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Abstract 

 

This review focuses on rapid mixing in the coagulation process 

for improved natural organic matter (NOM) removal in water 

treatment. Rapid mixing aims to instantly and efficiently disperse 

coagulant species into raw water, before flocculation, 

sedimentation, and filtration processes. Mechanical mixing with a 

longer retention time cannot guarantee an instantaneous and 

uniform coagulant dispersion. For this reason, the so-called pump 

diffusion mixer (PDM) has been proposed. Using various rapid 

mixing devices to test the sedimentation performance, it is 

showed that in-line hydraulic jet and static mixers are able to 

achieve performance equivalent to that of the mechanical mixing 

type at a lower coagulant dosage. On the other hand, the removal 

of NOM as disinfection by-products (DBPs) precursor by 



 

 
chemical coagulation (CC) has been extensively studied. It is well 

reported that enhanced coagulation (EC) by adjusting the pH 

downwards to 4-5 prior to coagulant addition will encourage the 

formation of soluble NOM–Al complex from low-turbidity waters. 

In case of most waters, therefore, acid must be added to maintain 

the desired coagulation pH for EC, and excess coagulant is 

required to improve the removal of NOM. However, CC using in-

line hydraulic jet mixer such as PDM is a reasonable method for 

the improvement of coagulation process compared to EC, since it 

is possible to obtain good removals of NOM as well as turbidity 

using a lower dosages of coagulant without supplementary 

addition of chemicals for pH control and thus producing a smaller 

volume of waste solids. 
 

Keywords: Rapid mixing; Coagulation; Charge neutralisation; 

Sweep coagulation. 



 

 
Introduction 

 

Rapid mixing (Cheremisinoff (2002), Asano et al. (2007), Mavros 

(2001)), in water treatment is to rapidly disperse the coagulant 

into raw water, followed by flocculation (Ghernaout and Naceur 

(2011)), sedimentation (Goula et al. (2008)), and filtration 

(Kurita (1999), De Zuane (1997), Xiao et al. (2008)). This process 

has a strong influence on the overall treatment efficiency 

(O’connor et al. (2009)). Considering that the hydrolysis 

products, Mel(OH)m
n+ (Me: metal ions; OH: hydroxide ion; l, m, n: 

constants), of the coagulants such as alum or Fe(III) are produced 

within a very short time of 10-4 to 1 s and moreover, aluminium 

hydroxide starts to precipitate in about 7 s (Amirtharajah and 

Mills (1982)), it is important to make the metallic coagulants 

rapidly disperse into the whole fluid bulk. Practically, it is not 



 

 
easy to disperse them in less than a second and consequently it is 

recommended in the literature to release this mass transfer 

operation as rapidly as possible (Hudson and Wolfner (1967), 

Vrale and Jorden (1971)). Moreover, due to the fact that the 

mechanical mixing devices have not the potential to disperse 

metallic species during this short time, engineers increase the 

coagulant dosage tested in the jar test by 30-40%. It leads to 

getting the required efficiency of coagulation just by increasing 

collision opportunities (Kawamura (2000)) between coagulant 

ions and colloids (Kurita (1999), Parsons and Jefferson (2006), 

Park et al. (2009), Li et al. (2009)). 
 

In many of the conventional treatment plants, however, the 

coagulant mixing is typically performed in a concrete basin with a 

mechanical mixer, and requires about 1–2 min of retention time. 



 

 
As mentioned above, mechanical mixing with a longer retention 

time cannot guarantee an instantaneous and uniform coagulant 

dispersion (Kim and Lee (2006)). For this reason, the so-called 

pump diffusion mixer (PDM) has been proposed. PDM is a 

reasonable method and also has the potential to solve problems, 

such as noise, energy waste, and high maintenance cost, related 

with the use of a mechanical mixer. The work conducted by Clark 

et al. (1994), using various rapid mixing devices (Cheremisinoff 

(2002)) to test the sedimentation performance (Goula et al. 

(2008)), showed that in-line hydraulic jet and static mixers 

(Smith et al. (1991)) are able to achieve performance equivalent 

to that of the mechanical mixing type at a lower coagulant dosage 

(Park et al. (2009), Yoon and Kim (2008). 
 



 

 
In contrast to a number of studies on the comparison of different 

rapid mixing devices and conditions (Kim and Lee (2006)), Clark 

et al. (1994), Barbot et al. (2008)), there have been relatively few 

studies on the optimisation of PDM and the establishment of 

operating guidelines. Manufacturers have suggested the 

pressurised/main inlet water flow-rate ratio (pumping rate) as 

the most important parameter. Kawamura (2000) recommended 

that the flow-rate ratio should be in the range of 4-10% in order 

to guarantee uniform coagulant dispersion in PDM. Recently, the 

PDM has been introduced for the rapid and complete dispersion 

of a coagulant within a second before the metal hydroxide 

precipitate has formed. The PDM is an effective device for the 

quick dispersion of hydrolysing metal salts. PDMs have been 

introduced and operated at several water treatment plants 

(WTPs) in Korea since early 2000s for the purposes of rapid 



 

 
mixing. However, the results of their performance evaluation 

showed that uneven dispersion of the injected coagulant was 

often observed in a full-scale PDM (Park et al. (2009)). 

 

This review discusses rapid mixing in coagulation process from 

using the classical basin to the PDM in the natural organic matter 

(NOM) removal perspective. Using EC in a classical basin or 

optimised mixing in PDM for dissolved organics elimination 

constitutes the main aim of this article. Some works related to 

PDM using in coagulation process are treated. Finally, the concept 

of ultraflocculation and the future of coagulation are briefly 

reviewed.   

 

 

 



 

 
Coagulant Dispersion in Full-Scale Pump Diffusion Mixers 

 

The objectives of Park et al.’s (Park et al. (2009)) study are to 

evaluate the effect of pumping rate, which have been used as the 

most important parameter for operating PDM, on mixing 

performance, and to suggest the criteria of pumping rate for 

improving the performance of PDM. They selected three WTPs 

(OS, PS, and SJ), which have used PDM for rapid mixing (Park et 

al. (2009)). 

 

In order to investigate the problems associated with the 

difference of water quality among six sedimentation basins 

following PDM in OS WTP, Park et al. (2009) measured zeta-

potential (Gray (2005)) and streaming current. The intervals of 

sampling and measurement are 1 min for streaming current and 



 

 
10 min for zeta-potential. They defined “pumping rate” as the 

ratio between the pressurised water flow rate and the main 

water flow rate (marked by two red dot--lined circles), as shown 

in Fig. 1 (Park et al. (2009)). 

 



 

 

 
 

Fig. 1. PDM Schematic in OS WTP (Park Et Al. (2009)). 



 

 
For evaluating the mixing performance of PDM and the coagulant 

dispersion in it, they conducted the wet test (Park et al. (2009)). 

The wet tests are used to measure the zeta-potential all over the 

cross section at a distance of 4.5 D (D = 1,200 mm, D: diameter) 

from the deflector in the selected PDMs at various pumping rates. 

The coagulant being used in both of WTPs is PAHCS (Al+, 10.5%). 

As shown in Figs. 2 and 3, sampling cross section is determined at 

a distance of 5.4 m (4.5 D) from the deflector, and samples are 

taken from 14 points in the case of OS WTP and 22 points in the 

case of SJ WTP, respectively. In both cases, the wet tests are 

carried out for three conditions on which the pumping rates are 

2, 4, and 8%. The results of the zeta-potential in each case are 

depicted as graphs using the commercial program SURFER 8.0. 

These graphs would show the factual coagulant dispersion 

distribution on the selected cross section (Park et al. (2009)). 



 

 

 
 

Fig. 2. Schematic Diagram Of PDM Operated In PS WTP And 

Sampling Points On The Cross Section (Park Et Al. (2009)). 



 

 

 
 

Fig. 3. Schematic Diagram of PDM Operated In SJ WTP and 

Sampling Points on the Cross Section (Park Et Al. (2009)). 



 

 
Fig. 4 shows the zeta-potential and streaming current in each 

effluent from six sedimentation basins. Number 6 basin is not 

operated during the test. The values of zeta potential and 

streaming current in effluent from number 1, 2, and 3 are lower 

than those from number 4 and 5 basins. Since the performance of 

PDM is poor, the coagulant dispersion is not uniform in the rear 

of injection point. It is considered that the concentrations of the 

coagulant in number 4 and 5 basins are denser than those in 1, 2, 

and 3 basins. To make matters worse, as shown in Fig. 1, return 

bend and “T” connection are installed at a distance of 4.8 m from 

the PDM. That is, unevenly branded bulk water leaving from PDM 

is distributed through those bend and connection. The time on 

the x axis in Fig. 4 represents the sampling and measurement 

interval on steady state. During the test, the flow condition is 

kept to be steady state (Park et al. (2009)). 



 

 

 
 

Fig. 4. Zeta-Potential and Streaming Current in Each Effluent 

from Five Sedimentation Basins and Raw Water (The 

Pressurised Water Flow Rate: 215 M3 Hr-1 (Fixed); Main 

Inlet Water Flow Rate: 5,280 M3 Hr-1 = 4.07% (Pumping 

Rate) (Park Et Al. (2009)). 



 

 
Fig. 5 shows the factual zeta-potential distribution at a distance 

of 5.4 m from the deflector on the condition that the main water 

flow rate is 4,600 m3 hr-1, and the pressurised/main water inlet 

flow-rate ratio (pumping rate) is 1.3%. As shown in Fig. 5, the 

measured zeta-potential is distributed unevenly. The value of 

zeta-potential on the right side is higher than that on the left side. 

In order to investigate the cause of that deflection, Park et al. 

(2009) observed the inside of the PDM. From the results of visual 

observation and components’ analysis, a lump could be seen on 

the left side of deflector (refer to Fig. 6), and the main 

components of that lump are aluminium and silicon. The biased 

growth of lump can make the injected coagulant dispersed 

unevenly. As shown in Fig. 6, the growth of lump adhered to the 

deflector could occur due to inadequate installation of the nozzle, 



 

 
low pumping rate, geometrical eccentricity, and so on (Park et al. 

(2009)). 
 

 
 

Fig. 5. Zeta-Potential Distribution Pattern (PS WTP) (The 

Pressurised Water Flow Rate: 59.8 M3 Hr-1, the Main Water 

Flow Rate: 4,600 M3 Hr-1) (Park Et Al. (2009)). 



 

 

 
 

. 6. Aluminium Adherent to Deflector (PS WTP). (A) The 

Pressurised Water Flow Rate: 65 M3 Hr-1, The Main Inlet 

Water Flow Rate: 3,250 M3 Hr-1. (B) The Pressurised Water 

Flow Rate: 32.5 M3 Hr-1, The Main Inlet Water Flow Rate: 

1,625 M3 Hr-1 (Park Et Al. (2009)). 



 

 
Fig. 7 shows the factual zeta-potential distribution at a distance 

of 5.4 m from the deflector in the case that the pumping rate is 

2.0% for two different main inlet water flow rates, 3,250 and 

1,625 m3 hr-1, respectively. The results of both cases are very 

similar to each other. Irrespective of the main inlet water flow 

rate, the measured zeta-potential is higher on the lower part than 

that on the upper part. This is due to the injected coagulant that 

is eccentrically dispersed on the lower part. On the other hand, 

the zeta-potential is negative on the upper part, which resulted 

from the lower concentration of the coagulant on the upper part 

(Park et al. (2009)). Fig. 8 shows the factual zeta-potential 

distribution in the case that the pumping rate is 4% for different 

main inlet water flow rates, 3,250 and 1,625 m3 hr-1, respectively. 

Compared with the results from the case of the pumping rate 2%, 

even though the distribution of zeta-potential is relatively 



 

 
uniform, the negative zeta-potential region is still observed on 

the upper-right side of the cross section measured (Park et al. 

(2009)). Fig. 9 shows the factual zeta-potential distribution in the 

case that the velocity ratio was 8% for the constant main inlet 

water flow rate, 1,625 m3 hr-1. Compared with the results from 

the previous cases, the distribution of zeta-potential is more 

uniform. Also, there is no negative zeta-potential region all over 

the selected cross section (Park et al. (2009)). 

 

Please see Figure 7 in full PDF version 

 

 

Please see Figure 8 in full PDF version 

 



 

 

 
 

Fig. 9. Zeta-Potential Distribution Pattern in the Case Of 

Pumping Rate 8% (The Pressurised Water Flow Rate: 130 

M3 Hr-1, The Main Inlet Water Flow Rate: 1,625 M3 Hr-1) 

(Park Et Al. (2009)). 



 

 
From all cases of the wet test, it can be concluded that the 

pumping rate (the pressurised/main water inlet flow-rate ratios) 

is the most important parameter of PDM. Also, if the pumping 

rate is over at least 8%, the performance of PDM, the uniform 

dispersion of the coagulant, can be guaranteed (Park et al. 

(2009)). 

 

Park et al. (2009) summarised their study as follows: 

 

(1) From the wet test for OS WTP, it could be thought that the 

asymmetric pipe structure in the front and rear of PDM may 

make the injected coagulant dispersion uneven. In order to 

solve this problem, it is necessary to secure some distance 

from the deflector to prevent the interference caused from 

the asymmetric bend and connection. As shown in Fig. 4, 



 

 
installing a bend and “T” connection at a distance of 4.5 m 

from the PDM can make the main flow deflected, and 

ultimately the injected coagulant dispersion uneven. 

 

(2) PDM is a reasonable method and also has the potential to 

solve the problems, such as noise, energy waste, and high 

maintenance cost, related with the use of a mechanical mixer. 

However, it also has potential problems, associated with the 

growth of a lump adhered to the deflector and inadequate 

pumping rate in operation. The periodical cleaning and 

checking of the pumping rate are needed to guarantee its 

satisfactory performance. 

 

(3) It is considered that the pumping rate (the pressurised/main 

water inlet flow-rate ratios) is the most important parameter 



 

 
for operating PDMs. Also, if the pumping rate is at least over 

8%, the performance of the PDM, the uniform dispersion of 

coagulant, can be guaranteed (Park et al. (2009)). 

 

Rapid Mixing for NOM Removal 

 

Although NOM (Schäfer (2001)) is a reactive component that 

interacts with many inorganic and organic pollutants, which may 

decrease the toxicities of these pollutants in water (Cabaniss and 

Shuman (1988)), it is an important precursor of disinfection by-

products (DBPs) (Xie (2004)), such as trihalomethanes (THMs) 

and haloacetic acids (HAAs), and enables the growth of 

microorganisms in the treatment unit or distribution system 

(Khan et al. (1998), Ghernaout et al. (2011)). The formation of 

DBPs is generally known to be highly dependent on the organic 



 

 
matter (OM) content, as well as many other factors, such as the 

OM composition and water treatment methods (Ghernaout et al. 

(2010)). Significant differences are found in the DBPs formation 

between the hydrophobic and hydrophilic fractions isolated from 

Han River water (Kim and Lee (2006)) when used as a water 

source for conventional water treatment processes. The 

hydrophilic fraction (HLF) is found to be enriched in HAAs 

precursor sites compared to that of the hydrophobic fraction 

(HBF); the content and disinfection by-product formation 

potentials (DBPFPs) (Xie (2004)) of the HLF are also only slightly 

reduced using conventional water treatment (Kim et al. (2004)). 

In addition, products such as HAAs, dichloroacetic acid and 

trichloroacetic acid, have been established to be animal 

carcinogens (Bull and Kopfler (1991), Deangelo and McMillan 

(1988)). Therefore, the removal of NOM (Listiarini et al. (2009)) 



 

 
in a water treatment processes system has become an important 

issue, with the enhanced removal of HLF prior to the final 

disinfection required to reduce the risk of HAAs (Kim and Lee 

(2006)). 

 

The most common conventional way of treating water, including 

NOM (Ghernaout and Ghernaout (2012)), is 

coagulation/sedimentation with aluminium or ferric salts as 

coagulant (Parsons and Jefferson (2006)), but such a treatment 

method mainly reduces particles and larger OMs via sweep 

coagulation (Ghernaout (2014)). In many WTPs, the coagulation 

process (Lin et al. (2008)) is optimised primarily for the removal 

of turbidity rather than NOM. However, the optimum conditions 

for turbidity removal are not always the same as those for NOM 

removal (Baalousha (2009)) even if some NOM is removed 



 

 
through the coagulation/sedimentation process. Several 

mechanisms are referred to when describing the NOM removal 

by coagulation process (Ghernaout (2013)), but it is likely that 

more than one mechanism will be responsible for NOM removal. 

The three mechanisms of NOM removal most commonly referred 

to are charge neutralisation, entrapment and adsorption 

(McCurdy et al. (2004)). For example, Al salts dissociate when 

added to water, and the charged Al hydrolysis products interact 

electrostatically with anionic NOM to form insoluble charge-

neutral products. In operational regions, where insoluble Al 

hydroxide is formed, the NOM can be removed by entrapment 

(i.e., sweep coagulation) or surface adsorption (Gregor et al. 

(1997), Nason and Lawler (2009)). The effectiveness of a 

coagulation process in removing NOM varies according to the 

nature of the NOM (i.e., its molecular weight, charge density, 



 

 
hydrophobicity and so forth), the physicochemical characteristics 

of the water and the operational conditions, such as the initial 

mixing intensity and duration (Letterman et al. (1999)). As seen 

above, the initial mixing conditions are critical in a coagulation 

process, since rapid and uniform dispersion of metal coagulant 

has advantages for the formation of charge-neutral products for 

NOM removal. Vrale and Jorden (1971) suggested that 

instantaneous mixing, based on chemical theories of adsorption-

destabilisation (Gregory (2006)), produce the best results (Kim 

and Lee (2006)). 

 

There are two obvious points which are retained from the results 

reported by Clark et al. (1994): 

 



 

 
- Firstly, because the jar-test technique, which has been used to 

determine the minimal coagulant concentration and the 

residual turbidity of the water, uses mixing device with back 

mixing type, it is suggested that this could involve the problem 

caused by the use of excess coagulant with the operation of the 

in-line (Oh and Lee (2005)) initial mixing. Since the important 

operation aspect of the in-line initial mixing process (Wang and 

Wang (2006)) is the application of the correct quantities to 

changing raw water quality, a monitor system using 

photometric dispersion analyser (PDA) has been tried to 

determine the chemical dosage in coagulation process (Huang 

and Liu (1996)). However, PDA technique, as well as zeta 

potential measurement (Gray (2005)) which requires a 

relatively long time for responding, are not feasible for 

determining the optimal coagulant dosage with real-time 



 

 
because influent turbidities and the coagulant demands are 

quite time-variant. From this reason, streaming current (i.e. 

streaming potential) detector units have improved on the zeta 

potential measurement and appear to be successful in the 

coagulant control (Kam and Gregory (2001)). 

 

- Secondly, better sedimentation performance with the use of an 

in-line initial mixer may favourably influence the removal of 

NOM as well as the turbidity in a coagulation/sedimentation 

process, and the composition and characteristic of NOM could 

also be influenced by different initial mixing types. In addition, 

since the formation potential of DBPs is influenced by the OM 

composition and water treatment method, the molecular 

structure of NOM is one of the main characteristics studied for 

the control of DBPs. The composition of NOM can be 



 

 
investigated by numerous methods, including physicochemical 

fractionation and spectroscopic measurements. NOM 

fractionation, using adsorption resins, is generally considered a 

state-of-art method, which is used to estimate the behaviours 

and properties of NOM from various sources (Listiarini et al. 

(2009)). A method for measuring the spectra of NOM using 

fluorescence spectroscopy is also largely accepted as an 

adequate method for the qualitative characterisation of NOM 

(Peuravuori et al. (2002)).  

 

Pump Diffusion Flash Mixing (PDFM) for Improved Drinking 

Water Treatment 

 

The main purposes of Kim and Lee’s work (Kim and Lee (2006)) 

were to compare the influence of different initial mixing types on 



 

 
the NOM removal in conventional water treatment, and propose 

an appropriate method for coagulant dosage optimisation in the 

operation of PDM. Attempts were made to reduce the latent risk 

of DBPs caused by NOM through improvement of the initial 

mixing without the addition of advanced water treatment 

processes (Kim and Lee (2006)). 

 

The Amsa Water Treatment Plant (AWTP) employs conventional 

water treatment, consisting of pre-chlorination, 

coagulation/sedimentation, sand filtration and chlorination, and 

uses Han River water as a water source. The quality of the pre-

chlorinated water used as an influent to Kim and Lee’s (Kim and 

Lee (2006)) pilot plant is shown in Table 1. A pilot plant designed 

to treat 1000 m3 day-1 is built at the AWTP, and optimised for 

energy efficiency and mixing intensity. This plant is operated for 



 

 
the study of the feasibility of introducing PDM, with in-line 

mixing, as shown in Fig. 10(a). Commercially available liquid 

polyaluminium chloride (PACl, 17% as Al2O3) solution is used as 

the coagulant in all their experiments, with the optimal coagulant 

dose for the operation of PDM decided using the jar-test early in 

their work (Kim and Lee (2006)). 

 

 

 

 

 

 

 

 



 

 
Table 1: The Basic Quality of the Pre-Chlorinated Water in 

Studied Period (February–June 2005) (Kim and Lee (2006)). 

 
Temperature   pH         Conductivity   Alkalinity   Turbidity   TOC         UV254             Residual chlorine         

(°C)                                     (μS cm-1)        (mg L-1)       (NTU)       (mg L-1)   (cm-1)             (mg L-1)  

2.2-19.2          6.9-7.9   132-186          43-51            2.3-5.5      3.3-4.8     0.026-0.034   0.42-0.48 

 

 

 

 

 

 

 



 

 
Fig. 12. Distribution of NOM Isolated from Raw and Treated 

Waters (Kim and Lee (2006)). 

 

Please see Figure 12 in full PDF version 

 

The reaction of soluble hydrolysis products with the binding sites 

on soluble OMs when Al salts are added to water is due primarily 

to the negative charge carried by NOM, including charged acidic 

groups, such as phenolic and carboxylic groups (Letterman et al. 

(1999)). During the early dissociation of Al salts, soluble 

hydrolysis species will bind with sites (e.g., COO−) on NOM via 

charge neutralisation. The residual Al salts, not participated in 

the charge neutralisation during the Al hydrolysis reaction, are 

changed into insoluble Al hydroxide. Thereafter, insoluble Al 

hydrolysis products, consisting of charge-neutralised flocculant 



 

 
and/or aluminium hydroxides, will remove the residual NOM via 

sweep coagulation and surface adsorption. Such sweep 

coagulation mainly contributes to the removal of the HBF that 

has a higher molecular weight and lower repulsion against the 

flocculant (Kim and Lee (2006), Nason and Lawler (2009), Xiao et 

al. (2009)).  
 

Al salts (Yu et al. (2009)) dissociate when added to water and the 

Al3+ ions undergo metal ion hydrolysis reactions, and the nature 

of the resulting species depend on such variables as Al 

concentration, pH, temperature and the presence of other ions. In 

general, the destabilisation mechanisms (Gregory (2006)) by 

monomer and polymeric species of Al are different from each 

other. That is, charge neutralisation (Barany and 

Szepesszentgyörgyi (2004)) is mainly influenced by the 



 

 
monomer species prior to the completion of the Al hydrolysis 

reaction, while sweep coagulation and/or adsorption depend 

more on the polymeric species. Therefore, the rapid and uniform 

dispersion of the coagulant could influence the charge 

neutralisation mechanism, the possibility of which has been 

identified in the literature. Amirtharajah (1981) suggested that 

the smaller eddies formed at higher G values might be more 

successful in transporting preformed Al hydrolysis species to the 

surface of the particles responsible for turbidity, and that the 

rapid-mix G value is important in charge neutralisation. This is 

also indirectly identified by the determination of the zeta 

potential, as shown in Fig. 13(a). In the case of PDM, the zeta 

potential is more quickly raised than with CRM when the 

coagulant is under-dosed with respect to optimum conditions for 

turbidity removal. This indicates that cationic aluminium 



 

 
hydrolysis products immediately neutralised the anionic sites on 

colloidal NOM and particles early during the Al hydrolysis 

reaction. Consequently, the coagulation mechanism in the case of 

CRM is dominated by conventional entrapment (i.e., sweep 

coagulation), while PDM is more influenced by charge 

neutralisation due to the quick dispersion of Al salts prior to the 

formation of the Al hydroxide precipitate. Also, because of the 

different reactivities of NOM fractions toward cationic aluminium 

hydrolysis products, the HLF, which may have a higher charge 

density and electrostatic attraction than the HBF, is more 

effectively removed via charge neutralisation. These results are 

consistent with the greater removal of DOC, whereas the SUVA 

decreased less by PDFM than with CRM, as shown in Fig. 11 (Kim 

and Lee (2006)). 

 



 

 
Please see Figure 13 in full PDF version 

 

In coagulating and settling the pre-chlorinated water, the 

variation in treated water quality depending on the coagulant 

dosage (0–30 ppm) is shown in Fig. 13. Through PDM and CRM, 

the DOC (2.34 mg C L-1) of the pre-chlorinated water decreased to 

the ranges 1.43–1.37 and 1.86–1.46 mg C L-1, respectively, with 

increasing coagulant dosage. The SUVA (1.18 L/mg/m) varied 

within the ranges 1.45–1.05 and 1.23–0.93 L/mg/m through 

PDM and CRM, respectively. In the case of PDM, the turbidity and 

DOC removals were higher than those with CRM, while the SUVA 

in the treated water was higher than that with CRM, as shown in 

Fig. 13(b). As shown from the results in Fig. 11, the HLF is more 

effectively removed by PDFM than CRM. From the isolation of 

NOM from raw and treated waters, the distribution of the 



 

 
hydrophobic and hydrophilic fractions in the bulk NOM is 

identified as being influenced by the initial mixing type (Nason 

and Lawler (2009)), as shown in Fig. 14. In the case of PDFM, the 

HLF decreased no further even with increases of the coagulant 

dosage from 5 to 30 ppm (1.2–7.1 mg L-1 as Al2O3). This result 

could possibly be explained due to the difference between the 

hydrophilic acids and non-acid HLF in the reactions with the 

cationic aluminium hydrolysis products. In general, hydrophilic 

NOM consists of hydrophilic acids and the non-acid HLF (Chang 

et al. (2001), Parsons et al. (2004)). The hydrophilic acids have 

higher acidic functional group contents, while the non-acid HLF 

contains few acidic functional groups. Therefore, it is possible to 

presume the removal characteristics of the hydrophilic NOM as 

follows: hydrophilic acids that included sufficient anionic binding 

sites could be removed via charge neutralisation with cationic 



 

 
aluminium hydrolysis products early during the chemical 

dispersion, while the non-acid HLF could not be effectively 

removed, even with increases in the coagulant dosage. The HBF 

gradually decreased with increasing the coagulant dosage, 

independent of mixing type, indicating that residual coagulants 

(which did not participate in the charge neutralisation during 

aluminium hydrolysis reaction) are changed into insoluble Al 

hydroxide, with the HBF removed by sweep coagulation and/or 

adsorption via interactions with the insoluble Al hydroxide (Kim 

and Lee (2006)). 

 

Please see Figure 14 in full PDF version 

 

Conversely, a difference exists between the hydrophobic and 

hydrophilic fractions in the formation potentials of DBPs. That is, 



 

 
the formation potential of THMs is mainly influenced by the HBF, 

while HAAFP are more dependent on the HLF, as shown in Table 

3. From the results shown in Fig. 14 and Table 3, no significant 

difference is observed in the removal of the HBF as the main 

contributor in the formation THMs between PDM and CRM, while 

PDM is a more effective process than CRM in the removal of the 

HLF as the main reactant in the formation of HAAs. Therefore, 

PDM is suggested as being an effective coagulation process 

(Zouboulis and Tzoupanos (2009)), for reducing the risk posed 

by DBPs, including HAAs (Kim and Lee (2006)). 

 

 

 



 

 
Table 3:  Dbps Formation Characteristic of the Hydrophobic 

And Hydrophilic Fractions Isolated from Raw Water (Kim 

and Lee (2006)). 

 
Item                                     THMFP/DOC                         HAAFP/DOC 

                                             (μg/mg)a                                  (μg/mg)a 

Hydrophobic fraction         55.8                                          13.8   

 

Hydrophilic fraction           35.3                                          31.7 

a Concentrations of THMs and HAAs produced to DOC of each 

NOM fraction in solution used for DBPFPs test, respectively. 

 



 

 
On the other hand, the removal of NOM as DBP precursor by CC 

has been extensively studied. The most noticeable study is to 

evaluate and introduce the enhanced coagulation (EC) process 

(Ghernaout et al. (2009), Gerrity et al. (2009)), which is a 

treatment strategy for removing organic carbon, thereby 

controlling the formation of THMs and HAAs in drinking water 

systems (Edzwald and Tobiason (1999)). The work conducted by 

Gregor et al. (1997) is a good example for the EC, and they 

reported that adjusting the pH downwards to between 4 and 5 

prior to coagulant addition will encourage the formation of 

soluble NOM–Al complex from low-turbidity waters. In case of 

most waters, therefore, acid must be added to maintain the 

desired coagulation pH for EC, and excess coagulant is required 

to improve the removal of OM. Since EC process produces very 

corrosive water for metals and concrete, it is necessary that the 



 

 
pH of settled water must be adjusted by alkali substance to 

prevent severe corrosion of submerged metals and concrete, and 

control high levels of dissolved Al (Kawamura (2000)). However, 

CC using in-line hydraulic jet mixer such as PDM is a reasonable 

method for the improvement of coagulation process compared to 

EC, since it is possible to obtain good removals of DOC as well as 

turbidity using a lower dosages of the coagulant without 

supplementary addition of chemicals for pH control, and thus 

producing a smaller volume of waste solids (Kim and Lee 

(2006)). 

 

As shown by the results in Fig. 12, no significant difference in the 

removal of the  

 



 

 
HBF is observed with the two different mixing types. However, 

since DBP formation is dependent on the structural and chemical 

characteristics, as well as the NOM content as a precursor, the 

effects of different mixing types for CC on the structural and 

chemical characteristics of the HBF in bulk NOM are investigated 

using fluorescence spectroscopy (Kim and Lee (2006)). Using the 

method of Fabbricino and Korshin (2004), the wavelength 

corresponding to the normalised emission band portion at the 

half-intensity (for wavelengths > maximum emission intensity 

(λmax)), as a representative parameter of the emission band, is 

employed. This parameter is denoted as λ0.5, and the wavelengths 

corresponding to λ0.5 are indicated by the arrows in Fig. 15. The 

λ0.5 value of hydrophobic NOM decreased by pre-chlorination, 

from 497 to 490 nm, and thereafter decreased to 483 nm, via CC, 

irrespective of the initial mixing type. It has been suggested that 



 

 
there is no significant difference between the different mixing 

types in relation to changes in the structural and chemical 

characteristics of the HBF in bulk NOM. The decrease in λ0.5 due 

to water treatment processes is likely to be associated with the 

breakdown of relatively large molecules of NOM into smaller 

fragments, where the fluorescence has been shown to exhibit a 

blue shift. According to Coble (1996), the blue shift, i.e. the 

emission shift towards a shorter wavelength, is caused by a 

reduction in the π-electron system, such as a decrease in the 

number of aromatic rings or conjugated bonds in a chain 

structure, or the conversion of a linear to a non-linear ring 

system. Consequently, the DBP formation potentials of 

hydrophobic NOM could be reduced by CC, independent of the 

initial mixing type, via a reduction in the reactivity and 

concentration of hydrophobic NOM, as the aromaticity and 



 

 
precursor content are closely related to the formation potential 

of DBPs derived from NOM (Kim and Lee (2006)). 

 

 

 

 



 

 

 
 

Fig. 15. Shift in the Position of the Normalised Band at the 

Half-Intensity, Λ0.5 (Shown by Arrows), in the Normalised 

Emission Spectra of Hydrophobic NOM Isolated from Raw 

and Process Waters (Kim and Lee (2006)). 



 

 
In addition, fluorescence spectroscopy is useful for NOM 

fingerprint characterisation, which is intended to provide a 

greater amount of qualitative as compared to quantitative 

information. Also, it is known that the formation potential of 

DBPs is influenced by the OM composition and water treatment 

method. Therefore, complicated extraction procedures can be 

sufficiently substituted by much simpler fluorescence 

spectroscopic methods to evaluate the removal characteristics of 

NOM components through water treatment processes, without 

the use of a dried extraction procedure (Kim and Lee (2006)). 
 

Proposal for Coagulant Dosage Optimisation in Operating 

PDM 
 

The jar-test has been conventionally performed for the 

determination of the optimal coagulant dosage in CC processes, 



 

 
but was not appropriate in the operation of PDM, as shown by the 

results in Fig. 13. Due to differences in the coagulation 

mechanism, the optimal coagulant dosages with the two initial 

mixing types are different. Because the coagulant dosage, as 

decided by the jar-test, is considered to cause overdosing with 

PDM, the introduction of a new method for coagulant dosage 

optimisation is considered necessary in the operation of PDM. In 

addition, diurnal and storm-related changes in raw water quality, 

time limit for jar-test, and broad range of coagulant chemicals are 

factors that caused difficulties in proper coagulation control. 

Therefore, charge detection is used as one of the new methods 

for coagulant dosage optimisation, and is also evaluated. The 

method is based on the stoichiometric reaction between 

oppositely charged polyelectrolytes, and the end point, where 

charge neutralisation occurred, determined using SPS. The 



 

 
optimisation of the coagulant dosage using the SPS over 

operation period is within the range 10.3–12.9 ppm (2.5–3.1 mg 

L-1 as Al2O3), which is lower than the dosage (15 ppm, 3.6 mg L-1 

as Al2O3) found using the jar-test, as shown in Fig. 16. Though 

there are significant variations in raw water quality over 

operation period as shown in Table 1, residual turbidity of less 

than 0.5 NTU is obtained in the operation of PDM equipped with 

SPS. The PDM in combination with SPS could also effectively 

reduce the content of OM with relatively lower coagulant dosage. 

Therefore, new methods, such as SPS, should be considered for 

the detection of the optimal coagulant dosage point when 

operating PDM. This could also produce a smaller volume of 

waste solids, with the use of relatively lower coagulant doses, 

since PDM requires a lower coagulant dosage than CRM. For 

mechanical mixing such as CRM, moreover, the power 



 

 
requirement as common design parameter is a range of 0.85–1.0 

horsepower (hp) per million gallons per day (mgd) (Kawamura 

(2000)), while the specific mixing power input (hp/mgd) of the 

hydraulic jet including PDM is constant for any plant capacity and 

is typically within a range of 0.1–0.2 hp/mgd (Clark et al. (1994)). 

It suggests that in-line hydraulic jet mixer such as PDM can 

reduce the energy waste (Kim and Lee (2006)). 

 



 

 

 
 
Fig. 16. Comparison of Jar-Test and SPS for Decision of 

Optimal Coagulant Dosage (Kim and Lee (2006)). 

Mixing, Coagulation, and Flocculation 



 

 
First, Table 4 presents some fundamental definitions which must 

be mentioned here (Li et al. (2009), Xie (2004), Delphos and 

Wesner (2005), Chiemchaisri et al. (2008), Cheng et al. (2008), 

Maximova and Dahl (2006), Falconer (2005)). As seen above, 

coagulation reactions (Ghafari et al. (2009)) occur rapidly, 

probably taking less than one second. Principal mechanisms that 

contribute to the removal of particulates, when coagulating 

chemicals such as alum or ferric chloride are mixed with water, 

include chemical precipitation, reduction of electrostatic forces 

that tend to keep particles apart, physical collisions between 

particles and particle bridging. Several factors affect the type and 

amount of coagulating chemicals required, including the nature 

(Ghernaout et al. (2010)) of suspended solids and the chemical 

characteristics of the influent water (Delphos and Wesner 

(2005)), Larue and Vorobiev (2003)). 



 

 
 Please see Table 4 in full PDF version 

 

It can be necessary to adjust the pH of some source waters to 

achieve optimum coagulation. The pH is often lowered by adding 

carbon dioxide or an acid. Alum and ferric chloride consume 

alkalinity and can lower pH; however, reducing pH by adding 

more chemicals than is required for coagulation should be 

avoided as it increases overall chemical costs and sludge 

production/costs. In some source waters with low pH or low 

alkalinity, it may be necessary to add caustic soda or lime to raise 

pH and to offset the acidity of metal-ion coagulants, even in an EC 

mode of operation. For waters that require EC to remove OM, the 

pH of coagulation should be lowered as compared to coagulation 

for turbidity removal only. Typically, the optimum pH for 

organics’ removal with alum is between 6.0 and 6.5, and between 



 

 
5.5 and 6.0 for ferric coagulants. Often, PACl can provide 

organics’ removal without as significant a decrease in pH 

(Delphos and Wesner (2005)), Wei et al. (2009)). 

 

However, there are a number of secondary impacts of utilising 

the higher coagulant dosages and lower pH values for EC. A few 

of these impacts are summarised in Table 5. 

 

Please see Table 5 in full PDF version 

 

If pH is diminished to increase the coagulation efficiency, it is 

important to adjust the pH to provide less corrosive treated 

water (Alley (2007)). If the pH is lowered to improve coagulation 

(Eckenfelder (2000)) and organics’ removal, it is often 

recommended to readjust the pH after the filtration process as 



 

 
compared to pre-filtration. This is due to the fact that some OM 

may be adsorbed onto the floc that may carry over from the 

clarification process, and any pre-filtration pH adjustment may 

then result in the "release" of this OM, which could pass through 

the filters and contribute to subsequent DBP formation (Delphos 

and Wesner (2005)), Zhang et al. (2008)). 

 

Design of Chemical Mixing 

 

Chemical mixing (Weiner and Matthews (2003)) can be 

accomplished by several different types of equipment designed to 

mix the applied chemicals with the source water as quickly as 

possible. The intensity of agitation required for optimum rapid 

mixing and flocculation is measured by the G value (Shammas 

(2005)). The G value concept, developed by Camp and Stein 



 

 
(1943), is widely used in designing rapid mixing and flocculation 

processes (Alley (2007)) and is defined by the equation 

(Spellman (2008)):  

 

                                                               (1)                                                  

 

where  

 

G = root-mean-square velocity gradient, or rate of change of 

velocity, s-1 

 

P = power input, kg m2 s-3 

 

μ = dynamic viscosity, kg m-1 s-1 



 

 
V = volume, m3 (Shammas (2005), Delphos and Wesner (2005)). 

 

Equations are also available to calculate G for various types of 

mixing arrangements, and manufacturers of mixing and 

flocculation equipment provide information on G values for their 

equipment (Bridgeman et al. (2008)). Another parameter used in 

designing mixing systems is Gt, which is the dimensionless 

product of G and detention time t in s. Rapid mix and flocculation 

systems design (Thomas et al. (1999)) are temperature-

dependent because water viscosity varies with temperature, as 

shown in Table 6(a). Guidelines for adjusting detention times in 

both rapid mix and flocculation basins are shown in Table 6(b) 

(Delphos and Wesner (2005), Atkinson et al. (2005), Yoon and 

Deng (2004), Prat and Ducoste (2007)). 

 



 

 
Table 6: Water Viscosity and Water Temperature (A) And 

Guidelines for Mixer Detention Times (B) (Delphos and 

Wesner (2005)). 
 

Temperature (°C)       μ (103 × kg m-1 s-1)(a)          Detention time factor(b)  

0                                 1.792                                  1.35 
 

5                                 1.520                                  1.25 
 

10                               1.310                                  1.15 
 

15                               1.145                                  1.07 
 

20                               1.009                                  1.00 
 

25                               0.895                                  0.95 
 

30                               0.800                                  0.90 



 

 
Coagulant chemicals (Spellman (2008), Owen et al. (2008)) can 

be mixed by several methods, including: 

 

- Mechanical devices in a dedicated basin, 

 

- In-line blenders, 

 

- Hydraulic methods, 

 

- Air mixing, 

 

- Induction mixing (Shammas (2005), Delphos and Wesner 

(2005), Weiner and Matthews (2003), Spellman (2008), 

Atkinson et al. (2005), Thakur et al. (2003), Byun et al. (2005)). 

 



 

 
The Future of Coagulation/Flocculation 

 

Coagulation (Byun et al. (2005), Moussas and Zouboulis (2008)) 

is a universal process for treating drinking water. It has been 

traditionally considered to be not only an economical but also a 

cost-saving technique. Even though there are many state-of-art 

techniques for removing unwanted particles, NOM and infectious 

microorganisms in water, coagulation accompanied by settling 

plays a crucial role. Up to now, many studies have focused on 

determining the optimal conditions for coagulation such as the 

mixing intensity, pH and the dominant mechanisms for efficient 

performance (Rossini et al. (1999), Committee report (1979), 

Van Benschoten and Edzwald (1990), Lu et al. (1999)). Among 

those endeavors, coagulant mixing has been a major focus. 

Various types of rapid mixing have been developed. These 



 

 
include mechanical mixing, which is conventionally used for 

coagulant mixing in water treatment (Amirtharajah and Mills 

(1982)), diffusion mixing by a pressured water jet, in-line static 

mixing (Thakur et al. (2003)), in-line mechanical mixing, 

hydraulic mixing and mechanical flash mixing (Byun et al. 

(2005)). Among these, the types of in-line mixing have been of 

interest due to the advantages of effective coagulation, and the 

cost-saving characteristics of power consumption (Byun et al. 

(2005)). The design criteria or velocity gradient are also 

examined in an instantaneous inline blender and a turbulent 

pipe-flow (Byun et al. (2005)). This trend is attributed to the fact 

that fast and instantaneous mixing within microseconds is more 

favourable for an aluminium based coagulant to be dispersed and 

attached to the target particles and organics. Once an aluminium-



 

 
based coagulant is added to water, it undergoes many chemical 

reactions (Byun et al. (2005)). 

 

Coagulation studies have shown that both charge neutralisation 

and sweep coagulation including entrapment or bridge formation 

are the major coagulation mechanisms (Xiao et al. (2008)). Of 

these, charge neutralisation is the most preferred economically 

and environmentally because it enables the coagulant dosage to 

be minimised and reduces the residual aluminium in water. 

Charge neutralisation (Sun et al. (2008)) can be achieved by two 

physical methods, namely, pH or mixing control of the coagulant. 

However, pH control is nearly not preferable due to the difficulty 

associated with the direct application in water treatment. As an 

alternative, sweep coagulation is usually in practice, in which the 

OM and colloids are agglomerated with the precipitating 



 

 
aluminium hydroxide (Al(OH)3(s)). Hence, a higher coagulant 

dosage than needed for charge neutralisation is required. An 

instantaneous condition within 1 s using coagulant mixing is 

essential to control the coagulation process at the charge 

neutralisation step. Although charge neutralisation (Jarvis et al. 

(2006)) by pH control has been reported, there are few studies 

on the effect of charge neutralisation accomplished by 

instantaneous mixing particularly those on the removal efficiency 

of turbidity and DOC (Ghernaout et al. (2010)). In addition, PACl 

has had wider use in water treatment as a coagulant than alum 

(Wu et al. (2008)) on account of its ease in handling. 

Unfortunately, in case using a PACl coagulant, charge 

neutralisation is more difficult to control due to the polymeric 

characteristics of the PACl (Van Benschoten and Edzwald 

(1990)). Therefore, sweep  



 

 
coagulation is a more dominant process control method in that 

case (Byun et al. (2005), Graham et al. (2008)). 

 

The Concept of Ultraflocculation 

 

In a conventional flocculation process, the (destabilised) particles 

are treated by a gentle mixing (average velocity gradient: 20 s-1 < 

G < 70 s-1). Although some systems can be operated with as little 

as 10 min of treatment time, others may require up to 1 h. The 

average is probably about 30 min (Maes et al. (2003)). Young et 

al. (2000) studied the effect of mixing on the kinetics of polymer 

aided flocculation of a kaolin suspension of 20 mg L-1, which was 

destabilised by 5 mg L-1 alum. For a flocculation time of 30 min, 

they found that the optimum G values occurred at 70–100 s-1, and 



 

 
the critical mixing rate occurred at 400 s-1, beyond which 

significant floc break-up occurred (Maes et al. (2003)). 

 

When suspensions containing a low sorbent concentration are 

treated by this conventional flocculation process, a large 

treatment time and sedimentation time is needed. Large water 

treatment installations would be necessary. In this case, 

ultraflocculation is an alternative to treat a suspension containing 

a low concentration of hydrophobic sorbent particles (Rulyov 

(1999)). Ultraflocculation is a process by which a suspension of 

particles, to which a flocculant is added, is treated in an intense 

hydrodynamic field (G > 103 s-1) for a short time period. 

Compared to conventional flocculation, the intensity of the 

hydrodynamic field applied in ultraflocculation is much larger, 



 

 
while the time period in which the suspension is treated is much 

shorter (Maes et al. (2003)). 

 

Finally, the increase of the amount of coagulant may lead to an 

increase of the residual metal (Al/Fe) in drinking water. Some 

studies (Divakaran and Pillai (2001)) have discovered a number 

of snags concerning the use of alum salts, for example 

Alzheimer’s disease and other related problems associated with 

residual alum in treated water (Oladoja and Aliu (2009)). 

 

Conclusions 

 

The main conclusions withdrawn from this review are as follows: 

 



 

 
1. A coagulation process using hydrolysable metal salts (HMS) 

such as alum is commonly involved in many fields, such as 

environmental engineering and separation processes. 

Generally, coagulation mechanisms using HMS are divided into 

double-layer compression, charge neutralisation, and 

enmeshment (or sweep coagulation). The positively charged 

hydrolysed metal species destabilise the negatively charged 

contaminants in the solution, leading to charge neutralisation. 

The enmeshment is generally viewed as the process in which 

amorphous flocs adsorb and/or enmesh unsettled particles. 

Destabilisation by double-layer compression, however, is not a 

practical method for a water treatment plant using HMS as 

coagulant, because the salt concentrations required for 

destabilisation by double-layer compression may approach 



 

 
that of seawater. As the concentration of HMS increases, flocs 

are formed and thus enmeshment occurs.  

 

2. In many of the conventional WTPs, the coagulant mixing is 

typically performed in a concrete basin with a mechanical 

mixer, and requires about 1–2 min of retention time. 

Mechanical mixing with a longer retention time cannot 

guarantee an instantaneous and uniform coagulant dispersion. 

For this reason, the so-called PDM has been proposed. PDM is a 

reasonable method and also has the potential to solve 

problems, such as noise, energy waste, and high maintenance 

cost, related with the use of a mechanical mixer. Using various 

rapid mixing devices to test the sedimentation performance, it 

was shown that in-line hydraulic jet and static mixers were 

able to achieve performance equivalent to that of the 



 

 
mechanical mixing type at a lower coagulant dosage. 

Manufacturers have suggested the pressurised/main inlet 

water flow-rate ratio (pumping rate) as the most important 

parameter. It was recommended that the flow-rate ratio should 

be in the range of 8–10% in order to guarantee uniform 

coagulant dispersion in PDM. Recently, the PDM has been 

introduced for the rapid and complete dispersion of a 

coagulant within a second before the metal hydroxide 

precipitate has been formed. The PDM is an effective device for 

the quick dispersion of hydrolysing metal salts. 
 

3. Because the jar-test technique, which has been used to 

determine the minimal coagulant concentration, and the 

residual turbidity of the water uses mixing device with back 

mixing type, it is suggested that this could involve the problem 



 

 
caused by the use of excess coagulant with the operation of the 

in-line initial mixing. Since the important operation aspect of 

the in-line initial mixing process is the application of the 

correct quantities to changing raw water quality, a monitor 

system using PDA has been tried to determine the chemical 

dosage in coagulation process. However, PDA technique as well 

as zeta potential measurement, which requires a relatively long 

time for responding, is not feasible for determining the optimal 

coagulant dosage with real-time because influent turbidities 

and the coagulant demands are quite time-variant. From this 

reason, streaming current (i.e. streaming potential) detector 

units have improved on the zeta potential measurement and 

appear to be successful in coagulant control. 
 



 

 
4. Better sedimentation performance with the use of an in-line 

initial mixer may favourably influence the removal of NOM as 

well as the turbidity in a coagulation/sedimentation process, 

and the composition and characteristic of NOM could also be 

influenced by different initial mixing types. In addition, since 

the formation potential of DBPs is influenced by the OM 

composition and water treatment method, the molecular 

structure of NOM is one of the main characteristics studied for 

the control of DBPs. The composition of NOM can be 

investigated by numerous methods, including physicochemical 

fractionation and spectroscopic measurements. NOM 

fractionation, using adsorption resins, is generally considered a 

state-of-art method, which is used to estimate the behaviours 

and properties of NOM from various sources. A method for 

measuring the spectra of NOM using fluorescence spectroscopy 



 

 
is also largely accepted as an adequate method for the 

qualitative characterisation of NOM. 

 

5. For coagulation/flocculation processes, we have more 

pronounced tendencies to in-line coagulation and 

ultraflocculation designs, both of them are energetically intense 

and extremely short as compared to conventional coagulation 

and flocculation tanks. The next generation of 

coagulation/flocculation devices would be more efficient and 

more space and energy saving.  
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