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ABSTRACT

Adsorption onto activated carbon (AC) is an effective method for the treatment of leachate
from mature landfill. However, in order to limit an excessive AC consumption, it is very
important to determine the range of doses at which the organics and color removal effi-
ciency increases to the greatest extent. This study compared the usability of two powdered
activated carbons (PACs) (CWZ-22 and CWZ-14 with specific area 850 and 750 m2/g,
respectively) in organics (expressed as COD and UV254 as index of humic substance concen-
tration) and color (UV410) removal from landfill leachate. CWZ-22 was more efficient than
CWZ-14. In both PACs, the highest process efficiency was where doses were between 1 and
3 g/L; higher doses (5–20 g/L) proved less efficient because high PAC consumption yielded
several times lower increase in organics and color removal than lower doses. In 1–3 g/L
ranges, a 1 g/L increase in CWZ-22 gave an increase of 12.5% (COD), 13.1% (UV254), and
20.0% (UV410) removal efficiency. In higher doses, increases were 1.4, 0.5, and 0.7%, respec-
tively. With both PACs, organics adsorption followed pseudo-second-order kinetics. With
CWZ-22 and lower doses, a kinetics constants of adsorption was 1.5–1.9 times higher than
CWZ-14.

Keywords: Activated carbon; Adsorption; Landfill leachate; Organic compounds; UV254;
UV410

1. Introduction

Composition and quantity of pollutants in landfill
leachate varies from site to site depending on the
nature of solid wastes, active microbial flora, rainfall
patterns, and the volume of water which infiltrates the
landfill and directly affects the natural processes occur-
ring inside it [1]. Moreover, characterization of leachate
is complicated by the fact that its composition may
vary as a result of landfill age [2]. However, it is
generally assumed that leachate from young landfills
contains a high concentration of organic substances,
although, because the organics are highly biodegrad-

able, these “young” leachates are usually more easily
treated, mainly with biological methods, than “old”
ones from stabilized landfill. “Old” leachate is charac-
terized by relatively low organics and high ammonium
content, in comparison with “young” leachate. How-
ever, the organics are poorly biodegradable, as the
main organic fraction is composed of refractory
substances (i.e. humic substances, HS). According to
Artiola-Fortuny and Fuller [3], humic substances may
contain up to 60% dissolved organic carbon (DOC).
Significant content of humic and fulvic acids in the lea-
chate is also confirmed by Trebouet et al. [4]. For this

1944-3994/1944-3986 � 2016 Balaban Desalination Publications. All rights reserved.

Desalination and Water Treatment 57 (2016) 28560–28569

Decemberwww.deswater.com

doi: 10.1080/19443994.2016.1192494

mailto:dorotak@uwm.edu.pl
http://dx.doi.org/10.1080/19443994.2016.1192494
http://www.tandfonline.com
http://www.tandfonline.com
http://www.tandfonline.com


reason, leachate from stabilized landfill cannot be
effectively treated using biological processes. As a con-
sequence, physicochemical treatments seem to be
promising alternative technologies, e.g. coagulation/
flocculation, advanced oxidation, or membrane meth-
ods [5–7]. Among the physicochemical treatment meth-
ods, adsorption has proved to be one of the most
effective in removing refractory compounds such as
HS. As adsorbent activated carbon (AC) is commonly
used due to its large specific surface area, thermo-
stability, and fast adsorption kinetics. Furthermore, AC
is highly effective in the removal of a wide range of
organic and inorganic pollutants regardless of their
concentrations [8]. However, the major limitations of
using AC in leachate treatment process are (i) high cost
of commercially available carbons and (ii) large con-
sumption of AC. In order to overcome these flaws (i)
adsorbents from non-conventional material such as
agricultural waste and industrial byproduct that are
locally available are used, (ii) the modification of AC
or the use of multi-step technologies are applied. A lit-
erature review by Shehzad et al. [9] showed that AC
may be prepared from different waste, e.g. almond’s
shell, banana frond, coconut husk, corn cobs, hazel
nuts, oil palm fronds, olive seed waste, olive stone,
orange peel, palm shell, peach stones, peanut hulls,
rice husk, sugarcane bagasse, and waste tea. For the
removal of COD, heavy metals, color, and other con-
taminants from leachate, such low-cost adsorbents as
peat, fly ash, bone char, tamarind, and bagasse have
already been utilized (after [10]).

In order to reduce the large consumption of AC,
many authors use modified AC. This treatment aims
to reduce AC dose to simultaneously achieve high
process efficiency. For example, Kaur et al. [10] com-
pared cow dung ash (DA) obtained after the complete
combustion of cow dung cakes and dung ash (ADA)
that was modified using acetic acid (acetic acid was
used for activation of sites). The authors showed that
at dosage of 20 g/L, COD removal was 66 and 79%
for DA and ADA, respectively. Scanning electron
microscope images show that after the activation, car-
bon particles disintegrate and surface of particles
become more rough and porous, indicating the reason
for high adsorption efficiency of ADA. Wang et al.
[11] used different methods for the treatment of land-
fill leachate, such as granular activated carbon (GAC),
GAC impregnated with Mn and Ce oxides (MnCe-
AC), ozone process (O3), and MnCe-AC integrated
with ozone process (MnCe-AC/O3). They showed that
humic acids, TOC, and COD removal efficiencies in
MnCe-AC/O3 process were about 90, 68, and 72%,
respectively, which were significantly higher than
those of ozone, GAC, and MnCe-AC processes alone.

Oloibiri et al. [12] showed that removal efficiencies
with GAC adsorption as a single technique did not
exceed 8 and 20% for λ 254 and COD removal. Overall
removal of 90% (λ 254) and 77% (COD) was achieved
when applying ozonation prior to GAC, and 99 and
53%, respectively, by applying FeCl3 coagulation–
flocculation prior to adsorption. Moreover, pretreat-
ment of leachate before GAC polishing increases both
the adsorption capacity and operation time of a GAC
column toward COD removal.

However, regardless of the origin and characteris-
tics of AC, the range of AC doses at which the process
efficiency most successfully reduces the AC consump-
tion should be determined.

Although studies about landfill leachate treatment
with AC are carried out by various authors, and
provide information about organics removal efficiency
at different doses of AC, the author of the present
study is unaware of other information which estab-
lishes the range of AC doses that provides the highest
increase in the efficiency of organics removal (in %)
with an increase in carbon dose of 1 g/L. A previous
study of the author [13] concerning landfill leachate
treatment with granular and powdered activated car-
bon (PAC) showed that process efficiency increased to
the greatest extent with lower AC doses (2–3 g/L for
powdered AC and 2–10 g/L for granular AC). Higher
doses proved to be less efficient because they yielded
8–10 times lower increases in process efficiency than
lower doses. This means that it is very important to
assess the range of AC doses at which adsorption is
most effective. Above this range, despite the marked
increase in AC dose, effectiveness of landfill leachate
treatment increases slightly.

So, in order to verify whether the findings of the
mentioned research can be useful for other kinds of
AC, further research is needed. This is more important
because, in many cases, although organics removal
efficiency has been determined at different doses, the
tests are not systematic, i.e. the effectiveness of organ-
ics removal was analyzed across a wide range of
doses, but there is no determination of an increase in
removal efficiency (in %) with a 1 g/L increase in car-
bon dosage in a specific dose range. Determination of
the range of doses at which the process efficiency
increases to the greatest extent is very important in
order to limit AC consumption.

The aim of the present study was to establish the
dose ranges in which organics and color removal from
landfill leachate increase to the greatest extent when
using two different types of commercially available
PAC, CWZ-22, and CWZ-14.

In addition, the kinetics of the adsorption process
was investigated with different amounts of PAC.
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On the basis of adsorption kinetic constants, the con-
tact time required for the equilibrium can be deter-
mined, thus enabling the design of batch adsorption
systems.

2. Materials and methods

2.1. Leachate feed

This study used leachate from a 15-year-old
municipal landfill located in northern Poland. The
landfill site, with the total surface area of 22 ha, oper-
ated from 1996. In the research period, waste was
landfilled in a second field. The total average amount
of solid waste deposited in the landfill in 1996 was
estimated at 7,550 tons, in 1997 and 1998—7,970 tons,
and 9,120 tons, respectively. Since 1999, it amounted
to 11,000–12,000 tons. The landfill received municipal
waste without fluid waste, fecal matter, hazardous
substances, radioactive, and toxic waste. Approxi-
mately, 28–30% of disposed waste was of organic
household origin, while glass, paper, plastic, metals,
and textiles constituted 12–14%, 12–13%, 3–4%, 3–4%,
and 2–3% of the total waste mass, respectively. The
rest (about 30–34%) were inorganic remains.

Leachate was collected in a drain system and
stored in a retention reservoir from which it was
sprayed on the landfill or periodically taken to a
municipal sewage treatment plant. Leachate samples
for analysis were taken from the retention reservoir.

The landfill leachate composition is shown in
Table 2 (Section 3).

2.2. AC characteristics

The study used CWZ-22 and CWZ-14, commer-
cially produced PACs, the main characteristics of
which are presented in Table 1.

2.3. Process configuration and system design

The batch adsorption experiment was carried out
using eight samples for each PAC in 2 L jar test bea-
kers. The following doses of AC were tested for each
PAC (1.0, 1.5, 2.0, 3.0, 5.0, 10.0, 15.0, 20.0 g/L). Doses
of applied AC were used on the basis of the literature
review [14,15] and this author’s own preliminary stud-
ies. All samples were stirred with magnetic stirrers.

To determine the time needed for adsorption equi-
librium, a fixed dose of carbon and 1.5 L of leachate
were placed in 2 L reaction vessels. The samples were
collected at prescribed time intervals: 0, 0.083, 0.167,
0.33, 0.5, 1.2, and 3 h to determine the organics’ con-
tent (COD). The frequency of sampling to obtain data
for kinetic analysis was based on the literature
[13,16,17].

2.4. Analytical methods

Analysis determined the following characteristics
of the raw leachate: pH (pH-meter HI 8818); COD,
according to [18]; and BOD, according to DIN EN
1899-1/EN 1899-2 official EPA method using OxiTop
WTW Wissenschaftlich-Technische Werksträtten
GmbH, D-82326 Weilheim, Germany. Standard meth-
ods were also used to determine Kjeldahl nitrogen,
ammonia-N, and total phosphorus. Measurements of
both total- and volatile-dissolved solids were carried
out according to [19]. UV optical density at λ = 254 nm
(for aromatic and unsaturated organic compounds [20]
and at λ = 410 nm for color was analyzed using a Cary
UV/vis spectrophotometer in 1-cm path length quartz
cuvettes. Suspended and particulate matter which
might have interfered with measurements of UV
absorption was removed via Millipore membranes.
Distilled water was used as a blank.

Post adsorption measurements of leachate included
COD, UV254, and UV410. Before analysis, all samples
were filtered using Millipore membranes to minimize
the interference of AC fines with the analysis.

3. Results and discussion

3.1. Landfill leachate characteristics

The leachate came from stabilized landfill, which is
demonstrated by the high pH (8.62) and low concen-
trations of COD (874 mg/L) and BOD5 (76 mg/L)
(Table 2). Such results suggest that the majority of
organics in the waste had been converted to methane,
thereby diminishing both the organics concentration in
leachate and their biodegradability, which was also
confirmed by BOD5/COD ratio (0.09).

Table 1
Characteristics of AC

Parameter

Value

CWZ-22 CWZ-14

Shape Powdered Powdered
Specific area (m2/g) 850 750
Methylene number (ml) 22 14
Iodine number (mg/g) 850 750
Moisture content (%) <12 <12
Ash (%) <8 <8
Bulk density (g/L) 290–320 290–380
Size (mm) <0.12 <0.12
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The leachate used in the present study contained
low concentrations of organic compounds expressed
as COD and BOD5 compared to leachate from other
landfills. For example, Foo et al. [17] showed that, in
leachate collected from a municipal semi-aerobic land-
fill, the concentration of COD varied between 2,060
and 2,700 mg/L. Similarly, Rivas et al. [14] found an
even higher concentration of COD (3,600 mg/L). How-
ever, it should be emphasized that while in the above
studies the COD contents were higher than in the pre-
sent study, the BOD5/COD ratios were similarly low
(<0.1), which indicates the stabilized nature of the
organics in the leachate. Low biodegradability of
organic compounds present in the leachate is related
to the type of compounds present. These are mainly
substances with a high molecular weight (MW), i.e.
humic substances. For example, Calace et al. [21]
showed that, in leachate from old landfill, the fraction
with MW > 100,000 Da constituted 19%; those with
MW from 50,000 to 10,000 Da constituted 20%,
whereas those with MW < 500 Da, 28%. Zhang et al.
[22] found that landfill leachate contained DOC in
concentration of 2,742 mg/L, and HA and FA consti-
tuted 40.86% and 34.15 of DOC. However, other
authors found a lower share of HS in organics as
COD. For example, Kang et al. [23] shows that in lea-
chate from landfill that has been in operation for over
10 years, the organics concentration as COD was
863 mg/L, and HS was 6.9–14.4% of COD. In another
study in which the humic and fulvic acid content in

the leachates were determined, it was found that
fulvic acids may represent 59% of the initial COD of
the landfill leachate [17 after 16].

In this study, UV254 was used as an index of HS
concentration in leachate. However, the value of UV254

was rather low and equaled to 4.55 cm−1. This may be
connected with the low concentration of COD as HS
constitutes only a part of the organics present in lea-
chate. Comstock et al. [24] showed that in leachate
from different active and inactive cells from MSW
landfills that had been in operation from 1988, values
of UV254 varied in a wide range from 7.2 to 90.4 cm−1.
Similarly, different values of UV254 were obtained by
Zhao et al. [25]. They showed that the values of UV254

depended on the kind of landfill unit and unit age.
The authors obtained the following values of UV254:
4.2–5.3 cm−1 in leachate from an inactive landfill unit
that was not receiving waste (solid waste disposal for
30 years); 5.8–8.2 cm−1 in leachate from the unit that
had had no input for over a decade, but was operated
as a bioreactor landfill for a period of time (16 years);
20.2–23.0 cm−1 from a unit that was closed in 2005 and
was operated as a bioreactor landfill (9 years); and
30.1–39.5 cm−1 in leachate from a unit which was an
active permitted landfill (2.5 years). However, it
should be emphasized that leachate from these units
was characterized by very different COD concentra-
tions, from 712–903 mg/L in leachate from a 30-year-
old unit to 6,602–6,856 mg/L in a 2.5-year-old unit.

In leachate, in this study, the metal concentrations
were low (Table 2). However, low concentrations of
heavy metals in leachate from old landfills are rather
a typical phenomenon. For example, a review of 106
Danish landfills showed that metal concentrations for
all were: 0.006 mg Cd/L, 0.13 mg Ni/L, 0.67 mg Zn/L,
0.07 mg Cu/L, 0.07 mg Pb/L, and 0.08 mg Cr/L [26].
Higher metal concentrations are observed in leachate
from young landfills, which is connected with a high
degree of metal solubilization as a result of low pH
caused by the production of organic acids in the acidi-
fication stage. As the landfill’s age increases, pH
values cause a certain decrease in metal solubility.

3.2. The efficiency of organics and color removal using
PACs

The landfill leachate was treated with two kinds of
PAC (CWZ-22 and CWZ-14) at doses from 1 to 20 g/L.
Table 3 shows the concentrations of organic substances
(expressed as COD), index of humic substances content
(UV254), and color (UV410) after adsorption onto both
PACs.

With both PACs, COD, UV254, and UV410 values in
treated leachate decreased with the increase in PAC

Table 2
Characteristics of raw landfill leachate (bdl—below
detection limit)

Parameter Unit Value

pH – 8.62
COD mg/L 874
BOD5 mg/L 76
BOD5/COD – 0.09
Kjeldahl nitrogen mg/L 914
Ammonia nitrogen mg/L 864
Total phosphorus mg/L 21.6
Total dissolved solids mg/L 7,524
Organic dissolved solids mg/L 1,140
Inorganic dissolved solids mg/L 6,384
UV254 cm−1 4.55
UV410 cm−1 0.92
Zinc mg Zn/L 0.31
Chromium mg Cr/L 0.04
Cadmium mg Cd/L 0.019
Cooper mg Cu/L 0.011
Nickel mg Ni/L bdl
Lead mg Pb/L bdl
Mercury mg Hg/L bdl
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dosage. However, according to all indices, CWZ-22
was more effective than CWZ-14. This may be con-
nected with PACs surface area, as adsorption is a sur-
face phenomenon. In this study, the specific area of
CWZ-22 was higher (850 m2/g) than CWZ 14
(750 m2/g). However, when considering the effective-
ness of organics removal with AC, two aspects should
be taken into account: the surface area of the AC and
the MW of organics present in the leachate. On the
one hand, a larger surface area enables adsorption of
higher amounts of organics. On the other hand, large
molecules in landfill leachate may be unable to pene-
trate the smaller pores of this PAC, which would
diminish the process efficiency. This phenomenon was
observed in a previous study in which lower organics
concentrations in the effluent and higher process effi-
ciency were obtained with PAC-200-1Wi (specific area,
900 m2/g) than with PAC-200-C303 (specific area
1,200 m2/g) [13]. Lin et al. [27] have observed that the
adsorption capacity of PAC, with a surface area
730 m2/g, depends on the molecular weight of a stock
solution of commercial humic acid (HA) (Aldrich).
They found that PAC was ineffective in removing
MW fractions of humic acid either <300 or >17,000.
The large molecules of humic substances were unable
to penetrate the smaller pores of the PAC they used.
As for the low MW molecules, they were probably of
a hydrophilic nature, and hence, not amenable to PAC
adsorption. Thus, PAC removed humic substances in
the middle MW range. According to Cossu and
Rossetti [28], the organic fraction preferentially
removed by AC is the fulvic fraction, with a molecular
weight of 100–10,000.

The relationship between adsorption efficiency and
the particle size of the adsorbate is a common phe-
nomenon that has been noted with other kinds of AC,
e.g. fibrous AC (FAC). Brasquet et al. [29] used two
kinds of FAC with different specific surface areas

(1,500 and 1,300 m2/g) for adsorption of substances
that differed in molecular size, and showed that the
capacity of FAC to adsorb high MW compounds
(humic substances) was about 3 mg/g, which was
much lower than the absorbance of low MW com-
pounds, which was 200 and 400 mg/g for phenol and
benzoic acid, respectively. According to the authors,
micropollutants adsorption by FAC is selective, due to
the high microporosity of the fibers, and to the fact
that micropores act as a molecular sieve for macro-
molecules like humic materials.

The use of AC is an efficient method of landfill lea-
chate treatment because adsorption of pollutants
greatly reduces both organics concentration and color.
However, the main drawback of the process may be
the high consumption of AC when high process
efficiency is needed. Therefore, to limit the PAC con-
sumption, it is important to determine the range of
doses at which the process efficiency increases to the
greatest extent with PAC increase at 1 g/L. In order to
avoid excessive use of PAC for further leachate treat-
ment (polishing), another method should be used.

In this study, data on the percent of organics
removal with different PAC doses were plotted to
show the relationship between process efficiency and
PAC dosage. The slope of the best-fit line gives the
increase in organics and color removal efficiency (in
%) with an increase in PAC dose of 1 g/L.

The relationship between the PAC doses and land-
fill leachate removal efficiency in terms of COD,
UV254, and UV410 (experimental data) is shown in
Fig. 1.

In the case of organics expressed as COD, at
dosages ranging from 1 to 3 g/L, process efficiency
increased 12.5% with a 1 g/L increase of CWZ-22, and
6.5% with the same increase of CWZ-14 (Fig. 1(a)). At
higher doses (5–20 g/L), the increases in process effi-
ciency in both cases were smaller and accounted for

Table 3
Organics (COD, UV254) and color (UV410) in leachate after adsorption onto PACs

PAC dose (g/L)

CWZ-22 CWZ-14

COD (mg/L) UV254 (cm
−1) UV410 (cm

−1) COD (mg/L) UV254 (cm
−1) UV410 (cm

−1)

0.0 874 4.55 0.92 874 4.55 0.92
1.0 528 4.31 0.68 632 4.48 0.83
1.5 440 3.67 0.48 624 4.23 0.78
2.0 353 3.17 0.47 598 4.11 0.73
3.0 312 2.31 0.32 531 4.00 0.69
5.0 280 1.36 0.26 460 3.31 0.44
10.0 208 0.91 0.17 352 1.68 0.25
15.0 128 0.78 0.16 242 1.21 0.20
20.0 112 0.74 0.16 202 1.11 0.19
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1.4 and 2.2%, respectively (Fig. 1(b)). The same phe-
nomenon was observed in the case of UV254. Lower
doses (1–3 g/L) of CWZ-22 saw a 13% increase in
UV254 removal efficiency, however in CWZ-14, with
lower specific area, it was 6.6% (Fig. 1(c)). At higher
doses, the increase of UV254 removal was much lower
(Fig. 1(d)). A similar phenomenon was noted in the
case of color removal (Fig. 1(e) and (f)).

Although reports of the relationship between pro-
cess efficiency and PAC dosage described in the same
manner as in this study are not typical in the litera-
ture, other authors have also indicated that adsorption
is a dosage-dependent process. They found that
obtaining high process efficiency is possible at high
AC doses, which causes adsorption to become a costly
process. In newer works, therefore, authors have used

as an adsorbent-modified AC [30] or AC prepared
from waste, e.g. from coconut and almond shells, rice
husks, and sugarcane bagasse.

Kalderis et al. [31] used AC from rice husks and
sugarcane bagasse that was chemically impregnated
with ZnCl2. The ACs obtained was microporous and
had surface areas of 811 and 864 m2/g, respectively.
Both ACs were tested for adsorption of arsenic, humic
acid, phenol, and landfill leachate from municipal
solid waste. They both were most effective at adsorb-
ing phenol, removing around 80% at an equilibrium
time of 4 h. The adsorption of arsenic and humic acid
were also favorable, although the maximum efficien-
cies achieved were lower than that of phenol. When
treating landfill leachate, 30 g/L of AC removed 70%
of COD and 60% of color.

a) COD b) COD

c) UV254 d) UV254

e) UV410 f) UV410
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Fig. 1. Increase of landfill leachate treatment efficiency with the increase in PAC dose of 1 g/L.
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Foo et al. [17] showed that, using GAC derived
from tamarind fruit seed (TSAC), removal of both
COD and color from landfill leachate increased as
adsorbent dosage was raised from 10 to 30 g/L, but
further increases in dosage did not appreciably
increase the removal of COD and color. The optimum
COD and color removal were noted at a carbon
dosage of 30 g/L (79.9 and 91.2%, respectively).

However, it should be noted that, in both the above
studies, high adsorbent doses (30 g/L) were needed to
obtain relatively high process efficiency, which meant
the production of large amounts of waste AC. To avoid
excessive consumption of AC and to improve the
treatability of leachate, Kurniawan and Lo [30] used
integrated H2O2 oxidation and GAC adsorption. At an
initial COD concentration of 8,000 mg/L and with a
GAC dose of 15 g/L, this integrated treatment
removed substantially more COD (82%) than either
H2O2 oxidation (33%) or GAC alone (58%).

In this study with both PACs, the most effective
doses for organics removal were in the range of
1–3 g/L. Higher doses proved less efficient because
the high consumption of carbon yields only a low
increase in process efficiency. The same phenomenon
was observed in earlier research concerning the organ-
ics removal from landfill leachate with both PACs and
GACs as adsorbent [13]. The authors showed that
with PAC doses between 2 and 3 g/L, an increase of
1 g/L (PAC 200-1Wi and PAC 200-C303) gave an
increase in COD and UV254 removal efficiency of 19.1
and 15.4%, respectively; with GACs (GAC 10 and
GAC 10CO), the increase was 4.0–4.3% (COD) and
5.4–6.0 (UV254). Higher doses proved less efficient
because the high consumption of carbon yielded 8–10
times lower increase in process efficiency than lower
doses.

Although it is known that efficiency of landfill lea-
chate treatment with adsorption is largely dependent
on the type of adsorbent and adsorbent dose, the liter-
ature lacks data about optimal dosage ranges above
which the efficiency of the adsorption process is less-
ened. However, both in this work and in the author’s
previous study, it was shown that although the
increase of process removal efficiency with PAC dose
of g/L were different with different PACs character-
ized by a different specific area, in all cases, the high-
est increase in process efficiency was observed at PAC
dose up to 3 g/L. Although even at PAC dose 3 g/L,
COD concentration in effluent was relatively high
(Table 3), further increase in PAC dose is economically
unjustified. Therefore, other methods should be used.
According to many authors, none of the individual
physicochemical methods were universally applicable
or highly effective for the removal of recalcitrant

compounds from stabilized leachate and not even a
single method was effective enough to meet effluent
limits for release into surface waters [32]. For example,
Li et al. [15] showed that the removal efficiencies of
COD, from the stabilized landfill leachate were up to
86%, by the combined coagulation–flocculation (poly-
ferric sulfate 0.3 g Fe3+/L) and adsorption process
(PAC dose 10 g/L).

3.3. Adsorption kinetics

In adsorption, it is important to establish the time
required to obtain equilibrium concentration of pollu-
tants in the leachate. Therefore, adsorption kinetic
experiments of leachate were performed using both
PACs, in order to investigate the minimum contact
time for the removal of organics.

In addition, the relationship between the amount
of adsorbed organics and adsorption time formed the
basis for analysis of the kinetics of adsorption. Experi-
mental data (COD) were applied to two different
models (pseudo-first-order, pseudo-second-order
kinetics), previously reported in the literature. On the
basis of R2 values for linear forms of pseudo-first-
order (R2 < 0.86) and pseudo-second-order kinetics
(R2 in the range 0.9912–0.9999), it was assumed that
pseudo-second-order kinetics would provide a better
description of the adsorption process:

dQt

dt
¼ ksðQe �QtÞ2 (1)

Eq. (1) after linearization takes the form:

1

Qt
¼ 1

ksQ2
e

þ 1

Qe
t (2)

where Qt is the amount of organics (COD) adsorbed
per unit mass of adsorbent after time t (mg/g), Qe is
the amount of organics (COD) adsorbed per unit mass
of adsorbent in equilibrium conditions (mg/g), ks is
the rate constant of adsorption (g/mg min for PAC;
g/mg h for GAC), and t is the time (min in case of
PAC; h in case of GAC).

With both PACs, organics concentration dropped
significantly after 5 min of adsorption, and in the case
of CWZ-22, the amount of organics adsorbed during
this time (Qt,5) averaged 80% of the amount at equilib-
rium conditions. With CWZ-14, Qt,5 averaged 64%
lower than with CWZ-22.

Rapid organics adsorption on different kinds of
adsorbents has also been observed by other authors.
For example, Rodriguez et al. [16] showed that, after
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10 min, adsorption of organics on GAC-40, XAD-8,
XAD-4, and IR-120 equaled 59.6, 86, 44.8, and 43.9% of
the total amount of organics adsorbed. Li et al. [15]
showed that during organics removal with PAC
(10 g/L), COD removal efficiency reached 52% and
equilibrium was reached in 90 min.

Kinetic constants (Qe, ks) for both PACs in this
study are presented in Table 4. The Qe value was
dose-dependent and was in the range of 312.5–
35.9 mg/g CWZ-22. However, with CWZ-14, the Qe

values were from 1.5 times lower with the dose of
1 g/L to 1.13 times lower with the dose of 20 g/L.
Moreover, in the case of both PACs, the value of ks
increased with the increase in carbon dose.

Similarly, Foo et al. [17] showed that during the
treatment of landfill leachate with GAC derived from
fruit seed, the adsorption kinetics followed pseudo-
second-order kinetics. However, in their study, ks and
Qe were 0.035 g/mg h and 61.35 mg/g, respectively.
In contrast, Rivas et al. [14] showed that, with Norit
0.8, Chemviron AQ40 and Picacarb 1240 (in doses
5–30 g/L), the adsorption process was better described
by Lagergren’s equation. The authors showed that
with Norit, 0.8, ks increased as carbon dose decreased
(from 0.030 to 0.115). However, this inverse relation-
ship was not found with other ACs, with which the ks
ranged from 0.023 to 0.266 for Chemviron AQ40 and
from 0.027 to 0.058 for Picacarb 1240.

Adsorption processes take place in a multi-step
mechanism: (i) diffusion across the liquid film sur-
rounding the solid particles (this process is limited by
an external mass transfer coefficient), (ii) diffusion
within the particle itself via pore diffusion mechanism
(intra-particle diffusion), and (iii) physical or chemical
adsorption at site [33 after 34]. Halim et al. [34]
analyzed organics removal from landfill leachate
using three different adsorbents: zeolite, AC, and a

new composite media (limestone and rice husk car-
bon). On the basis of COD, they showed that AC had
the highest adsorption capacity (37.88 mg/g), followed
by the composite media (22.99 mg/g) and zeolite
(2.35 mg/g). According to the authors, both chemical
adsorption (dominant) and physical adsorption were
involved in the adsorption of organics on the compos-
ite adsorbent and zeolite, while physical adsorption
was the dominant mechanism with AC. Chemical
adsorption refers to ion exchange activity on the
adsorbent surface, while physical adsorption refers to
physical attachment of non-polar adsorbate on a very
large surface area due to the presence of macropores,
mesopores, and micropores. With the composite
media and zeolite, the combination of chemical and
physical adsorption was due to these materials’ high
cation exchange capacity (CEC) and moderate surface
area. With AC, in contrast, an extremely large surface
area and a low CEC meant that physical adsorption
dominated.

4. Conclusion

CWZ-22 was more efficient than CWZ-14 for the
removal of COD, UV254, and UV410. With both PACs,
process efficiency increased to the greatest extent
while increasing dosage from 1 to 3 g/L. In this range,
increasing CWZ-22 by 1 g/L increased the removal
efficiencies by 12.5% (COD), 13.1% (UV254), and 20.0%
(UV410). At higher dosages (5–20 g/L), this increase in
dosage gave an increase in organics and color
removal, albeit several times lower.

This study shows that, similar to other PACs
examined by the author in a previous study, increas-
ing the dosage of AC is most effective for doses up to
3 g/L during landfill leachate treatment with relatively
low concentrations of organics.

Table 4
Kinetic constants for PACs determined from pseudo-second-order kinetics

Carbon dose (g/L)

Kinetic constants

CWZ-22 CWZ-14

Qe (mg/g) ks (g/mg min) Qe (mg/g) ks (g/mg min)

1.0 312.5 0.11 × 10−2 208.3 0.71 × 10−3

1.5 263.2 0.19 × 10−2 142.9 0.96 × 10−3

2.0 243.9 0.19 × 10−2 156.2 0.16 × 10−2

3.0 175.4 0.25 × 10−2 105.3 0.25 × 10−2

5.0 111.1 0.50 × 10−2 85.6 0.53 × 10−2

10.0 62.9 1.76 × 10−2 48.5 0.91 × 10−2

15.0 46.7 3.44 × 10−2 39.8 1.08 × 10−2

20.0 35.9 4.74 × 10−2 31.6 2.09 × 10−2
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