China), FA-N/JA-N series electronic balance (Shanghai Minqiao Precision Sci-
entific Instrument Co., Ltd., China), DJ1C amplified motor agitator (Jiangsu Jintan Earth
Automation Instrument Factory, China), TG18G type electric centrifuge (Jiangsu Hi-Tech
Instrument Factory, China), Tensor 27 type Fourier infrared spectrometer (Bruker Spectral
Instruments, Germany), JSM-6360LA scanning electron microscope (JEOL, Japan),
DuPont 2100 type thermal analyser (Perkin Elmer, USA) and S000ESCA X-ray photoelec-
tron spectrometer (Bruker Spectral Instruments, Germany).

Properties of oily sludge. Soxhlet-extraction spectrophotometry was adopted to
measure oil content. At the wavelength of 420 nm, the standard curve was generated
using 93* gasoline as the reference. The corresponding oil content was determined from
the standard curve. The oil content of oily sludge was measured before and after treat-
ment with flocculant, and the oil removal efficiency from oily sludge was calculated.
The property of water content was determined according to the national standard method
for the determination of water content of a water—oil mixed system. After the remaining
impurities were filtered, washed, dried, left standing and weighed, the content of mud
and sand was obtained.

The oily sludge before and after adding PFS-modified starch composite flocculant
was analyzed using scanning electron microscopy, thermal analysis and an X-ray pho-
toelectron spectrometry for EDS analysis to explore the mechanism of composite floc-
culant action on the oily sludge.
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Preparation of composite flocculant. Quaternary ammonium-type cationic-modi-
fied starch flocculant was prepared by dissolving 20 g of NaOH in 100 cm? of distilled
water. NaOH solution and etherifying agent CHPTAM were placed in an ice bath (tem-
perature lower than 10 °C) according to the mass ratio of 3:1, stirred fully and activated
for 10 min. Then, 30 g of dry starch was weighed. The activated drug was sprayed on
corn starch. The mixture was stirred evenly, allowed to stand for 30 min and air-dried.
Water content was less than 5%. Then, the sample was placed in the microwave oven
and reacted for 3 min at a power of 300 W. After the reaction, the crude product was
obtained and soaked in an ethanol solution containing 20% glacial acetic acid by a mass
fraction, and then filtered, washed, and dried. Finally, quaternary ammonium-type cat-
ionic starch (CMS) was obtained.

PFS-modified starch composite flocculant was prepared by weighing 1 g of PFS
and placing it in 100 cm® of distilled water to stir it fully. 1 g of the prepared quaternary
ammonium-type cationic starch was transferred into 100 cm? of distilled water. It was
stirred fully to dissolve it. Then, it was added into a 100 cm® flask. The dissolved PFS
solution was placed in the flask. After being reacted for some time at a certain temper-
ature, a PFS-modified starch composite flocculant was obtained.

By considering the oil removal efficiency from oily sludge by PFS-quaternary am-
monium type cationic-modified starch composite flocculant, the effect of the following
parameters was evaluated: the mass ratio PFS:CMS (modified starch) of 1:1, 2:1, 3:1, 4:1
and 5:1; the mixed solution pH of the reaction system (1, 1.5, 2, 2.5, and 3), the temperature
of 40, 50, 60, 70, and 80 °C; the reaction time of 1, 2, 3, 4, and 5 h. A single-factor exper-
iment was conducted. At the same experimental conditions, the experiment was re-
peated thrice.

Based on the single-factor experiment results, by using the oil removal efficiency
from oily sludge by the composite flocculant as the index, the corresponding orthogonal
table comprising four-factor (mass ratio PFS:CMS, flocculant reaction system pH, tem-
perature, and reaction time) and three-level Lo(3*) was formulated. Nine groups of ex-
periments were conducted to determine the best process conditions for the composite
flocculant.

The functional groups of the composite flocculant products in KBr wafers were an-
alyzed using Fourier infrared spectrometer for structural representation. The scanning
wavenumber was in the range of 500-4000 cm™'.

Performance evaluation of composite flocculant. Oily sludge of 5 g was put into
a beaker of 100 cm? and distilled water of 20 cm?® was added. The oily sludge was treated
with composite flocculants of 60, 90, 110, 140, and 170 mg/dm?®. Adding different con-
centrations of flocculant into the beaker, stirring at 50 °C for 30 min, and pouring into
a centrifuge tube to control centrifuge time for 30 min and centrifuge speed for 3600 rpm.
The sediment after bottom treatment was taken to measure its oil content, the oil re-
moval efficiency from oily sludge was calculated, and the optimal dosage of composite
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flocculant was determined. The experiment was repeated thrice under the same experi-
mental conditions.

A sulfuric acid solution (15 wt. %) was used to adjust the pH of the solution of the
oily sludge—flocculant mixture. Oily sludge samples were treated at pH of 5, 6, 7, 8, 9,
and 10. The experiment was repeated thrice under the same experimental conditions.

In the treatment of oily sludge under the same conditions, when the optimum dosage
was 110 mg/dm?®, and pH of the oily sludge—flocculant mixture was 7, the effect of the
prepared PFS-modified starch composite flocculant was compared with the effect of
a single flocculant of PFS and quaternary ammonium type cationic starch (CMS) before
modification, to observe the treatment effect of oily sludge.

3. RESULTS AND DISCUSSION
3.1. DETECTION OF BASIC PROPERTIES OF OILY SLUDGE

The oily sludge used in the experiment was black and viscous and had a strong volatile
pungent odour. It was generally composed of oil in water, water in oil and suspended solid
particles. The suspended solids and colloidal particles were emulsified with oil and water to
form a relatively stable suspended emulsion glue system, which was very viscous and diffi-
cult to settle down [24, 25]. In the oily sludge, the water content measured was 24.58%, the
oil content was 13.13%, and the mud content was 59.89%.

3.2. SINGLE-FACTOR EXPERIMENT

Figure 1 shows that when the mass ratio of PFS to cationic-modified starch was 3:1,
the oil removal efficiency from oily sludge by composite flocculant reached the maxi-
mum. When the mass ratio increased until the dosage of PFS was excessive, the oil
removal efficiency did not increase. With the increase of PFS, the oil removal efficiency
increased, because iron has a strong affinity for ~OH, and it can polymerise with modi-
fied cationic starch very quickly to form a polynuclear polymer. In addition, the modi-
fied quaternary ammonium cationic starch has a special net structure. The flocculant
with complete composite reaction has a strong ability of electric neutralization and
strong absorption bridging ability, which can improve the oil removal efficiency from
oily sludge and achieve an ideal de-oiling effect. Therefore, the composite flocculant
was prepared with a mass ratio PFS:CMS of 3:1.

Figure 2a shows that pH of reaction systems greatly affects the oil removal effi-
ciency from oily sludge. In the preparation of the composite flocculant, considering that
the pH of the PFS solution is different from that of the cationic-modified starch solution,
the gel was present in the composite process. Therefore, pH should first be adjusted to
make it similar for both solutions used and then compound it [26]. In the reaction system
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of mixed solution at pH 2, the oil removal efficiency from oily sludge reached the high-
est value, which was 79.59%. Therefore, the composite flocculant was prepared in the
reaction system.
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Figure 2b shows that with the increase of the temperature in the course of composite
flocculant preparation at 40—-60 °C, the oil removal efficiency from oily sludge by the
flocculant increased gradually. When the temperature was 60 °C, the oil removal effi-
ciency reached the highest value of 81.19% and then decreased. When the temperature
was low, the modified starch can only be compounded with PFS partially, and the reac-
tion was incomplete. As a result, the netting and bridging function of the modified starch
skeleton structure could not be fully played through coordination with the rapid sedi-
mentation of PFS. Therefore, the oil removal efficiency was relatively low. When the
temperature was too high, the modified starch might lose efficacy, resulting in an in-
complete reaction [27]. Therefore, the temperature was set to 60 °C.

Figure 2¢ shows that when the reaction time of composite flocculant preparation
increased from 1 to 4 h, the oil removal efficiency increased gradually. When the reac-
tion time was 4 h, the oil removal efficiency reached the highest value of 80.12%. Upon
increasing the reaction time, the oil removal efficiency decreased. Therefore, the reac-
tion time was determined to be 4 h.

3.3. ORTHOGONAL EXPERIMENT

The factor level table of the orthogonal test is formulated according to the single-
-factor experimental result, as shown in Table 1.

Table 1
Orthogonal experiment results
No Mass ratio pH Temperature | Reaction | Oil removal
" | PFS:CMS [°C] time [h] | efficiency [%]
1 1.5 50 3 72.58
2 2:1 2.0 60 4 74.18
3 2.5 70 5 75.78
4 1.5 60 5 80.12
5 3:1 2.0 70 3 78.52
6 2.5 50 4 76.85
7 1.5 70 4 79.06
8 4:1 2.0 50 5 81.72
9 2.5 60 3 80.65
K1 74.18 77.25 76.96 77.25
K 78.50 78.14 78.32 76.70
J €] 80.48 77.76 77.79 79.21
R 6.3 0.89 0.53 2.51

K, represents the average of the sum of the test indicator values
corresponding to the n level.

R represents the difference between the maximum and minimum
of K.
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Table 1 shows that the effects of the range R of 4 factors rank can be arranged as
mass ratio PFS:CMS > reaction time > reaction system pH > temperature. Based on the
comprehensive analysis of the single factor result and the values of orthogonal factors,
the optimum synthesis conditions are determined as follows: mass ratio PFS:CMS 4:1,
pH 2, temperature 60 °C and reaction time 4 h. Under the best conditions, three sets of
parallel verification experiments were carried out, and the oil removal efficiency was
determined as 82.19, 83.08 and 82.31%, 82.53% on average.

3.4. INFRARED SPECTRUM ANALYSIS OF COMPOSITE FLOCCULANT

The infrared spectrum of the flocculant prepared under the best conditions (Fig. 3)
shows an absorption peak at 3443.92 cm™ corresponding to hydrogen bond —~OH stretch-
ing vibration. A strong peak at 1638.31 cm™' was assigned to Fe-OH bending vibration.
The absorption peak at 1252.33 cm™ corresponds to C—N stretching vibration of the quater-

nary ammonium group, and the absorption peak at 1010.28 cm™ to -C—O—C— stretching
vibration.
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Fig. 3. FTIR spectrum of the compound flocculant

A weak absorption peak at 598.13 cm™! appeared after introducing PFS into the
modified starch when part of —OH groups was replaced by oxygen in the modified starch
coordinated with ether oxygen bond on the cationic starch under the effect of the hydro-
gen bond of —OH. Therefore, a simple physical mixture was not formed, but the mole-
cules were connected by chemical bonds. Quaternary ammonium cationic modified
starch was etherified, and then reacted with PFS to form a new inorganic-organic com-
posite flocculant.
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3.5. TREATMENT OF OILY SLUDGE WITH COMPOSITE FLOCCULANT

Upon increasing the dosage of the flocculant, the oil removal efficiency from oily
sludge increased first and then decreased (Fig. 4). When the flocculant dosage increased
to 110 mg/dm?, the oil removal efficiency reached a maximum of 82.25%.
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Fig. 4. The effect of composite flocculant dosage on the oil removal efficiencys;
PFS:CMS 4:1, pH 2, temperature 60 °C, and reaction time 4 h

By etherification, the cationic groups of the quaternary ammonium group were in-
troduced into the starch molecule, which made the molecular chain increase. The cati-
onic surface had a positive charge, and the complex iron salt also enhanced the positive
charge, which further enhanced the deoiling ability of the flocculant. The composite
flocculant has a larger molecular weight, longer molecular chain and more chances to
contact and collide oil in oily sludge, thus increasing the number of oil molecules ad-
sorbed and the oil removal efficiency as well. Therefore, the effect can be achieved by
adding a small amount of reagent. The composite flocculant prepared in the experiment
can achieve an ideal deoiling result with the use of its high-efficiency coordination ef-
fects such as adsorption bridging, netting, electric neutralization, and flocculation. An ap-
propriate amount of flocculant was added to make oily sludge conditioning, which is help-
ful to improve the oil removal efficiency. However, the excessive dosage would reduce
the oil removal efficiency. The experimental result shows that the optimal flocculant dos-
age was 110 mg/dm’.

At pH 7 of the oily sludge—flocculant mixture, the oil removal efficiency from oily
sludge was the highest (Fig. 5). At pH < 7, the oil removal efficiency was relatively low
because cationic-modified starch has a good flocculation effect on the negatively charged
inorganic or organic suspension. However, the surface of the oil phase was negatively
charged in this experiment. In the acidic system, the oily sludge particles are wrapped
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by opposite charges. Considering the positive charge, the electrostatic repulsion be-
tween oil phases is enhanced, which is not conducive to the agglomeration and precipi-
tation of particles. At pH > 7, the oil removal efficiency from oily sludge is also low.
Consequently, in the alkaline system, the electronegativity of oily sludge particles in-
creases. At the same time, the positively charged group in the flocculant will be partially
neutralised and no longer interact with oily sludge particles, and the flocculation effect
decreases. Therefore, the optimum application system is at pH 7.
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Fig. 5. The effect of oily sludge pH on the oil removal efficiency;
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By considering the oil removal efficiency as the index, the deoiling effect of PFS-
-modified starch composite flocculant was compared with that of the single flocculant
of polymeric ferric sulphate (PFS) and CMS before composite. The experimental results
are shown in Fig. 6, the inorganic-organic composite flocculant has higher oil removal
efficiency from oily sludge and better flocculation and de-oiling effect than the single
inorganic flocculant PFS and quaternary ammonium cationic-modified starch flocculant
CMS. The composite flocculant prepared in the experiment as PFS-quaternary ammo-
nium cationic-modified starch can be used as a flocculant for the treatment of oily
sludge. The results confirm that the composite flocculant has a better application effect
than the single flocculant, The research and application of composite flocculants are the
development direction in the future.

3.6. MECHANISM OF THE OIL REMOVAL FROM OILY SLUDGE
AFTER COMPOSITE FLOCCULANT ADDING

Figure 7 shows the microstructure of oily sludge before and after treatment with
composite flocculant. The oily sludge before treatment is loose and granular, with many
pores between particles that are irregularly arranged, and its oil and water contents are
high. After treatment, sludge particles aggregate to form dense mud cake with small
pores. Their intrinsic viscosity and molecular number increased, and their adsorption
bridging performance was remarkably improved.

Fig. 7. SEM images of oily sludge before (a) and after adding flocculant (b)

This result shows that a remarkable amount of water and oil phases in oily sludge
are after sludge conditioning and flocculation. Under the function of flocculant, the oil
phase molecules in oily sludge can be removed from the sludge surface to the greatest
extent through adsorption bridging and netting oil phase particles, and high oil removal
efficiency and ideal de-oiling effect are achieved.
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3.7. THERMAL ANALYSIS OF OILY SLUDGE
BEFORE AND AFTER ADDING OF COMPOSITE FLOCCULANT

The oily sludge after treatment with composite flocculant was greatly changed com-
pared with that before treatment (Fig. 8). The initial temperature was 180 °C, and the
weight loss was slow. This stage involved the volatilization stage of free water in oily
sludge. After treatment, the water content of the oily sludge decreased, indicating that
free water was removed. At 180-320 °C, the weight loss was fast due to heat volatiliza-
tion of light oil and the removal of bound water in microorganisms. This indicates that
some crude oil and bound water in oily sludge were removed after adding a flocculant
for conditioning.
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Fig. 8. TG curves of oily sludge

At 320-550 °C, the weight loss was severe. With the increase in temperature, the
heavy oil and a large amount of volatile organic compounds were decomposed, thus
accelerating the weight loss of the sludge. After adding flocculant treatment, a large
amount of crude oil was removed. Above 550 °C, the weight loss was slow, and at this
stage, fixed carbon was burnt, and some minerals decomposed thermally.

3.8. EDS ANALYSIS OF OILY SLUDGE
BEFORE AND AFTER ADDING COMPOSITE FLOCCULANT

X-ray photoelectron spectroscopy was used to analyze the elemental composition
before and after the treatment of oily sludge with PFS—quaternary ammonium cationic



Application of polymeric ferric sulfate in oily sludge treatment 47

starch composite flocculant. The results are shown in Table 2 and Fig. 9. It could be
seen that carbon was greatly reduced after treatment because the oil was separated from
the oily sludge when the flocculant was added.
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Fig. 9. EDS images of oily sludge before (a) and after adding flocculant (b)

Table 2

Elemental content in oily sludge
before and after treatment [wt. %]

Element | Before | After | Element | Before | After

C 482 | 28.6 Ca 1.1 4.6
O 285 | 284 Mg 0.2 2.3
Si 8.2 15.1 K 0.5 2.5
Fe 3.1 54 S 2.4 2.5
Al 2.2 3.9 P 2.5 2.6

Zn 3.1 4.1

The main element of sediment was silicon, as well as other inorganic salts, such as
magnesium salt, carbonate, etc. After the oily sludge was treated, a large amount of
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crude oil was removed from the oily sludge, leaving most of it as inorganic salts and
a small amount of organic matter. Thus, the flocculant was characterized by a good sep-
aration degree of oily sludge and less oil content in sludge after treatment.

4. CONCLUSIONS

In the oily sludge treatment at pH = 7, 110 mg/dm? composite flocculant was ap-
plied. The oil removal efficiency was 82.25%, and this condition promoted the deoiling
effect of oily sludge. PFS-quaternary ammonium cationic-modified starch composite
flocculant was added to make oily sludge conditioning. The comparison and analysis of
the SEM images showed that in oily sludge conditioning, the synergistic effect of strong
charge neutrality and bridging and netting of long network chain macromolecules made
the oil phase separate from oily sludge. After treatment, the sludge particles were closely
arranged, and the water and oil phases were removed. Thermal and EDS analysis results
show that the crude oil and bound water can be removed from oily sludge after treatment
with composite flocculant.
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