
ORIGINAL PAPER

Hybrid coagulation/ozonation treatment of pharmaceutical
wastewater using ferric chloride, polyaluminum chloride
and ozone

A. Shirafkan1 • S. M. Nowee1 • N. Ramezanian2 • M. M. Etemadi1

Received: 25 May 2015 / Revised: 30 December 2015 / Accepted: 17 February 2016 / Published online: 15 March 2016

� Islamic Azad University (IAU) 2016

Abstract In recent years, concerns about the occurrence

and fate of active pharmaceutical ingredients, solvents,

intermediates and raw materials that could be present in

pharmaceutical industry effluents have gained increasing

attention. Conventional treatment methods, such as acti-

vated sludge, are not sufficient enough to remove active

pharmaceutical ingredients completely. As a result, com-

plementary treatment methods like coagulation and floc-

culation are often used and play a critical role in industrial

and municipal wastewater treatment. The primary goal of

these methods is to destabilize and remove colloidal par-

ticles along with other organic/inorganic contaminants.

Recently empirical works have considered ozone as the

most promising oxidant for the removal of micro-pollu-

tants. The current study examined the effectiveness of

coagulation/flocculation process using ferric chloride,

polyaluminum chloride, and aluminum sulfate as a rea-

sonable approach to tackle the issue of treating pharma-

ceutical wastewater. In addition, the results were compared

with the process using only ferric chloride that was the

coagulant of an actual treatment plant. Then, improvement

of the process performance was investigated using ozone as

an oxidant. In conclusion, it was found out that polyalu-

minum chloride presented better performance among two

other coagulants and also adding 200 mg/L of polyalu-

minum chloride can lead to 97–98 % turbidity removal

efficiency. Moreover, polyaluminum chloride was capable

of reducing most of the environmental parameters such as

chemical oxygen demand and total dissolved solid with the

removal efficiency of 70 and 68 %, respectively. Addi-

tionally, ozonation improved the coagulation process,

especially iron ion removal, and dramatically decreased the

concentration from 5.68 to 0.19 mg/L.

Keywords Coagulation � Environmental chemistry �
Pharmaceuticals � Ozonation � Wastewater

Introduction

Over the last century, population growth and industrial-

ization have resulted in the degradation of various

ecosystems, upon which human life relies. In the case of

oceans and rivers, such pollution is primarily caused by the

discharge of inadequately treated industrial and municipal

wastewater.

Effluents may contain high amount of inorganic pollu-

tants, which can be easily biodegradable, while their

impacts load on different ecosystems, ‘‘either in total sus-

pended solids (TSS), total dissolved solids (TDS) bio-

chemical oxygen demand (BOD), or chemical oxygen

demand (COD)’’, may be in the tens of thousands of mg/L

(Ng 2006).

Chemical and pharmaceutical industries are allocated to

a large group of industries. Various processes and a wide

range of raw materials are applied to produce a set of

products needed for providing regional demands. As a

result, a large number of effluents with different charac-

teristics and volumes are produced. These streams differ in

relevant unit, time, and seasonal variation, which take

place to produce certain medicines (Tzoupanos and Zou-

boulis 2008). Presence of pharmaceuticals and personal
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care products (PPCPs) was first identified in surface and

wastewaters in the United States and Europe in 1960s

(Stumm-Zollinger and Gordon 1965). In order to remove

these contaminants from wastewater, physical, chemical,

and/or biological methods can be used. Coagulation/floc-

culation is a commonly used chemical process in water and

wastewater treatment. Natural coagulants like laterite soil

have been applied to treat dye wastewater (Lau et al. 2014,

2015) or chemical-based coagulants such as ferric chloride

(FeCl3), aluminum sulfate (alum), and/or polymers are

added to wastewater to destabilize colloidal materials and

cause small particles to agglomerate into larger set-

table flocks (Amuda and Amoo 2007).

FeCl3 is a well-known coagulating agent in wastewater

treatment, which is capable of removing color, organic

matter, and heavy metals from wastewater (Errais et al.

2010; Papic et al. 2000; Golbaz et al. 2014). Recently, a

number of alternative aluminum-based coagulants have

been developed for water treatment applications. These

compounds have the general formula (Aln (OH)m Cl(3n-m))x
and a polymeric structure.

Polyaluminum chloride (PACl, n = 2 and m = 3) is one

of the most common coagulants in this group. Consump-

tion of polyaluminum chloride has several advantages,

including effectiveness in a wide range of pH, low alka-

linity, proper performance at low temperatures, and low

levels of residual aluminum and chloride in the treated

water that can reduce sludge production. It also requires

lower doses than other coagulants (Gebbie 2001). Based on

the studies some polymeric coagulants such as PACl have

been found to be more effective and suggested for col-

orants removal of wastewater (Verma et al. 2012; Zahrim

and Hilal 2013; Liang et al. 2014; Yeap et al. 2014).

Active pharmaceutical ingredients (APIs), in some

cases, are not degraded sufficiently by biological processes

during wastewater treatment, either because of the high

persistence to biodegradation, or limited biological activity

during treatment. Improving wastewater treatment plants

by implying further technologies such as chemical oxida-

tion can be a probable approach (Ternes et al. 2003;

Hansen et al. 2010; Lee and von Gunten 2010). It has been

proven that oxidation techniques can effectively remove

potential pollutants that cannot be degraded biologically in

wastewater. The other benefit of oxidative treatment is its

disinfectant effect (Ayyildiz et al. 2009).

Chemical oxidation with oxidants such as ozone (O3),

chlorine, chlorine dioxide (ClO2), and peracetic acid is

applied widely for the treatment of drinking water and

wastewater. Out of these four oxidants, ozone has been

considered the most promising oxidant for the removal of

micro-pollutants (Huber et al. 2003; Lee and von Gunten

2010; Ternes and Joss 2006). Ozone is a powerful

oxidizing agent in water and wastewater treatments. Once

ozone dissolves in water, it reacts with a great number of

organic compounds in two different ways, by direct oxi-

dation as ozone molecule or by indirect reaction through

formation of secondary oxidants like hydroxyl radical

(Baig and Liechti 2001). Since ozone is unstable and is

decomposed into elemental oxygen in a short amount of

time, it is usually generated on-site (Garcı́a Montaño et al.

2007). Applications of ozone can be generalized in two

groups (Am Water Works Res et al. 1991):

• A powerful disinfectant and a strong oxidant to remove

color and odor;

• An applied agent to eliminate trace of toxic synthetic

organic compounds and to assist in coagulation.

Since all the treatment methods have their own draw-

backs, alternative methods are needed for treating

wastewater. In the literature, there are some pieces of

evidence for applying coagulation and ozonation processes

individually for wastewater treatment. However, to the best

knowledge of the present authors, there are no detailed

studies or comprehensive investigations on using coagu-

lation and ozonation processes simultaneously for the

treatment of wastewaters. Therefore, in this present work,

FeCl3, alum, and PACl were used as coagulants in treating

pharmaceutical wastewater. For this purpose, the maxi-

mum percentage of turbidity removal was determined at

the optimum dosage and pH, and an appropriate coagulant

was ascertained. In addition, the improvement of process

performance was investigated using ozone as an oxidizing

agent. Moreover, since S2- ion has strong precipitating

properties, the use of sodium sulfide (Na2S) as a bleaching

agent and removing heavy metals is reported (Soya et al.

2010); at final stages of the proposed treatment in this

study, Na2S was also added to the streamline.

Finally, in order to evaluate each stage (coagulation,

ozonation and precipitation), environmental parameters

such as pH, COD, TSS, TDS, and heavy metal removal

percentage were analyzed. This work was carried out at

Department of Chemical Engineering, Ferdowsi University

of Mashhad and some experimentation at Faculty of

Health, Medical University of Mashhad, Iran, between

June 2013 and January 2014.

Materials and methods

This study was set out with the aim of assessing the

importance of wastewater treatment systems. The investi-

gation was divided into three steps, coagulation–floccula-

tion process, ozonation experiments, and sodium sulfide

addition.
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The used wastewater effluents were collected from two

points of the wastewater treatment line of a pharmaceutical

plant: one sample from the input and another from the

output streams of the coagulation step of the line.

Coagulation studies were performed using jar test

(flocculator(apparatus from HACH Company (USA),

equipped with six cylindrical beakers. The tests were per-

formed using three coagulants (FeCl3, alum, and PACl). In

order to determine the appropriate coagulant, the coagu-

lation–flocculation process was carried out in two steps:

first, to address the optimum pH and, then, to investigate

the optimum concentration. Each experiment was per-

formed by adding a certain amount of the coagulant into a

beaker containing 0.5 L of the wastewater effluent with the

initial pH value of 8.1 and initial turbidity of 156 NTU

(Nephelometric turbidity unit). Then, the mixture was

agitated at 150 rpm for 1 min and at 40 rpm for 15 min.

After completing the mixing operation, the mixture was

given 60 min to settle; afterward, turbidity was analyzed.

In order to optimize the pH value, the coagulation of

wastewater was studied over the pH range of 4–9 at the

coagulant dosage of 1000 mg/L for all the coagulants. The

initial pH was adjusted by 1 N HCl and 2 N NaOH solu-

tions. To optimize the coagulant dosage, coagulation

experiments were carried out by varying dosage values in

the range of 100–1200 mg/L, at the optimum pH value

obtained from prior experimentations. The treated

wastewater by coagulation process was used to study the

amount of turbidity removal.

The ozonation process was carried out after coagulation.

In this step, two types of wastewater were selected: (1) The

treated wastewater in the first step by the appropriate

coagulant, and (2) the wastewater collected from the output

of coagulation stage from the wastewater treatment plant,

in which FeCl3 was used as a coagulant. The ozonation

experiments were carried out in the laboratory. Ozone was

generated from air using an ozone generator. All the

experiments were performed at room temperature (25 �C)
and the neutral pH (&7) of wastewater. The ozone pro-

duction can be set at 0.4 g O3 per hour. The oxidized

wastewater volume was 0.5 L in each experiment. The

duration of the experiments was about 60 min and, as the

last step of the experiment, sodium sulfide with a dosa-

ge & 100 mg/L was added to the treated wastewater. This

chemical possesses bleaching property as well as ability to

remove heavy metals. Schematic diagrams of the pilot

plant are presented in Fig. 1.

Finally, at the end of each experiment, environmental

parameters such as pH, COD, TSS, TDS, and heavy metal

removal percentage were analyzed in the laboratory

according to the standards.

Results and discussion

This paper provides the account and reasons for the

widespread use of wastewater treatment systems. The

findings of this study have a number of important impli-

cations for the future practice. The coagulation–floccula-

tion process was conducted for the treatment of colloidal

particles in wastewater. Numerous jar tests were carried out

in order to establish a practical understanding of the

coagulation performance and to find optimum pH and

coagulant dosage.

Effect of pH on coagulation

Since coagulation–flocculation processes take place in the

specific range of pH for each coagulant; this parameter plays

a key role in these processes. In this study, a wide range of

pH (4–9) was selected to process at laboratory in two ways.

Figure 2 shows the effect of pH on the turbidity removal

efficiency for different coagulants (alum, PACl, and

FeCl3). To determine the optimum pH value, the coagulant

dosage was constant at 1 g/L. One of the most significant

findings emerging from this study was that the best tur-

bidity removal efficiencies were achieved at pH 5 for PACl

and FeCl3 and, at pH 6, for alum with maximum turbidity

removal efficiencies of 98.74, 94.68, and 95.67 %. At high

pH values, the flocs could not settle due to their small size.

Hence, the wastewater had higher turbidity in this pH

range.

Moreover, pH controls hydrolysis elements during

coagulation process. When a coagulant such as aluminum or

ferric salt is added to water, a series of soluble hydrolysis

species is formed. These hydrolysis species have positive or

negative charges depending on the pH of water. They are

positively charged at low pH values (pH\6) and negatively

charged at high pH values. The positively charged hydrol-

ysis species can be absorbed onto the surface of colloidal

particles and destabilize the stable colloidal particles. This

mechanism is called ‘‘charge neutralization.’’ The precipi-

tate of aluminum or ferric hydroxide is formed at a suffi-

ciently high coagulant dosage. These precipitates can

physically sweep the colloidal particles from the suspension,

which is called ‘‘sweep-floc coagulation’’ (Ayguna and

Yilmazb 2010). In this study, after adding coagulants,

coagulation mechanism showed the properties of charge

neutralization coagulation due to low operation pH.

Determining optimal coagulant dosage

Effect of coagulant doses on turbidity removal efficiency

was also investigated and the results are presented in
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Fig. 3. The experiments were performed in the range of

(0.1–1.2) g/L of coagulant concentrations at the obtained

optimum pH values. At the concentration of 0.2 g/L for

PACl and FeCl3 and 1 g/L for alum, the turbidity removal

efficiencies were 97.86, 95.98, and 95.67 %, respectively,

which was due to charge neutralization caused by various

hydrolysis species. These values were accepted as the

optimum doses. At high coagulant doses, metal hydroxides

were produced and organic substances were removed by

incorporation or sorption onto hydroxide flocs. Such results

corroborated the findings of Ayguna and Yilmazb in this

field (Ayguna and Yilmazb 2010).

Since the generation of large hydroxide flocs could

cause sweep coagulation, turbidity removal efficiencies for

PACl and alum did not change by increasing the coagulant

dosage from the optimum value to 1.2 g/L.

There was an unpredictable result at the concentra-

tion of 0.8 g/L FeCl3, which was due to the variations of

wastewater pH that led to the charge reversal of

colloids.

According to the aforementioned achievements, PACl

showed better performance among these three coagulants,

since it led to the maximum turbidity removal at lower

dosage. Besides, laboratory observations showed that PACl

generated less sludge than other coagulants at an equivalent

dosage and flocs formed from PACl tended to settle

quickly.

Fig. 1 Flow diagrams for treatment process at laboratory in two ways
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Effect of different stages of treatment

on environmental parameters

pH

Different stages of treatment were carried out in two ways:

(1) using the selected coagulant (PACl) and (2) using the

employed coagulant in wastewater treatment plant (FeCl3).

Figure 4 shows pH variation during different stages of

the process. It can be seen that the addition of coagulants to

the wastewater decreased pH. For PACl and FeCl3, pH

changed from 8.099 to 6.74 and 7.073, respectively.

Therefore, PACl provided an acidic ambience, whereas for

FeCl3, pH remained in the neutral range. Clearly, ozone

produced OH- which bonded with cationic ions present in

the effluent and caused precipitation in form of metal

hydroxyls. Therefore, ozonation did not result in significant

change of the medium ionic balance. It is known that the

presence of components (cations) in wastewater main-

tained a constant pH, whereas removal of these
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components decreased pH (Kushwaha et al. 2010). From

Fig. 4, pH did not change greatly and remained constant

after ozonation.

In the final step, addition of Na2S compound to the

effluent increased pH, where PACl was the coagulant,

whereas using FeCl3 as the coagulant, pH was dropped to

6.9. This compound consists of Na? and S2- ions, which

can react with other ions in aqueous solutions like Cl- and

OH- and cause an acidic or alkaline ambience. However,

the important point is that both of these pathways are in

accordance with EPA standards for effluent discharge to

agricultural and irrigation waters.

COD

Furthermore, the obtained effluent COD according to the

applied treatment was analyzed. It was observed that the

coagulation–flocculation process for all the cases decreased

the effluent COD. As illustrated in Fig. 5, in the case of

using PACl, COD removal efficiency showed a sharp

decline and better performance at this stage, whereas the

reduction was around 50 % for FeCl3.

Additionally, ozonation continued to reduce the effluent

COD by almost 35 and 77 % for PACl and FeCl3,

respectively. Accordingly, the results of this step showed

that, because by ozonation with FeCl3, coagulant pH

variations were in the neutral and basic ranges where free

radical mechanism occurred, higher removal efficiency

than PACl was achieved. It should be noted that ozonation

is a more efficient treatment when experimental conditions

favor the free radical mechanism (Garcı́a Montaño et al.

2007). Finally, adding Na2S improved the treatment

process. According to the results, the COD concentration

drop continued up to 100 and 110 mg/L for FeCl3 and

PACl, respectively. These values were also in accordance

with EPA standards.

TDS

A similar trend was observed for TDS reduction at dif-

ferent stages of the treatment process. According to Fig. 6,

it can be seen that adding the coagulants sharply decreased

the TDS of the effluent. For PACl and FeCl3, the TDS

removal efficiency was 68 and 50 %, respectively. The

greater value of TDS in the case of using FeCl3 (900 mg/

lit) was related to the higher release of Cl- ion by this

coagulant, which in overall increased the TDS of the

treated water (Gebbie 2001). Furthermore, by ozonation,

the TDS continued to decline. Thus, the removal efficiency

became 32 and 79 % for the cases using PACl and FeCl3,

respectively. The reason for this large difference was that

the free radical mechanism, which took place for FeCl3,

made a significant influence on its oxidation potential

(Garcı́a Montaño et al. 2007). In the final step, since Na2S

due to the presence of S2- ion is a strong precipitator, its

addition to the effluent helped reduce the TDS concentra-

tion and drive it to the minimum achievable of 90 and

88 mg/L for PACl and FeCl3, respectively.

TSS

Results of the TSS depicted in Fig. 7 show that the coag-

ulation–flocculation process caused a relative increase in

the TSS concentration, especially for the case of using
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FeCl3. The suspended solids included organic and inor-

ganic particles and immiscible liquids that entered the

system by adding catalysts during drug development. The

increase in the TSS concentration for FeCl3 can only be

explained by inappropriate storage, since FeCl3 requires a

specific storage condition. On the other hand, fluctuations

are caused by discharge of different flow of effluent and are

not included in the determination of coagulant concentra-

tion. Thereafter, in the ozonation process, the trend of the

TSS diagram changed continuously. It can be observed that

ozonation enhanced the TSS removal. In fact, ozone is a

very strong oxidant which is able to convert large organic

molecules into smaller ones. The removal efficiency was

significantly improved in the experiments by deploying

Na2S, which possessed high ion removal properties.

Utilizing Na2S in the treatment process reduced the TSS

concentration to 95 and 72 mg/L for PACl and FeCl3,

respectively.

Effect of different stages of treatment on heavy

metal removal

Although the concentration of heavy metal was lower than

the EPA standards, atomic absorption experiments were
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performed in order to evaluate the effect of each step

during the treatment process on the removal of heavy

metals.

Copper (Cu)

The results of removing copper ion by different stages of

treatment are shown in Fig. 8a. The copper content in the

effluent significantly decreased after the coagulation pro-

cess and the removal efficiency was 77 and 57 % for PACl

and FeCl3, respectively. Accordingly, adding PACl effec-

tively removed copper ions from the effluent. Sequentially,

ozonation step dropped the Cu concentration gradually

below 0.03 ppb for both coagulants. A constant Cu content

was achieved for FeCl3 after adding Na2S, while there was

a relative increase for PACl, which could be due to the

variation of environmental pH and release of copper ions

from sedimentary deposits.

Iron (Fe)

Since iron is used as a catalyst during the drug manufac-

turing process, the effluent contained iron ions that changed

the effluent color, odor, and taste. Figure 8b shows the

removal of iron ions at different stages of the treatment. As

presented in the figure, PACl addition led to the iron con-

centration decrease to 0.13 mg/L, whereas for FeCl3, it

increased sharply up to 5.68 mg/L, which was
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approximately 10 times greater than the initial value. This

significant increase was related to the presence of iron atoms

in the coagulant (FeCl3), which caused a high concentration

of Fe in the effluent stream. In the next step where ozonation

was deployed, the oxidation dissolved Fe ions and removed

most of the color, odor, and taste from the effluent. Iron is

usually dissolved in water in the Fe(II) form; but, it is

converted into Fe(III) when in contact with ozone. The

dissolved ozone in water oxidizes iron to form ferric

hydroxide which is very insoluble and precipitates out

(Pontius and Clark 1999). Thus, a sharp decrease was made

in iron concentration from 5.68 to 0.19 mg/L. For PACl

coagulant, ozonation process had no effect on the iron

concentration and it was nearly constant at 0.13 mg/L.

Finally, adding Na2S caused an insignificant rise of the iron

concentration for PACl, while it was relatively unchanged

for FeCl3.

Zinc (Zn)

Zinc concentration was also measured in different steps of

the treatment process. The results indicated that the zinc

content increased significantly after coagulation with PACl

(Fig. 8c), which can be justified only by the impurity

presence in some raw materials (bauxite and calcium alu-

mina) used to prepare PACl (Li et al. 2010). Adding ozone

and Na2S decreased the Zn concentration sharply from 0.4

to 0.15 mg/L. The obtained results for FeCl3 showed that

the coagulation process had a positive effect on the Zn

removal, whereas ozone oxidation and Na2S created the

nearly constant concentration for Zn (0.05 mg/L).

Conclusion

This study could pave the way toward enhancing the

understandings of wastewater treatment systems. The

findings of this study contribute to the current literature.

The following conclusions can be drawn from the present

study.

This study was undertaken to evaluate the performance

of three coagulants and use of oxidation methods such as

ozonation for reducing environmental parameters. These

parameters consume some time and cost during treatment

operations and have a significant impact on pharmaceutical

wastewater treatment plants. In the coagulation process,

PACl presented better performance than the other coagu-

lants and the turbidity removal efficiency reached 97–98 %

by adding 200 mg/L of PACl. Moreover, a considerable

decrease was observed in most of the environmental

parameters such as COD, TDS, and amount of heavy

metals like Fe. However, for Zn, it had an unfavorable

effect. Ozonation improved the coagulation process and

reduced most of the parameters, especially in the iron ion

concentration. On the other hand, the combination of

coagulation using FeCl3 and ozonation increased the

removal of heavy metals from the pharmaceutical

wastewater.

It can be expressed that, by means of coagulation, ozone

process, and adding Na2S, it will be possible to obtain

water with suitable quality, which can be reused in agri-

culture and irrigation.
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