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1. Introduction

Toxic heavy metals that existence in groundwater caused harmed 
water sources and should be averted to keep the environmental 
feature. Heavy metals, for example, chromium, lead, and mercury 
which are associated with the human resources and their com-
pounds are very toxic [1]. Lead is among the most toxic metals, 
ranks second in the list of prioritized hazardous substances issued 
by the US Agency for Toxic Substances and Disease Registry [2]. 
Lead is considered a useful component that inters in many industries 
such as lamination, dyes, lead-acid storage batteries, ceramic in-
dustries, chemicals products, printing, lead smelting, industry of 
automobile, and chemical materials spills [3]. Because lead is one 
of the important pollutants produced by the battery factories, and 
one of these factories is located near the area of interest, so the 
lead was chosen as a target for this research. Groundwater may 
be contaminated with contaminants that come from discarding 
sites, municipal landfills, filling station, airport, and farming, this 

pollutant be able to migrate either downward direction in the zone 
of unsaturated, and arrive at the groundwater or migrate horizontally 
as a dilute solution, also cause a pollution of surface water [4]. 
The conventional techniques used to treat contaminated ground-
water were the pump and treat (P&T) technology [5]. This system 
is complex, highly expensive, and ineffectual in many times in 
treating adequate contaminant to bring the groundwater to drinking 
water limits in suitable time limits. The first causes for the break-
down of P&T technology are the disability to remove all the pollutant 
from the groundwater is because of hydrogeologic parameters and 
the residue contaminant mass remains trapped. Therefore, the PRB 
technique can be considered as an alternate process used to treat 
groundwater from many kinds of contaminants. It has been treated 
the contaminant in the groundwater, low energy required, lower 
operation and servicing costs and little oversight costs [6]. Different 
types of reactive materials such as activated carbon,  zeolite, zero-val-
ent iron (ZVI), and sludge, had been used in many research as 
reactive materials in PRB such as [7-10]. Commercial activated 
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carbons (CAC) are known as very effective adsorbent due to their 
highly developed porosity, large surface area, variable character-
istics of surface chemistry, and a high degree of surface reactivity 
[11]. Because of its high cost compared to other sorbents, many 
studies have developed a very low-cost sorbent, especially by utilizing 
waste materials, such as date pits, fruit stones, olive stones and walnut 
shells which are considered low-cost adsorbents and easily available 
[12]. The date pits are agricultural wastes formed in a large amount 
in several regions of Iraq. The Ministry of Planning /Iraq registered 
that the yearly production of date pits equal to 645,000 tons in the 
summer of 2009. So, reusing of this agricultural waste as a reactive 
material is attractive in terms of sustainable development, and also 
reduced disposal costs. There are much research that dealt with 
the PRBs [13-16], but the main feature of this study is the use of 
more than one reactive material and trying to compare theoretically 
the performance of each one of them in a permeable barrier for re-
mediation of contaminated groundwater using COMSOL Multiphysics 
3.5a (2008) software as a tool to solve numerically the advection-dis-
persion equation that describe the transport of contaminants in porous 
media. This program is a powerful interactive environment for model-
ing and solving all kinds of scientific and engineering problems based 
on partial differential equations (PDE). It runs the finite element analysis 
together with adaptive meshing and error control using a variety 
of numerical solvers. Solver and simulation software were used for 
solving various systems of time-dependent or stationary second order 
in space PDE. Supported mesh types include 2D (triangular/quadri-
lateral) and 3D (tetrahedral/hexahedral/ and prism) meshes [17]. 
Accordingly, the aim of the present work is to: (1) investigate the 
potential application of activated carbon prepared from Iraqi date 
pits (ADP) as local and low-cost reactive material for the removal 
of lead (Pb+2) from aqueous solution using PRB, and comparing its 
potential through batch experiments with other common reactive mate-
rials such as CAC and ZP, and (2) Characterizing the equilibrium 
transports of Pb+2 theoretically by using COMSOL Multiphysics 3.5a 
(2008) software based on finite element.

2. Experimental Work

2.1. Materials

Three materials were chosen as reactive materials for PRB:
• Activated date pits: Iraqi date pits were collected from the 

date’s juice factory and washed manually by using hot distills 
water in order to take out any unfavorable matter. Date pits 
have been dehydrated in oven about 24 h at 105°C. The dried 
pits impregnated by using phosphoric acid (85% by weight) 
with the same ratio of 1:1 (pits:acid), after that 250 g of pits 
were placed in a furnace at 500oC for 60 min [18]. After that, 
the system was cooled down to room temperature, and then 
washed continuously using warm distilled water until pH 
amounted to 6. Finally, the ADP were ground and sieved in 
the range 1-0.6 mm. The geometric mean diameter was given 
as 

 
  which d1 and d2 are the diameters of the 

lower and upper sieve, respectively [19].
• CAC: Supplied by "BDH, ANALAR, England", crushed, sieved 

into 1-0.6 mm, and after that, it should be washed by distilled 

water before being used to remove fine powder and then dried 
in the oven about 3 h at 100°C.

• ZP: were manufactured by "Dwax Company for Synthetic 
Zeolite", sieved into 1-0.6 mm, and washed with 1 M of NaOH 
and 1M of HCl in order to remove possible organic impurities, 
washed with distilled water to remove all excess and basic. 
Finally, they were dried at 80°C for 3 h. The properties of 
the adsorbents were measured as shown in Table S1.

Properties belonging to Iraqi soil were used as a virtual porous 
medium (aquifer) in the theoretical model conducted in the present 
study. This soil had bulk density = 1.563 g/cm3, porosity = 0.42, 
and particle size distribution ranged from 63 μm to 0.71 mm with 
effective grain size, d10, of 110 μm, a median grain size, d50, of 
180 μm and a uniformity coefficient, Cu = d60/d10, of 1.73.

The lead was selected as a representative of heavy metal 
contaminants. To simulate the water’s lead contamination, a sol-
ution of Pb (NO3)2 (manufactured by BDH, England) was prepared 
and added to the specimen to obtain representative concentration. 
The pH of this solution was adjusted by adding 0.1 M HNO3 or 
0.1 M NaOH as required.

2.2. Batch Experiments

Batch experiments were conducted in order to determine the equili-
brium data and to specify the preferred status for the remediation 
process. These statuses included the contact time, initial pH, sorb-
ents dosage, agitation speed, and initial concentration of Pb+2. A 
series of 250 mL of flasks were used and each flask was filled 
with 100 mL of Pb+2 solutions, which have an initial concentration 
of 50 mg/L. 0.1 g of ADP, 0.2 g of CAC, and 0.5 g of ZP were 
added separately to the solutions in the flasks. The aqueous solution 
in every flask was stayed stirred on an orbital shaker at 200 rpm 
for 150 min. A constant magnitude (20 mL) of the aqueous solution 
was drawn from every flask and then passes through a filter paper 
kind of (Wattman No. 1) to remove the sorbents. A constant volume 
10 mL of the filtered solution was withdrawn out for analysis 
to measure the concentration of the residual contaminant; these 
analyses were carried out by using Atomic Absorption 
Spectrophotometer. So, the sorbed amount of contaminant on the 
sorbent was determined by means of using mass balance. Kinetic 
studies were carried out with various pH values, various amounts 
of sorbents dosage, different values of the initial concentration 
of Pb+2, and finally different values of shaking speed. From the 
perfect experimental data, the quantity of Pb+2 kept on the solid 
phase (adsorbents), qe, was determined from the following equation [20]: 

    


(1)

where Ce and Co are the equilibrium and initial concentrations 
of Pb+2 in the aqueous phase (mg/L), m is the mass of the adsorbents 
in the flask (g), and V is the volume of Pb+2 in the flask (L).

3. Description of Sorption Data

Two isotherm models were used for the characterization of sorp-
tion data [21]:
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• Langmuir model assumes symmetric energies of sorption onto 
the surface and no migration of sorbate in a plane of the surface. 
The equation is written as follows:




 (2)

Where qm is the maximum sorption capacity (mg/g) and b is 
the constant depended on the free energy of sorption (L/mg).

• Freundlich model: is quantified by:


 

 (3)

Where   the Freundlich sorption coefficient and n is is an 
empirical coefficient mention the intensity of the sorption.

4. Two-dimensional Model Setup

The mathematical modeling is a major parameter used to predict 
the barrier efficiency in various working conditions. The numerical 
modeling of simulated lead transport in groundwater was performed 
in a sandy unconfined aquifer model. 2D groundwater model of 
this aquifer demonstrates that the COMSOL Multiphysics applied 
to unidirectional fluid flow and 2D transient solute transport through 
an unconfined aquifer. Although the velocity of flow has a compo-
nent in the transverse direction (Y), the unidirectional fluid flow 
in the X direction was assumed in the present simulation which 
is fair for such situation as described by "Khebchareon" [22]. The 
width and length of the model were set to be 70 m, Fig. 1. The 
simulation process of the PRB was limited to the two-dimensional 
theoretical model without a practical part. There are three kinds 
of PRBs in this study, namely, continuous ADP-PRB, CAC-PRB, 
and ZP-PRB. The continuous PRB model aquifer contained three 
parts, the first one performed by 40 m long of sandy soil shown 
at the left side of the aquifer, the second part was PRB (3 m thickness) 
located at aside soil, and the third part represented by 27 m long 
of the sandy soil which located at the right side of the PRB. The 
Pb+2 solution at an initial concentration equal to 0.05 kg/m3 and 

Fig. 1. The geometry of the model aquifer as plotted by COMSOL 
Multiphysics 3.5a.

velocity (vx) = 0.00008 m/s was inserted through the model aquifer 
from a line source (10 m long) which was existing on the left side 
of the aquifer. The value of the inserted solution velocity was chosen 
to satisfy the laminar flow, i.e. Reynolds number Re < 1-10 [23]. 
The line source was simulated a continuous release of contamination. 
It is clear here that the value of the initial lead concentration (0.05 
kg/m3) that used in this study was high in comparison to the concen-
tration of lead in the contaminated groundwater in order to deal 
with case of critical pollution and demonstrate the ability of carbon 
produced from Iraqi date pits to remove the high level of uncontrolled 
lead- pollution, which often occurs near battery factories.

5. Hydrodynamic Dispersion Coefficient (D )

The effect of hydrodynamic dispersion is to cause a plume of con-
tamination to elongate in the direction of advection as well as 
to develop a gradient of decreasing concentration from the center 
to the margins of the plume. Due to this study deal with the two-di-
mensional flow, Therefore, this coefficient has two values called 
longitudinal (DL) and transverse (DT) hydrodynamic dispersion co-
efficient as the following equations:

    (4)

    (5)

Where    are longitudinal and transverse dispersivity param-
eter (m),    are longitudinal and transverse velocity (m/s). τ 
is a tortuosity factor, Dd is diffusion coefficient (m2/s). However, the 
values of longitudinal dispersivity (αL) used in the present study for 
PRBs and aquifers were estimated using the following equation [24]:

  log (6)

where L is the length of the flow path (m).
Tortuosity is a measure of the effect of the shape of the flow 

path followed by water molecules in a porous medium. It is calcu-
lated depending on the porosity of the medium (n) as follows [25]:

    (7)

Archie (1942) reports values form of 1.8-2 for consolidated sand-
stones, 1.3 for unconsolidated sand in a laboratory experiment, 
and 1.3-2 for partly consolidated sand. For theoretical or conceptual 
work the value m = 2 is considered, which may be justified if 
there is no further information as cited by Holzbecher (2007) [25]. 
According to Fetter (1999) [24], the transverse dispersion coefficient 
(DT) adopted in the present study was equal to 10% of the longitudinal 
dispersion coefficient (). 

6. Results and Discussion

6.1. Influence of Batch Operating Parameters

6.1.1. Equilibrium time and initial pH of the solution
The equilibrium time should be determined to ensure achieving 
equilibrium concentrations. Fig. 2 shows the effect of contact time 
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on Pb+2 removal using 0.1 g, 0.2 g, 0.5 g of ADP, CAC, ZP, respectively, 
which are added to 100 mL of contaminated solution for batch 
tests at room temperature. It seems that the sorption was rapid 
at the initial stage and it was increased as a function of contact 
time until achieved the equilibrium state. This can be explained 
on the basis of presenting a large number of sites for the sorption 
of contaminant. However, the removal rate was gradually decreased 

a

b

c

ADP

CAC

ZP

Fig. 2. Removal percent of Pb+2 onto (a) 0.1 g ADP/100 mL, (b) 0.2 g 
CAC/100 mL, (c) 0.5 g ZP/100 mL at different values of  pH. 
(Co = 50 mg/L, and agitation speed = 200 rpm)

due to the decrease the vacant sites on the surface of the sorbent 
and the formation of repulsive forces [26]. The kinetic data show 
that the maximum removal percent mainly at 50, 60, and 120 min 
using ADP, CAC, ZP, respectively, there was no significant change 
in residual concentrations after these equilibrium times. The pH of 
the aqueous solution is one of the parameters that influences and 
controls the sorption rate of the reactive materials for Pb+2 ions from 
contaminant solution because of its effect on the surface characteristics 
of the reactive material and the ionic shape of the contaminant in 
the aqueous solutions [27]. Also, Fig. 2 illustrates the effect of initial 
pH of the solution on the sorption of Pb+2 onto ADP, CAC, and ZP. 
Removal of Pb+2 ions was very low at an acidic solution (pH = 3) 
and this is because the presence of hydrogen ions in a large amount, 
and these ions will be contested with the Pb+2 for sites that existed 
on the sorbents. The optimum pH was found to be pH of 6 for whole 
studied sorbents. The maximum removal of Pb+2 efficiency was (87%, 
85%, and 75%) for ADP, CAC, and ZP, respectively. This can be 
explained due to reducing in a contest among metal and hydrogen 
types for the binding sites [28]. So, the decrease in the efficiency 
of removal to less this value when increasing in pH is as a result 
of forming soluble hydroxyl compounds, so the precipitation will 
accrue which can complicate the process of sorption and do not join 
to the sites that available on the sorbents surface [29].

6.1.2. Sorbents dosage
One of the important parameters that strongly affect the sorption 
capacity is the sorbent dosage. The impact of sorbent dosage on 
the removal of lead ions was presented in Fig. 3. The results show 
an increase in the lead removal efficiency as sorbent dosage increas-
ing up to a certain limit and then it remains unchanged. An increase 
in the sorption with increasing dose of the sorbent is a reasonable 
action due to that the additional sorbent dosage leads to existing 
very high amounts of sorption sites, and then greater removal effi-
ciency [30]. The relative increase in the percentage removal of 
lead ions is found to be insignificant after certain dosages 0.2, 
0.4, 1 g/100 mL of ADP, CAC, and ZP, respectively, which is fixed 
as the best dosage. The data clearly show that the ADP is more 
effective than CAC and ZP, with removal efficiency reached 98%, 
97%, and 85% for ADP, CAC, and ZP, respectively.

Fig. 3. Effect of ADP, CAC, ZP dosages on removal percent of Pb+2  
(Co = 50mg/L, agitation speed = 200 rpm, pH = 6).
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6.1.3. Agitation speed 
The effect of agitation speed on the removal efficiency of Pb+2  
was studied by varying the speed of agitation from 0 to 300 rpm 
and keeping other parameters equal to the best ones obtained in 
the previous steps. Fig. 4 illustrates that about (13%, 9%, and 
8%) of the Pb+2 were removed before shaking (agitation speed 
= 0) by using ADP, CAC, and ZP, respectively. There was an 
increase in contaminant uptake when agitation speed was increased 
from 0 to 200 rpm at which about (98, 97% ) of Pb+2 have been 
removed using ADP, and CAC, respectively, and about 89% of 
ZP was removed when the agitation speed increased from 0 to 
250 rpm. The high agitation speeds increase the diffusion of con-
taminants across the reactive medium and enhance an appropriate 
contact between these contaminants and the binding sites [31].

Fig. 4. Effect of agitation speed on removal percent of Pb+2 (Co = 
50 mg/L, pH = 6)

6.1.4. Initial concentration of lead
The effect of initial Pb+2 concentration on the sorption of Pb+2 

onto ADP, CAC, and ZP is shown in Fig. 5. It could be seen that 
the percent lead removal decreased from 98%, 97%, and 89% to 
62%, 60%, and 56% for ADP, CAC, and ZP, respectively, with 

Fig. 5. Effect of initial concentration on removal percent of Pb+2 at 
pH = 6.

the increase in initial concentration. This explains that the unit 
of contaminant sorbed per amount of sorbent mass decreased when 
the initial concentration increased. This plateau clarifies that the 
active sites exist on the sorbents surface is saturated with the con-
taminant, which indicates that unsuitable binding sites became 
contributory in the operation as the concentration increased [32].

6.2. Sorption Isotherms 

The sorption data of lead have been fitted with a linearized form 
of two isotherm models namely Langmuir, and Freundlich as pre-
viously mentioned. The parameters for each model were obtained 
by fitting the models to the experimental data. The sorption iso-
therms of Pb+2 ions on ADP, CAC, and ZP are shown in Fig. S1. 
Table S2 represent all parameters with the coefficient of determi-
nation (R2) were determined from the slope and intercept of the 
linear plot. It is clear that the Freundlich isotherm model provided 
relatively the best R2 in comparison with the Langmuir isotherm 
model for Pb+2 sorption on the ADP, CAC, and ZP. Accordingly, 
Freundlich isotherm model will be used to describe the sorption 
of Pb+2 in the partial differential equation governing the transport 
of Pb+2 undergoing equilibrium sorption through ADP, CAC, and 
ZP as PRBs in the theoretical continuous model. Fig. S2 presents 
a comparison between experimental results of the sorbed amount 
of Pb+2 onto sorbents with theoretical values calculated by the 
Freundlich model. However, the fitness between the experimental 
and theoretical values was generally good with root mean squared 
error (RMSE) not exceeded the 0.029 [33]. Also, it is clear that 
the lead has a stronger sorptive property to ADP in comparison 
with CAC and ZP as its isotherm is located in an upper position 
in this plot.

6.3. Fourier Transform Infrared Analysis (FTIR)

FTIR is considered as a kind of direct means for investigating 
the sorption mechanisms by identifying the functional groups re-
sponsible for lead binding. Infrared spectra of ADP, CAC, and ZP 
samples before and after biosorption of lead were examined using 
a Shimadzu FTIR, 8000 series spectrophotometer within range of 
400-4,000 cm-1 shown in Fig. S3. The shifts in the infrared frequencies 
support that Alkyl halides, Alcohols, and Carboxylic acid are the 
functional groups responsible for the sorption of lead onto ADP 
and CAC. While SiO4, AlO4, and Hydroxyl group are responsible 
for the sorption of lead onto ZP [34]. The contributions of functional 
groups in the sorption operation are shown in Table S3.

6.4. Two-dimensional Model Setup

The two-dimensional advection-dispersion equation is an effective 
and efficient tool for quantifying the contaminant distribution in 
the aquifer and PRB systems. This equation, resolved by COMSOL 
Multiphysics 3.5a software, is considered accurate for such system 
adopted here where the contaminated water has a unidirectional 
velocity in the longitudinal direction of the flow and the hydro-
dynamic dispersion coefficient in X and Y directions. The dissolved 
lead mass balance equation can be written as follows [35]:






















(8)
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Where C is the Pb+2 concentrations in water, q is the Pb+2 concen-
trations on solid, n is the porosity of the media, and ρb is the 
dry sorbing material bulk density. Under the isotherm conditions, 
the second term (q) on the right-hand side of this equation can 
be replaced with Freundlich model Eq. (3). Table S4 summarizes 
the model geometry and boundary value problem for the simulated 
two-dimensional model adopted in the present study.

6.4.1. Transport of Pb+2 through aquifer model 
Fig. 6 shows the predicted contour plot of transport modeling results 
of lead-contaminated groundwater with Co = 0.05 kg/m3 and velocity 

(vx) = 0.00008 m/s across the aquifer model in four different cases 
(without PRB, ADP-PRB, CAC-PRB, and ZP-PRB) after 1 and 50 
d. It is clear that the direction of the transport process of lead 
due to advection and dispersion is from high concentration gradient 
on the left-hand side to the lower one on the right side, and the 
contaminant plume is hindered by the PRB which led to the fact 
that the concentrations reaching the outlet of the aquifer model 
region with presence of PRB were lower than that of the first case 
(without PRB). Also, the ADP-PRB impairs the progress of the pollu-
tant more than in the case of CAC-PRB and ZP-PRB in the barrier 

Cases Time = 1 d Time = 50 d

Without PRB

With ADP-PRB

With CAC-PRB

With ZP-PRB

Fig. 6. Contour plot of lead concentration across the aquifer model after 1 and 50 d.
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region for same velocity and travel time. This can be attributed 
to the difference in affinity of lead for binding sites of ADP, CAC, 
and ZP, which is higher for ADP in comparison with CAC and 
ZP.

6.4.2. Performance of PRBs
After reaching the PRB, the lead-contaminated groundwater with 
Co = 0.05 kg/m3 and velocity = 0.00008 m/s is treated and its 
concentration is reduced by the sorption process. Relationships 
between time and concentration of lead-contaminated groundwater 
leaving (outflow) the PRB at the point (43, 35) are presented in 
Fig. 7. The main results that can be obtained from this figure 
that the three types of PRBs can be used successfully to treat lead-con-
taminated groundwater and the PRBs begin to saturate when the 
travel time increasing. The performance of the PRBs is the time 
required to preserve the contaminant concentration downgradient 
less than the maximum contaminant level (MCL) that could be 
present in drinking water (MCL for lead = 1 x 10-5 kg/m3) [36]. 
The ADP-PRB have a higher operation time in comparison with 
the CAC-PRB, and ZP-PRB since the outflow lead concentration 
of CAC-PRB and ZP-PRB reached the MCL faster than ADP-PRB 
as illustrated in Fig. 7. According to the above results, the operation 
time is equal to 50, 34, and 20 d for ADP, CAC, ZP barriers, 
respectively. So that the arrangements of PRBs depending on oper-
ation time are as the following: 

ADP-PRB > CAC-PRB ˃ ZP-PRB

These results are reasonable and compatible with results of batch 
processes which proved that the ADP has a higher lead sorption 
capacity in comparison with CAC and ZP.

Fig. 7. Lead concentration and time relationship.

6.4.3. Lead removal within PRBs 
Lead concentration and time relationship at points within the thick-
ness of PRBs (3m) are shown in Fig. 8. It is obviously seen that 
the lead concentration at P1 (41, 35) increases more rapidly than 
the P2 (42, 35) or P3 (43, 35). The increment in lead concentration 
at this point indicates that the reactive materials have been lost 
its sorption ability for lead at the front part of the barrier rather 

a

b

c

Fig. 8. Lead concentration and time relationship at different points within 
the thickness of barriers.

than the inner or end parts, at the front part; it would be in contact 
with high concentration of oncoming contaminated groundwater, 
therefore, the reactive materials would have reached its maximum 
sorption ability early, and the lead concentrations start to increase 
as shown in Fig. 8. On the other hand, the reactive materials at 
the end of barrier thickness (P3 (43, 35)) would have reached its 
maximum sorption ability in a longer time than the front one since 
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it would be in contact with lower concentrations of oncoming 
contaminated groundwater in most of the times of simulation.

7. Conclusions

1) Contact time, initial pH of the solution, sorbent dosage, agi-
tation speed, and initial concentration of the contaminant were 
most of the parameters affected by the sorption process between 
Pb+2 ions and sorbents. The best values of these parameters that 
will achieve the maximum removal efficiency of Pb+2 were (50 
min, 6, 0.2 g ADP/100 mL, 200 rpm, 50 mg/L), (60 min, 6, 0.4 
g CAC/100 mL, 200 rpm, 50 mg/L), and (120 min, 6, 1 g ZP/100 
mL, 250 rpm, 50 mg/L) for ADP, CAC, and ZP, respectively. 

2) Sorption data of lead on the sorbents were well correlated 
by Freundlich sorption model with R2 not less than 0.99. It was 
found that ADP is more effective for removal of Pb+2 than CAC 
and ZP. The maximum sorption capacities for ADP, CAC, and 
ZP were 24.5, 12.125, and 4.45 mg/g, respectively. 

3) FTIR analysis proved that the sorption of lead onto ADP 
and CAC was achieved depended on Alkyl halides, Alcohols, and 
Carboxylic acid functional groups. While the groups that respon-
sible for the sorption process onto ZP are SiO4, AlO4, and Hydroxyl, 

4) The 2D numerical solution shows that the contaminant plume 
is hindered by PRB and the concentrations reaching the outlet 
of the model region with the presence of PRB were lower than 
that of without PRB (soil only).

5) The propagation of contaminated plume is restricted by the 
ADP in the barrier region. The same behavior can be recognized 
for CAC and ZP but the contaminant front will be faster than 
that of ADP for same velocity and travel time. 

6) The ADP-PRB have higher operation time in comparison with 
the CAC - PRB, and ZP-PRB since the outflow lead concentration 
of CAC-PRB and ZP-PRB reached the MCL faster than ADP-PRB. 
The operation time is equal to 50, 34, and 20 d for ADP, CAC, 
ZP barriers, respectively.
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