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Abstract A bench-scale integrated process based on sub-

merged aerobic powdered activated carbon-membrane

bioreactor (PAC-MBR) has been utilized and established

for the treatment of landfill leachate. The results showed

that the submerged PAC-MBR system effectively removed

biodegradable trace organic compounds by the average

removal rate about 71 % at optimum food to microorgan-

ism (F/M) ratio of 0.4 gCOD/g day under a HRT of 24 h.

Adding nanofiltration (NF) process increased the treatment

efficiency up to 99 %. Further, adding powdered activated

carbon to activated sludge (AS) resulted in a higher

adsorption capacity in comparison with AS. Adsorption

isotherms were investigated and fitted by the Langmuir and

Freundlich isotherm models in which the Langmuir model

performed better. The specific oxygen uptake rate (SOUR)

showed that adding PAC reduces the effects of COD on

microorganism activities. NH3–N, TKN and Heavy metals

removal efficiency amounted to 97 ± 2, 96 ± 2, and

99 ± 2 %, respectively.

Keywords Activated sludge � Membrane bioreactor �
Adsorption isotherms � Specific oxygen uptake rate �
Landfill leachate treatment

Abbreviations

PAC Powdered activated carbon

MBR Membrane bioreactor

F/M Food to microorganism

NF Nanofiltration

AS Activated sludge

SOUR Specific oxygen uptake rate

LFL Landfill leachate

PCPs Personal care products

BOD Biological oxygen demand

COD Chemical oxygen demand

SS Suspended solids

TKN Total Kjeldahl nitrogen

NH3–N Ammonium nitrogen

VFAs Volatile fatty acids

SBR Sequencing batch reactors

UASB Upflow anaerobic sludge blanket

CAS Conventional activated sludge

UF Ultrafiltration

PSf Polysulphone

DMF N,N-Dimethylformamide

MLVSS Mixed liquor volatile suspended solids

MLSS Mix liquor suspended solid

HRT Hydraulic retention time

SVI Volumetric index of sludge

R2 Regression correlation coefficients

SRT Sludge retention time

qm Maximum adsorption capacity

qe Amount of COD adsorbed

Ce Equilibrium concentration of the adsorbate

Kl Energy of adsorption

Kf Adsorption capacity

n Adsorption intensity

a Coefficient
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q Adsorption capacity

x Function of the F/M ration

Introduction

In both industrialized and developing countries, the sani-

tary landfill method, owning to its economic advantages in

terms of exploitation and capital costs, is a popular disposal

way of solid waste materials. After landfilling, the gener-

ation of leachate is an unavoidable procedure in landfills.

Leachates are defined as a complex aqueous effluent gen-

erated in consequence of decomposition of wastes, rain-

water percolation, inherent moisture content of wastes,

biochemical processes and physico–chemical reactions

through waste cells [1]. With growing density of popula-

tion and industrialization and excessive human consump-

tion in the last decades, the quantity of the generated solid

waste considerably increased. Landfill leachate (LFL)

treatment has received more attention in recent years in

order to minimize the adverse impacts of generated lea-

chate on the environment. Further, the generated leachate

would potentially contaminate the groundwater and surface

waters [2]. Depending on the waste type and compaction,

maturity, the rainfall patterns, landfill hydrology, also

biochemical reactions occurring through the landfill and

particularly landfill age, the leachate characteristics and

composition vary significantly [3, 4]. LFLs contain sig-

nificant amounts of organic pollutants, where humic-type

substances, consist in an important group, also heavy

metals, ammonia–nitrogen, and inorganic salts. Moreover,

large amount of organic pollutants are refractory non-

biodegradation fraction such as personal care products

(PCPs), hormones, pharmaceuticals, halogenated hydro-

carbons, pesticides, humic and folic acids. As time pro-

ceeds, the composition and properties of LFL vary widely

with aging of the landfills [5]. The landfill leachate char-

acteristics are represented by the key operational parame-

ters such as the biological oxygen demand (BOD),

chemical oxygen demand (COD), the BOD/COD ratio,

suspended solids (SS), pH, total Kjeldahl nitrogen (TKN),

ammonium nitrogen (NH3–N) and heavy metals. Among

the mentioned properties, the BOD/COD ratio directly

features the biodegradability of LFL. Therefore, with

landfill aging, BOD/COD ratio decreases due to decom-

position of most biodegradable portion of LFL and the non-

biodegradable fraction of COD will greatly stay unchanged

during this process. In particular, three stages of landfill

leachates have been classified according to landfill age. In

case of young LFL, high concentrations of organic matters

mainly volatile fatty acids (VFAs) resulted in a high BOD/

COD ratio. Also, the recalcitrant matter (e.g. folic and

humic acids), and high concentrations of ammonium

nitrogen stabilized leachate. It’s worth to note that there is

no distinct cut off point between the intermediate and old

LFL with about less than 0.2 BOD/COD ratios. Also, the

same treatment methods may be used for both two later

types by some researchers [6]. For the case of young lea-

chates treatment, conventional biological methods have

been extensively employed because of their easy operation

and cost effectiveness. They are classified into anaerobic,

anoxic and aerobic processes such as sequencing batch

reactors (SBR), aerated lagoons, upflow anaerobic sludge

blanket (UASB) reactors, conventional activated sludge

(CAS) and etc. [7]. Treatment of stabilized leachate with

low biodegradability due to containing recalcitrant and bio-

refractory constituents presents a challenging problem

which requires the integration of suitable additional

techniques.

Currently, with the high stringent and restrictive level of

discharge standards and of producing more stabilized lea-

chates by the aging of landfills, many efforts have been

made for evaluating appropriate treatment technologies to

reach the satisfactory level of purification. It implies that

new alternative and appropriate treatment methods must be

proposed. Between the mostly used methods for this pur-

pose, treatments based on membrane separation technology

have broadly been emerged. Recently, membrane biore-

actors (MBRs) have received considerable attentions due to

their compact systems with smaller footprint, increase of

biomass retention, processing stability, low sludge pro-

duction and excellent effluent quality [8]. Membrane

bioreactor technology has demonstrated a significant per-

formance in treating old leachate. As the best treatment

system, it proposes to combine MBR technology with

nanofiltration (NF) process for the old landfill leachate

treatment. The reason is that it is difficult to procure sat-

isfactory effluent quality through using each method alone.

Owing to unique properties of NF, it has remarkable

capability of removing complex and recalcitrant organic

matters and heavy metals from landfill leachates [9, 10].

However, frequent membrane cleaning is indispensable

and consequential operating costs increment as a result of

required cleaning agents and occasionally membrane

replacement also is expected. Many authors [11, 12] have

demonstrated that membrane fouling remains one of the

most adverse obstacles to the MBR implementation and the

most challenging concern to encounter further MBR

development. The main factors affecting membrane fouling

include operative conditions, biomass characteristics,

inorganic precipitates, extracellular polymers and colloids.

According to some literatures [15, 16], the powdered

activated carbon (PAC) as a supplementary treatment agent

has been used in the LFL for three main objectives: (1) it

can adsorb bio-refractory organic pollutants which cannot

biologically degrade due to the substantial adsorption
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capacity, (2) the high surface area of nanoporous adsorbent

increases growth sites for microorganisms and reactive

sites between microorganisms and organic matters and (3)

the final effect of PAC as a filtration aid can contribute to

membrane fouling reduction. This effect was justified by

depositing a permeable PAC layer with dynamic porosities

over the membrane surface, making protection from the

deposition of foulants on the membrane active layer

[15, 16].

This study was aimed to assess and highlight the com-

plementarities between an aerobic submerged MBR and

NF membrane filtration capacity for an advanced treatment

performance to remove the trace organic contaminants

from landfill leachate. Also, the effect of combined system

and PAC-MBR on biological treatment performance and

the membrane fouling reduction were investigated.

Experimental

Landfill leachate and activated sludge (AS)

characterizations

The raw leachate used in this study was obtained from the

Kiasar landfill site in Sari, Mazandaran, Iran. Table 1

shows the main characteristics of raw leachate. AS culture

was also collected from a conventional domestic wastew-

ater plant located in sari, Iran. The characteristics of the AS

were COD of 88 (mg/l), mix liquor suspended solid

(MLSS) of 2500 (mg/l) and pH of 7.44. The sludge used in

this study was aerated for 24 h. After this time, MLSS

concentration reached to 3100 mg/l. In this study, the ini-

tial analyses with approximately BOD/COD of 0.3 reflec-

ted a non-biodegradable portion on the leachate.

Materials and analytical methods

All the chemicals were purchased as an analytical reagent

grade. The thin film nano composite membrane was fab-

ricated through a conventional interfacial polymerization

technique which is described in our previous work [17].

Thin film nano composite membrane are composed of two

layers. The general method involved the fabrication of

polyamide layer on the prepared ultrafiltration support

by the reaction of m-phenylenediamine and trimesoyl

chloride. The ultrafiltration (UF) membrane was pre-

pared using polysulphone (PSf) polymer via the phase

inversion by immersion precipitation method and N,N-

dimethylformamide (DMF) as solvent were provided by

BASF Co. (Germany) [18]. The pure water flux of the

synthesized UF was 51.21 l/m2 h under 0.8 bar vacuum

pressure. As shown in Fig. 1, SEM images indicated a thin

polyamide layer fabrication on the polysulfone (PSf) sup-

port membrane.

All the analytical methods were carried out based on the

standard test methods [19]. Influent and effluent samples

were taken regularly from the system. The COD analyses

were executed by closed reflux method after filtration

through Whatman filter papers (0.47 l Millipore) Method

5220D [19]. UV254 was measured by a spectrophotometer

Jenway 6305 with a cell length of 1 cm. The NH4–N

(ammonia) concentrations were measured by using com-

mercial Merck test kits. TKN value was obtained by a

Kjeldahl autoanalyzer (KjelDigester K-446/K-449). pH of

Table 1 Primary main

characteristics of the raw

leachate

COD (mg/l) NH3–N (mg/l) TKN % P (mg/l) pH Conductivity

(lmhos/cm)

Zinc Nickel

51000 1951 40.23 7.8 8.2 16.5 7.01 3.18

Fig. 1 Cross-section SEM images of nanofiltration membrane at

different magnifications

Bioprocess Biosyst Eng (2016) 39:1803–1816 1805

123



samples were measured by pH meter electrode (Model AD-

1200 BENCH TOP). Conductivity was determined in line

with Standard Method, 2510. MLSS concentration was

determined by filtering the samples through a 0.47 l Mil-

lipore paper filter and drying took place in a drying oven at

105 �C until a constant weight was reached [20]. Water

used during all the experiments provided from laboratory

distilled water. The employed PAC in the hybrid system

was obtained from Sigma-Aldrich (No. 89440).

Sludge acclimatization

To adapt the AS for the leachate with turbulent and high

strength medium, the AS was initially aerated for 24 h

without adding wastewater. After that, glucose, as a sub-

strate, was supplied to the reactor in order to promote

easier adaptation of biomass to the complex leachate.

Subsequently, low volumetric loading of diluted leachate

was gradually introduced to the AS and aerating continu-

ously for several days until the microorganisms could tol-

erate high COD concentration of leachate. During the

adaptation procedure, the amount of COD, MLSS, mixed

liquor volatile suspended solids (MLVSS) and pH param-

eters were regularly monitored. At the end of adaptation

process, the MLSS concentration reached to 6200 mg/l.

Adsorption study

Determination of optimum dose of PAC

Batch experiments were conducted at the absence and

presence of PAC as an adsorbent with different concen-

tration ranging between 0.5 and 5 g/l. After the COD

removal measurement in the reactor, the experiments were

carried out under aeration at optimum HRT.

Isotherm model

From the various models that express the equilibrium

between the adsorbates and adsorbents in the aqueous

phase, the isotherm models are usually the best technique

to represent this phenomenon. The Langmuir isotherm and

the Freundlich isotherm as the most common models were

employed to model the obtained data from the adsorption

process. The linear forms of these equations are given as

equation Langmuir and Freundlich through Eqs. (1) and

(2), respectively

1

qe
¼ 1

qm:Kl:Ce
þ 1

qm
ð1Þ

Log qe ¼ log Kf þ
1

n
log Ce ð2Þ

where qm (mg/g) is the maximum adsorption capacity, qe
(mg/g) is the amount of COD adsorbed, Ce (mg/l) is the

equilibrium concentration of the adsorbate, Kl is the

Langmuir constant that related to energy of adsorption. Kf

and n are the Freundlich constants that related to adsorption

capacity and adsorption intensity, respectively.

The relationship between adsorption capacity and food

to microorganism (F/M) ratio

Five batch reactors containing 1 l of AS with PAC along

with five equivalent batch reactors containing only AS

were prepared and 1 l of fresh leachate with COD con-

centrations of 200, 400, 600, 800, 1000 mg/l, was added to

them. Then, the mixed liquor was aerated. At the end of

24 h of aeration, COD removal rate was measured.

Moreover, the MLSS in all ten batch reactors were mea-

sured. Adsorption capacities of AS and AS with PAC (qe,

mg/g) were calculated using the Eq. (3) to find the rela-

tionship between adsorption capacity and F/M ratio (COD

basis) [21]:

qe ¼ COD0 � COD

MLSS
ð3Þ

Laboratory leachate treatment setup

The setup of the leachate treatment was composed of a

PAC-MBR hybrid system combined with the NF process.

A cubic aeration tank with trapezoidal sides applied

throughout the study was made of plexiglass at the

dimension of 40 cm (length) 9 25 cm (width) 9 10 cm

(depth) with a total volume of 10 l. The bottom of the tank

was designed with a slight inclined angle. The studied

PAC-MBR unit was constructed of a bioreactor for the

biodegradation and a submerged UF membrane module. In

order to assemble the PAC-MBR unit, the synthesized flat

sheet UF membrane was folded as a leaf and glued together

back-to-back with a permeate spacer between them with

the active surface area of 0.04 m2. The open side of the

folded sheet was connected to vacuum pomp to collect the

permeate of a leaf. UF membrane modules were submerged

vertically in the reactor. Two stone diffusers with a 20 cm

length located underneath the membrane fed by an air

compressor which provided a constant air flow rate of

approximately 5.5 l/min in order to maintain DO concen-

tration above 2–4 mg/l. Also, flow rate of air releases to the

MBR module and providing shear stress to the membrane

surface and refresh the membrane surface to prevent

fouling. The treated leachate via AS process was pumped

out through a UF membrane with a vacuum pump. The UF

membrane initially enables to remove the biosolids,
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macromolecular refractive compounds and separation of

the rated leachate from the AS. After that, the permeate

was directed to the NF process in order to remove the most

refractive non-biodegradable compounds and inorganic

ones. The efficiency of NF membrane was based on the

assessment of retention factor of low molecular resistant

components and residual inorganic salts of the pretreated

leachate after both biological treatment and ultrafiltration

steps. Also, the changes of effluent conductivity were

measured during the experiments. The subsequent NF fil-

tration step was performed with a laboratory-scale cylin-

drical dead-end membrane filtration apparatus. This cell

was made of stainless steel with a volume of 1100 ml. The

filter diameter, height, and effective membrane area were

8, 22 and 50 cm2, respectively. The samples were filtered

under the operational pressure of five bars, applied by

nitrogen gas. Figure 2 illustrated the submerged PAC-

MBR system along with NF system.

PAC-MBR start-up

In this research, the AS process was the first phase of

leachate purification. This method provided partial oxida-

tion of organic components and the removal of ammonium

compounds. The biological treatment under aerobic con-

ditions was performed in batch mode. Bioreactor was

aerated vigorously with an air compressor at HRT of 24 h.

The continuous agitation ensures homogeneous mixture of

the liquor and prevents the biomass settling. Foaming was

initially appeared with changing applied organic loading

Fig. 2 Schematic view of

a hybrid MBR and NF treatment

system and b bioreactor
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rates for a short time. This fact showed a common occur-

rence and was reduced to a minimum when steady-state

condition was reached. At the same time, it was perceived

that a biofilm layer of AS was formed on the bioreactor

inner wall. When the thickness of adhesive biofilm layer

attained to a maximum level, it was breaking from inner

wall and mixed to circulation. At the first stage, the MLSS

and MLVSS concentrations were about 6200 and 3940 mg/

l. The bioreactor was operated in batch mode under dif-

ferent HRTs to evaluate the performance for COD removal

exclusively. The hydraulic retention time (HRT) values

were adjusted to 12, 24, 36 and 48 h. Also, the effect of F/

M ratio was investigated through diluting the leachate with

high organic loads with tap water ranging from 0.1 to

1 gCOD/g day. Experiments were run several times to

assay the repeatability of the results. Among different

heavy metals, nickel and chromium(III) exist commonly in

high concentration in LFLs and these elements considered

as an indicator of trace elements during our study. The

temperature of the pilot medium was maintained by an

aqua heater between 25 and 28 �C. The medium pH was

measured daily to keep constant about 8.2 during the

operation. At the end of each batch operation, the biore-

actor content was sedimented for 1 h and 50 mL of the

sample was carefully withdrawn from the clear supernatant

with a pipette and passed through a Whatman filter paper

with 0.47 lm pore size. Prior to filtration, filter papers were

washed with distilled water to the elution of existence

starch in the filters.

Specific oxygen uptake rate (SOUR) determination

This section aims to explain the effects of using PAC on

the activity of AS microorganisms. By assessing the oxy-

gen consumption rate during a specific period of time, the

SOUR can be calculated. A great deal of research is carried

out and proposed different methods to measure the SOUR

which is available in the literature [22]. In the method

employed here, the aeration process was stopped for the

intervals of 10 min and the amount of consumed oxygen

was calculated every 2 min. Subsequently, the decrease of

oxygen concentration in system was recorded. Finally, the

aeration process was initiated at the end of the 10 min until

the system reaches to the level of oxygen saturation. Then,

SOUR was calculated by the Eq. (4):

SOUR ¼ mgO2

MLSS : h
4ð Þ ð4Þ

Results and discussions

Biological treatment

Biological acclimatization

The adaptation process of AS to LFL lasted for 2 weeks.

As can be seen in Fig. 3, at the early biological treatment

of the acclimation process, the COD removal was quite low

owing to the low degree of adaptation in the treatment

process. As can be seen, the COD removal efficiency was

increased by increasing the MLSS concentration. It seems

that the reaction rate is directly proportionate to the MLSS

concentration. Nonetheless, the sludge, suspensions phys-

ical properties and wastewater composition limit the

increment of biomass concentration. Mainly, the decrement

of oxygen transfer (mass transfer) and the increment of

medium viscosity lead to low performance and high energy

consumptions [23]. After several days of the run, the COD

removal reached to the maximum reduction of 38 %. The

Fig. 3 Variation of the COD

removal (%) and MLSS

concentration during the

adaptation phase
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adaptation process was stopped whenever the COD

removal of system approached to the steady state condi-

tions. The slow growth rate in microorganism population

indicated that the total flora was strived to resist the shock

imposed by the addition of complex leachate during this

period of time. Further, there was not enough substrate for

microorganisms to produce energy for cell growth until

they could adapt with the leachate as a new substrate

course. A proper volumetric index of sludge (SVI) level,

normally below 100 ml/g, indicates better organic com-

pounds removal. Well-settleable sludge is of great property

in the conventional AS process. Quickly settling sludge

resulted in sludge bulking problem and turbid effluent due

to filamentous growth, small flocs and weakly structured

[24]. The SVI value obtained during this experiment was

84.8 ml/g indicating a great sludge settleability.

Effect of HRT on the biological treatment

The effect of various HRTs on the AS performance in

terms of COD removal rate is presented in Fig. 4. The

HRTs of 12, 24, 36 and 48 h were set in the system

gradually during the operation cycle. The organic removal

rate increased from 45 to 69 % along with the increment of

the HRT from 12 to 36 h. As the HRT increased from 36 h

to 48 h, the COD removal efficiency decreased to less than

60 %. As the results revealed, the HRT of 24 h can be

considered as the optimal HRT with more stable and

reproducible results. HRT values greater than 24 h were

not effectual against the efficiency. The MLSS concentra-

tion (bacteria population) and COD concentration (food)

are plotted as a function of time, which is illustrated in

Fig. 5. The growth of the bacteria in the AS is directly

commensurate to the amount of available COD. The opti-

mum concentration for biomass and COD was attained at

the HRT of 24 h. Figure 5 shows the biomass growth in

60 h. At first, there was a large amount of food available

compared to the amount of biomass. The initial concen-

trations of COD and MLSS were 2500 and 6200, respec-

tively. The bacteria started consuming the COD and

duplication, exponentially. The ascending trend of hollow

circles is attributed to the growth of bacteria. On the con-

trary, the hollow circles have a descending trend which can

be explained as a consequence of the decrease in the

amount of available foods. The available foods began to

decrease and bacterial proliferation began to slow. It is

evident that the growth rate of bacteria was decreased as a

consequence of the shortage in the available foods.Fig. 4 COD removal observation at various HRTs

Fig. 5 Biological growth curve
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Bacteria began to raceme and form the floc. Finally, the

majority of the COD has been converted and there were not

enough foods for the bacteria to consume. The final con-

centrations of COD and MLSS were 840 and 6300,

respectively.

Effect of F/M on the biological treatment

As shown in Fig. 6, the correlation between F/M ratio and

COD removal was investigated. The F/M ratio of

0.1 gCOD/g day was applied to system, which subse-

quently was increased stepwise to 1 gCOD/g day. The

COD removal (%) increased primarily with an increase in

F/M but it decreased gradually until it reached to the lowest

value at F/M of 1 gCOD/g day. The average COD removal

decreased from 62 to 50 % where the F/M ratio increased

from 0.4 to 1.2 gCOD/g day. The performance profile

represented that the maximum level of COD removal was

obtained at F/M ratio of about 0.4 gCOD/g day. This

experiment indicated good performance at low F/M ratio.

The ratio of F/M is an important key operational parameter

which extremely effects on the microbial composition,

sludge properties and organic removal efficiency. All of

them will impress on the membrane fouling and the process

efficiency in PAC-MBRs. In several studies already con-

ducted, no consensuses have been achieved on invariant

optimal F/M ratio. High F/M ratios enable great driving

force for microbial growth, metabolic activity and as a

consequence, high overall rates of organic removal [25].

Nonetheless, too high values of F/M ratio may destroy

hydrolyzing and methanation equilibrium, disturb the

microbial ecology, and result in sludge deflocculating and

eventually the reduction of the process efficiency. Low

ratios of F/M enhance better organic removal efficiency

and provide sludge flocculation and improvement of the

biomass settleability in the reactor. However, too low F to

M ratio limits cell growth and the deflocculation of sludge

may also occur [26].

Adsorption study

Effect of PAC on the biological treatment

Variations of COD removal were assessed for each PAC

concentration. The percentage of COD removal increased

steeply from 38 to 56 % by adding PAC concentration

from 0.5 to 2 g/l. The increment of PAC concentrations up

to 2 g/l, did not increased the COD removal efficiency

significantly and remained almost unchanged. Adding

adsorbent had an effect on microorganism activities and

subsequently on COD removal. The use of PAC-MBR

hybrid system improved the properties of AS and MBR

filtration efficiency. PAC as an aiding filter adsorbs the

colloidal substances and dissolved organic matter, the back

diffusion of existent organic particles increases at the

interfacial region of membrane–liquid and substantially

decreases the hydrodynamic layer thickness on membrane

surface limiting the mass transfer [27, 28] (Fig. 7).

Adsorption isotherms

Figure 8 shows the adsorption of COD for two Langmuir

and Fruendlich isotherms. Although both isotherm models

are capable of handling the obtained experimental data.

The Langmuir constants (Kl and qm) and Freundlich con-

stants (Kf and n) were calculated and the values are tabu-

lated in Table 2. Also, the regression correlation

coefficients (R2) of the linear plots are presented in

Table 2. Adsorption on COD can be fitted by both Lang-

muir and Freundlich isotherms with R2[ 0.99, which

demonstrates that the both adsorbents can be described

Fig. 6 Effect of F/M on COD removal (%) at the optimum HRT Fig. 7 Correlation of COD removal (%) in hybrid system with

different applied PAC concentration at the optimum HRT
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very well by the mentioned models. The maximum

capacity of adsorption (qm) and KL values in the PAC-AS

was higher than AS. This means that the PAC played an

important role in improving the performance of the system

which enhanced the COD removal in comparison with the

non-PAC reactor [29, 30]. The n value of PAC-AS was

higher than AS, suggesting that the adsorption of COD is

favorable for PAC-AS.

Effect of F/M ratio on adsorption capacity

The adsorption capacity of COD onto an adsorbent is

proportional to the ratio of F/M. The experimental data of

different F/M ratios and adsorption capacities are illus-

trated in Fig. 9, which shows that the adsorption capacity

changes with different F/M ratios. The adsorption capacity

(q) of the system as a function of the F/M ration (x) is given

through the following equation [31]:

q ¼ ax ð5Þ

From the obtained data, it can be found that in both PAC

and non-PAC reactors, the adsorption capacity is directly

related to the F/M ratio and a coefficient. The values of a

coefficient in the PAC reactor is higher than AS reactor

which means that the adsorption of COD can be more

easily performed when PAC is added to the reactor

(Table 3).

The relationship between SOUR and AS

microorganisms

Figure 10 shows that the decrease in oxygen concentration

versus time was a linear plot and the slope of this plot

determines the oxygen uptake rate. It can also be found that

the amount of oxygen consumption by microorganisms was

low when there was not any powdered activated carbon in

the AS system. The oxygen concentration reached to

2.37 mg/l as the aeration process was stopped and, it was

increased to 4.1 mg/l during the aeration process. The

addition of PAC to the AS increased oxygen consumption

rate, since PAC can increase reactive sites among

microorganisms and organic matters. Consequently,

Fig. 8 Plot for the adsorption COD a Langmuir isotherm b Fre-

undlich isotherm

Table 2 Isotherm parameters obtained by fitting equilibrium data

with the Freundlich and Langmuir isotherms

Adsorbent Langmuir equation Freundlich equation

Kl qm R2 Kf n R2

AS ? PAC 0.00346 0.235 0.998 0.0025 1.4570 0.997

AS 0.00219 0.178 0.998 0.0009 1.2575 0.997

Fig. 9 The effects of F/M ratio on its adsorption capacities
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microorganisms need higher amount of oxygen to biode-

grade available organic matters [32].

Figure 11 indicates that the addition of PAC increased

the SOUR as a consequence of increasing the activities of

microorganism. In fact, the absorbent provided active area

for the growth of microorganisms and Formation of floc on

absorbent is more comfortable and subsequently the oxy-

gen consumption rate was increased. As a result, the

microorganism generated a significant amount of energy

and produces new biomass, which causes a substantial

speed-up in the biological degradation of microorganism in

the AS and consequently, increases the SOUR to 46 %.

PAC-MBR performance

At the present work, the AS process was the first stage of

landfill leachate treatment. Additional PAC enhanced the

adsorption of pollutant and improved microorganism

activities and increased the COD removal by the creation

of active sites for the production of biomass. At the sub-

sequent step of our experiment, the biological process was

detached by ultrafiltration to separate the poorly sediment

AS and to remain refractive macromolecular substances

after the biological treatment from the rated leachate. Fast

biodegradable organic molecules fraction was removed

during HRT of 24 h. The fraction of slow biodegradable

organic was approximately removed totally. This fact

probably was thanks to the application of UF membrane

that prevented the microorganisms washing off. Figure 12

represents the reproducible results of COD reduction dur-

ing the batch experiment in PAC-MBR with optimum F/

M value of 0.4 gCOD/g l, HRT value of 24 h. The COD

reduced from about 2500 to below 550 mg/l. The mixed

liquor suspended solids concentration was measured per

day for 42 days. After the LFL enters the aeration tank,

bacteria become entangled and adsorbed substrate to the

floc. Bacteria growth on adsorbent and cells become larger

during periods of rapid growth and during the experiment

MLSS concentration was reached to 9300 mg/l. Both of the

changes in MLSS concentration versus time and the rela-

tionship between MLSS concentration and COD removal

rate were illustrated in Fig. 12. During the experiment, the

trend of COD removal was incremental along with

increasing MLSS concentration but not for a short time.

Also, the maximum organic removal rate of 78 % was

obtained after 38 days. After reaching to maximum

growth, a constant MLSS value was attained and the bio-

mass growth was stabilized for several days. There was a

slight decrease in the MLSS concentration between 26th

and 30th days. It’s speculated that the MLSS reduction was

mainly due to the sharp drop of liquor pH from 8.4 to about

5.5. Since pH value of near the neutrality is more favorable

for proliferation of bacterial with different biodiversity

levels [24]. TKN and ammonia (NH4–N) removal effi-

ciencies for raw and treated leachate were analyzed. Due to

the great value of ammonia concentration (1951 mg/l), the

LFL could be classified as an intermediate leachate. The

nitrification rate of ammonia (NH4–N to NO3–N) in the

PAC-MBR system equaled to 88 %. Despite the aerobic

conditions in a submerged PAC-MBR which causes lower

nitrogen removal rate by continuous aeration [33], a sig-

nificant removal efficiency was obtained due to the long

sludge retention time (SRT) (SRT[30 days) in the PAC-

MBR. Also, the significant color removal more than 67 %

was observed through the PAC-MBR process at optimum

conditions.

Table 3 The values of

coefficients obtained from the

relationship between F/M ratio

and adsorption capacity

Adsorbent a R2

PAC ? AS 0.72 0.999

AS 0.58 0.998

Fig. 10 Plot of the oxygen concentration during intermittent aeration

of PAC-MBR system

Fig. 11 Specific oxygen uptake rate in PAC-MBR system
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As illustrated in Fig. 13, the membrane flux rate in

PAC-MBR decreased with increasing F/M ratio. The

result may be ascribed to the agglomeration of the bio-

mass on the membrane surface area and the formation of

the cake layer. Otherwise, it is expressed that the sus-

pensions were not directly responsible for flux reduction.

In fact, the exponentially increasing dissolved substances

and viscosity resulted in concentration polarization. In

other words, the increment of biomass concentration

causes viscosity increment, which had an effect on the

boundary layer thickness and the concentration polariza-

tion [34].

UV254 removal

Organic matters in raw leachate could be estimated in

terms of UV254. The UV254 measurement procedure was

conducted every 4 days. As it is shown in the Fig. 14, the

PAC-MBR was capable of eliminating 96 % organic

matters during the experimental run. During the operation,

PAC-MBR expressed a good compatibility with the existed

organic matters of the leachate which resulted in a decrease

in UV254. Increasing the removal of UV254 showed that

aromatic compounds could be easily removed by PAC-

MBR. It is because of the fact that PAC has an unsaturated

bond or negatively charged fraction which gains the ability

Fig. 12 The MLSS

concentration changes and the

COD removal during PAC-

MBR process

Fig. 13 UF membrane flux plot at different F/M ratios at PAC-MBR

stage

Fig. 14 UV254 removal by PAC-MBR process
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to eliminate aromatic compounds through the adsorption

process. However, particulate organic matters could be

more easily rejected by the membrane [35].

Supplementary treatment

Although the hybrid treatment method of landfill leachate

yielded rather high degrees of purification, and then the

introduction of PAC again brought improvement of its

quality, the effluent discharge standards still have not been

achieved. The reported results reconfirmed the limitation of

PAC-MBRs in the removal of some biologically recalci-

trant trace organic compounds and inorganic impurities.

The permeate of PAC-MBR systems was subjected to

further purification step with the NF process and mea-

surement procedure was conducted every 4 days. The

various concentrations of effluent COD from PAC-MBR

systems were between 550 and 850 mg/l. As shown in

Fig. 15, the COD values decreased to below 50 mg/l in the

permeate stream and substantial COD removals were

attained. NF process complemented the PAC-MBR treat-

ment more effectively, above 98 % removal. However, the

increment of the inlet organic loading was led to a fast

decrease in flux rate in the NF membrane. According to

Nghiem et al. [37], hydrophobic particles can absorb to NF

membrane and diffuse through the condensed polymeric

matrix. Subsequently, the considerable transmission of

these hydrophobic compounds occurs through the ultrathin

active layer. Conversely, major amount of these

hydrophobic components can be removed significantly by

PAC-MBR as represented in the previous section. Cou-

pling PAC-MBR treatment with NF membrane filtration

resulted in complementary removal of hydrophilic and

hydrophobic trace organic components. Nitrogen removal

rate of pretreatment leachate during the NF process in

terms of TKN and ammonia were also analyzed and listed

in Table 4. TKN and NH4–N were removed by PAC-MBR

from 88 to 91 %, and by NF process from 96 to 97 %,

respectively. The TKN removal performance in PAC-MBR

was greater than that of the NF process. It is evident that a

significant fraction of TKN is NH 4–N and the NF mem-

branes are not typically capable of rejecting monovalent

ions. During the NF process the removals of chromium

(III) and nickel were increased to 100 and 99 %, respec-

tively [38, 39]. Conductivity rejection was measured dur-

ing the NF process for every 4 days. Nonetheless, the

conductivity rejection did not recognize as an authentic

indicator to determine the removal efficiency of organic

particles by the tight NF membrane. With reducing effluent

concentration of COD from PAC-MBR (Fig. 15), a slightly

decrement was observed in the conductivity rejection. The

low rejection of monovalent ions in NF membranes was

expected since NF membranes had a good rejection of

divalent ions, as observed by the conductivity removal of

87 %.

Conclusion

Compared with the classical biological systems such as

CAS, PAC-MBRs as a versatile technology exhibited great

potentials in treating highly polluted landfill leachates with

high persistent compounds regardless of their age. The

obtained results indicated that PAC-MBR treatment and

NF membrane filtration can be integrated to enhance

removal rate of trace organic contaminants in a wide range.

Whereas, an important fraction of organic matter has been

removed by the primary PAC-MBR treatment. COD

Fig. 15 Removal of COD (%)

and Conductivity reduction after

process combination (PAC-

MBR-NF)
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removal rate was achieved up to 75 % by the PAC-MBR

unit and improved up to 94 % by the NF process. Based on

the obtained results, considerable amount of TKN which

majorly consists of (NH4–N), was efficiently removed by

the PAC-MBR. The mean removal value of TKN and

NH4–N by the PAC-MBR were around 91 and 88 %,

respectively. The phosphorus content of feed leachate

reached to below discharge limit value by 99 % reduction

during the hybrid treatment system Adsorption isotherms

showed that the adsorption of COD fitted well with the

Langmuir and Freundlich, showing correlation coefficients

(R2) of 0.998 and 0.997, respectively. The adsorption

capacities were increased after the addition of powdered

activated carbon. SOUR measurement indicated the toxic

effects of landfill leachate on activated sludge microor-

ganisms were substantially decreased after the addition of

PAC. The addition of powdered activated carbon into the

Activated Sludge increased the activated sludge microor-

ganisms SOUR by reducing the toxic effects of COD on

microorganism activities and by acting as reaction site for

substrates and microorganisms.
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