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Abstract: A fixed-bed system was constructed by sludge-based biochar (SB) for research the influence of different
contaminations (Zn**, NH,*, H,PO,) on Pb** adsorption in continuous flow. The results reflected that dynamic
adsorption capacity (qq) was increased with increasing pH. Under binary-components systems, the inhibition effect of
three categories contaminates on Pb?* adsorption follow the order as NH,">Zn*>H,P0O,". When H,PO," ion exist in
ternary or quaternary components system, it depressed the inhibition effect of component systems on Pb?* adsorption.
Meanwhile, the systems containing Zn** ion showed more significantly impact on the breakthrough curves among all
combinations, and the influence of different compound system (@ Pb?-zZn**-NH,", @ Pb*-Zn?*-H,PO,, ®
Pb*-NH,*-H,P0O,", @Pb**-Zn**-NH,*-H,P0O,) on parameters of breakthrough curves followed the order as @>@2>D>
®. In-depth analysis on the change of gy and the height of mass transfer zone (H) indicated that complicate
contaminations system lead to fixed-bed adsorption performance degradation. Additionally, in compared with
Yoon-Nelson model, Thomas model can be better used to described the Pb** adsorption process in fixed-bed system,
whereas, the application result was drastically affected by co-existing contaminations. The application of model was
severely restricted by the complex environmental pollutants, and the interaction effect between adsorbates hindered the
prediction performance of model for fixed-bed.
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Highlights:

Dynamic adsorption preference of biochar was studied by continuous flow fixed-bed system.

Effect of NH,*, Zn**, and H,PO, on Pb* adsorption were observed in a multi-solute system.

Interaction of contaminants under some condition is conducive to enhance treatment effective.

Thomas and Yoon-Nelson model were applied to describe the adsorption process of Pb*" in complex conditions.
1.Introduction

In recent years the metallic lead, lead alloys and lead compounds had been widely applied in storage battery,
machine building, shipbuilding, light manufacturing, radiation protection, etc[1-4]. However, natural water body have
been heavily contaminated by lead wastes in lead application process. Consequently, the treatment and disposal for lead
pollution have been the focal and heated point in the field of water environment protection[5-7]. Fixed bed reactor is a
key and common technique in waste water treatment fields. The purification capacity of this method is mainly depend on
the adsorption capacity of packed adsorbent in column, therefore, the adsorption preference of adsorbate directly impacts
the overall purification ability of fixed-bed system.

These several years, the production of activated sludge was increased with the increasing of population and water
consumption in urbanization proceeding. Previous investigations have shown that the activated sludge can be used as

crude material for adsorption of pollutants through carbonization, their researches proved that the biochar possesses
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highly porous structure, special surface chemical behaviors, high thermal stability and wide applied pH range[8-10]. In
addition, the biochar can efficiently remove different heavy metals from aqueous solutions [11, 12].These results
indicated that the carbonization process was conducive to enhancing adsorption preference of materials. In view of afore
mentioned material characteristics, sludge-based biochar has a great potential to be utilized as absorbent in fixed-bed
system to eliminate heavy metals from aqueous solution.

Most of published reports about adsorbents focused on surface characteristics of materials and its adsorption
capacity for a certain pollution. But, in practice, decontamination process of target pollutants was always influenced by
environmental factors and coexisting pollutants [13-15]. In this case, further study and test in complex contamination
systems is not only helps to better understanding of the actual adsorption behavior in natural environment, but also
confirms the actual removal effect in complex system. Therefore, in order to optimize application environment and
reduce the decontamination costs, the further research on complex pollution adsorption in fixed-bed is necessary and
inevitable.

Recent studies have reported that lead and zinc element were always coexisted in associated minerals (e.g. sphalerite
and galena) [16-18]. Thus, in the smelting, processing and treatment procedure of ore, the combined action of lead and
zinc is prerequisite to be taken into account. Meanwhile, the mining is always located in the remote region in general
near to agriculture area. In this background, the local natural water body is readily influenced by the mining, processing
and transportation procedure of heavy metal. Additionally, based on the requirement of agricultural production, nitrogen
fertilizer (major constituent: NH4;NO3z;, CO(NH,),, NH4HCO3;, etc.) and phosphate fertilizer (major constituent:
Ca(H,PQO,),, Caz(POy4),, CaS0O,, etc.) were widely applied to the fields[10, 19]. But a majority of fertilizer were not
fully utilized and finally leached to local natural water, which led to serious water pollution. In consideration of all
aforementioned situation, in order to ascertain the actual treatment efficiency of target contaminant, and clarify the
interrelationship between different contaminants, it is necessary to research the actual removal effect of Pb*" under the
complex environment containing zinc, ammonia and phosphorus.

To date, the study about interaction effect of complex contaminants was focused on the static batch
experiment[20-22]. This method can be used to confirm the influence of different pollution on adsorbent under the effect
of complex environment in static regime, but it has little reference to the adsorption behavior in dynamic continuous
regime. Furthermore, the current studies on interaction effect are still restricted by the research method and analyzing
measure, which made it is difficult to elucidate the interaction effect and quantitative relationship between contaminants
and removal effect. In this case, the study about influence of complex contaminants on fixed-bed system compensates for
the shortcoming of former research. This study both identifies the interaction effect of different contaminants, and solves
the problem about quantitative measure of adsorbent capacity under actual environment. It possesses current significance
for fixed-bed application at present stage.

In this study, fixed-bed system was constructed by glass columns packed with SSB. The effect of Zn** , NH,",
H,PO, and their combined systems on fixed-bed adsorption preference for Pb®* ion were studied. The effort of different
contaminants on breakthrough curves and parameters were calculated and analyzed. The main objective of this study was
to determine the adsorption behaviors of Pb®* in fixed-bed under complex environment and to clarify the effect

mechanisms of different contaminants in detail.



2.Materials and methods
2.1 Materials

Activated sludge were collected from wastewater treatment plant (Changsha, Hunan, China). The collected sludge
were washed to remove dirt and dried in an oven at 105°C for 24 h. Dried sludge were packed in crucible and placed in a
muffle furnace, and then the pyrolysis heating rate was set at 15°C/min. Then, the sludge were annealed under anaerobic
environment at 500 ‘C for 4 h. Afterwards, all sludge-based biochar (SBB) were sealed and kept in dryer.
2.2. Reagents

Lead(Il) nitrate [Pb(NO3),], zinc(ll) nitrate [Zn(NO3),:6H,0], ammonium nitrate [NH4NO3], calcium
superphosphate [Ca(H,PO,),]were purchased from Xi Long chemical Co.Ltd (Shantou, Guangdong, China). Analytical
grade chemicals were used as received.
2.3 Continuous flow fixed-bed adsorption experiments

The fixed-bed experiments were performed by a glass column(internal diameter =10.0 mm, length=250 mm) packed
with sludge-based biochar (3.0 g, equiv. to 55 mm of bed depth). Glass wool(10 mm) were packed at the bottom and top
of adsorbent to ensure adsorbent fixing and liquid distribution uniformity. The effluents were pumped into column from
top to bottom, and the flow rate was maintained at 3.0 mL/min by peristaltic pump. A stock solution of Pb?*, Zn?*, NH,*
and H,PO, were obtained by dissolving the exact quantity of [Pb(NOs),], [Zn(NO3),-6H,0], [NH4;NO3] and
[Ca(H,PO,),] in ultrapure water.

The test solutions containing Pb** ion were prepared by diluting 10.0 mmol/L of stock solutions of metal ions to the
1.0 mmol/L. In effect of pH experiments, the pH of test solutions were adjusted to 3.0, 4.5 and 6.0 by 0.1 M HNO; and
NaOH. In effect of binary contaminants experiments, the binary solutes solutions of Pb®-zZn®*, Pb?*-NH,* and
Pb**-H,PO, were obtained by diluting and mixing stock solutions of Pb?*, Zn**, NH,*, and H,PO, in desired test
solutions. And in order to investigated the effect of coexisting contaminants on adsorption of Pb?*, the concentration of
Pb%* (1.0 mmol/L) was remain unchanged and the other three ions were adjusted to 0.5 and 1.0 mmol/L, respectively. In
effect of multiple contaminants experiments, the ternary and quarternary solutes solutions of Pb*-Zn?-NH,",
Pb*-Zn*-H,P0O,", Pb*-NH,*-H,PO, and Pb*-Zn®**-NH,*-H,PO, were obtained by diluting and mixing stock
solutions in test solutions, and all solutes were keep in same concentration(1.0 mmol/L).

And then, the solutions with different pH and contaminants were pumped into fixed-bed, and the effluents were
collected at regular time intervals (10 min) and the concentration of Pb®* was measured by Flame Atomic Absorption

Spectrometry (AAS3500, Thermo Electron Corporation, USA).

2.4 Calculation of breakthrough parameters of fixed-bed
The breakthrough curve reflects the adsorption performance of fixed-bed. The parameters of fixed-bed are important

characteristics for determining the operation and dynamic response of adsorbent that packed in column [23, 24]. In this
study, the total mass of Pb*" ion adsorbed by fixed-bed (M.q, mmol) and the dynamic adsorption capacity (g4, mmol/L)
can be calculated as the following (Eg. (1) and Eq. (2)):
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where Q is the rate of flow (mL/min), C, and C, are the Pb®" ions’ concentration (mmol/L) of before and after treatment,
respectively, t, and t. are the time (min) of breakthrough point (C,/Cy=10%) and saturation point (C,/Cy=95%),
respectively, m is the mass of the SBB packed in column (g).

The height of mass transfer zone (H) indicated the utilization efficiency of adsorbent in column, this parameter can

be calculated from equation(3):

H= CoQ(t. - t,) 3)
10004, A

where p is the packed density (g/cm?) of SSB, A is the cross-sectional area of column.
Additionally, the total mass of metal through fixed-bed system (My,, mmol) and the total metal removal rate of

fixed-bed (R, %) can be calculated from the following equation (4) and (5), respectively.
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3. Results and Discussion
3.1 Breakthrough curve of Pb?* ion adsorption process under different pH

As presented in Figure 1, the breakthrough curves of Pb®* adsorption process under pH=4.5 and pH=6.0 were
intersected with the other, this result indicated that the adsorption performance of SBB fixed-bed was little change when
pH down from 6.0 to 4.5. However, compared with that at pH 6.0, the breakthrough curve of Pb** was significantly
shifted to left under pH 3.0. Meanwhile, the slope of curve was clearly increased with decreasing pH. These phenomenon
were mainly due to the influence of H* ion on adsorbent. In compared with Pb?*  concentration (1.00 mmol/L), the H*
ion concentration was relatively lower in pH range of 4.5-6.0, which only showed a limited impact on Pb?* adsorption.
But at pH 3.0, H" ion concentration (1.00 mmol/L) was high enough to influence adsorption behavior of Pb%*. Mass
research results[1, 25, 26] have demonstrated that the high concentrations of H* ion significantly affect Pb®* adsorption
through material surface protonation effect and active sites competition effect, and these effects were increased with
decreasing pH just like the results in this study. In view of the adsorption performance of system is strongly influenced

by H* ion, the pH should be considered as a key design parameters in the application of fixed-bed.
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Figure 1 The breakthrough curves of Pb** ion in fixed-bed adsorption system under impact of pH.



The parameters of Table 1 were calculated by the data of breakthrough curves in Figure 1. From the results in Table

1, it was clear that the breakthrough time (ty,) of different pH were reached in a short time (within 23 min). Comparing to

the change of exhaustion time (t.) with variation of pH, the t, was hardly changed by pH, and it almost all happened

within the second interval test. A reasonable explanation for these results maybe due to the H™ ion was neutralized by

alkaline biochar at an early stage. And then, with continuous input of solutions, the H™ ions’ effect on adsorbent was

increased along with t, and resulted in the system exhaustion emerged in shorter time. The dynamic adsorption capacity

(qq) for pH of 3.0, 4.5 and 6.0 were 0.0553, 0.0638 and 0.0732 mmol/g, respectively. This tendency clearly indicated that

the SBB adsorption capacity was inhibited at relatively low pH. It is worth noting here that the height of mass transfer

zone (H) was decreased with increasing H" ion concentration, which meant that the utilization rate of fixed-bed system

was increased. This phenomenon can be attributed to that the major non-specific adsorption sites were occupied by H*

ion at lower pH, and then, the remanent specific sites possess stronger affinity and they can adsorb Pb?* through weaker

mass transfer force, which caused the irrational change of H. In subsequent research, the curve in pH of 4.5 was chosen

as reference under the consideration of most multi-components solutions were in the pH around 4.5.

Table 1 The breakthrough curve parameters of Pb®* under impact of pH

pH tp/(min) te/(min) M ag/(mmol) M aroi/(Mmol) qq/(mmol/g) H/(cm) R/%
3.0 22.13 169.99 0.1659 0.4309 0.0553 27.11 38.51
4.5 18.30 217.13 0.1915 0.5504 0.0638 31.59 34.79
6.0 16.92 232.37 0.2195 0.5891 0.0732 29.86 37.26
3.2 Breakthrough curve of Ph?* ion adsorption process under different contaminants
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Figure 2 The breakthrough curves of Pb?* ion in fixed-bed system under impact of Zn?*, NH,*, and H,PO,

In order to reduce the impact of anion on experiment, the cation contaminants solutions were made of lead nitrate

[Pb(NO3),], zinc nitrate [Zn(NO3),-6H,0] and ammonium nitrate [NH4NO3], respectively. Furthermore, thus far, there

were many investigators had researched the adsorption preference of calcium alginate and calcium-modified materials for

heavy metal[27-29]. Thus, it can be inferred from their results that the Ph?* adsorption was insignificantly affected by the

existence of Ca*" ion in aqueous solution. Based on this, the superphosphate [Ca(H,PO,),] was used to research the

anion effect on Pb®" ion adsorption. For investigate the different contaminations effect on breakthrough curves of Pb?*



adsorption in fixed-bed system, the combined contaminations solutions were synthesized by aforementioned reagents,
and the results were presented in Figure 2.

Figure 2a depicts the influence of Zn?* on Pb®" ion, the profiles of curve indicated that the SSB adsorption
performance for Pb** was inhibited by Zn?" ion. Moreover, the inhibition become greater as the concentration increased.
Generally, coexisting ions in solutions will compete for active sites in liquid-solid adsorption system, which degrade the
adsorption capacity for mono ion [30, 31]. By contrast, in this study the fixed-bed exhausted its adsorption effect in
shorter time when Zn?* ion exist in solutions. Furthermore, higher concentration of Zn?" ion increased its mass transfer
driving force, and enhanced the competitive effect of Zn** ion. So the breakthrough curve of Pb*" was affected by Zn*
ion more significant in higher Zn®* ion concentration (c(Zn**)=1.0 mmol/L).

Similarly, NH," ion shows inhibition effect on Pb?" ions’ breakthrough curves just like Zn®* ion (Figure 2b).
However, the change of breakthrough curve was different to the effect of Zn®* . The change under influence of Zn*" was
relatively steady during the whole process. But under the effect of NH," ion (c(NH,")=0.5 mmol/L), there was
significant change in the slope of curve at t=60 min. Since then, the slope of Pb**-NH," system was nearly parallel to that
of single ion system. Which is in fact maybe attributed to the abundant adsorption sites in the early stage, when the Pb®*
and NH," can be effective adsorbed, but with continuous input of Pb** (c(Pb?**)=1.0 mmol/L), the NH," was easily
displaced by Pb?" and caused the slope of breakthrough curve was close to that of single ion system. In contrast, the
curve of higher NH,* concentration was not analogous to above-mentioned facts, it is ascribed that the release resistance
was strong enough to impede the displacement when ¢(NH,")=1.0 mmol/L.

The breakthrough curves of Pb? under the effect of H,PO, ion are presented in Figure 2c. The change of
breakthrough curves by H,PO,” was more significant than that of Zn** and NH," when c¢(H,P0,)=0.5 mmol/L. But
there were a obvious right shift in breakthrough curves when H,PO," ion concentration increased from 0.5 to 1.0 mmol/L,
this phenomenon showed a reverse trend to that in Zn®* or NH," effect. Based on the above results, the mechanism of
H,PO, effect on Pb?* adsorption could be divided into two aspects: at a lower concentration, H,PO,” and Pb?* were
competed for adsorption sites where can adsorb H,PO, and Pb** simultaneously, which inhibited the adsorption of Pb**;
@at a higher concentration, excess H,PO, ion reacted with the cation (neutralize the positive charge) that excessive
accumulated on the adsorbent, which reduced the electrostatic potential at the adsorbent surface, and in this case, the
reaction decreased the repulsive force between surface field and cation, and then facilitated Pb?" ion adsorption. This
induction effect of phosphate on cation was also observed in the research of Talebi Atouei et al [32]. However, due to a
certain quantity of shared sites were occupied by H,PO, ion, compared with the single ion system, the adsorption

capacity of biochar for Pb** was still inhibited to some extent.

3.3 Breakthrough curve of Pb?* adsorption process under multiple contaminants
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Figure 3 The breakthrough curves of Pb** in fixed-bed adsorption system under complex conditions

Figure 3 shows the breakthrough curves of Pb®* under the effect of multiple contaminations systems. As presented
in Figure 3a, the influence of NH,* on breakthrough curve was more significant than that of Zn*" at coexisting ions
concentration of 1.0 mmol/L. By comparing the results in Figure 3a and 3b, the influence of three contaminations on the
Pb?* jon adsorption were in the order of NH,">Zn*>H,PO,". Additionally, in the Pb?*-Zn?*-H,P0O, ternary-solute
system, there were no sign of the aforementioned facilitated effect of H,PO,’, this result maybe due to the existence of
excess Zn** ion (bivalent) provided abundant positive charge to neutralize negative charge. Therefore, the facilitated
effect of H,PO,” was counteracted by Zn?* internary-solute system.

As shown in Figure 3c, Pb®*-NH,*-H,PO, ternary-solute system indicated less influence on breakthrough curves
than Pb?*-NH," binary-solute system. It can be inferred that the addition of H,PO,” would neutralize the positive charge
on the material surface (or the liquid film which near to the solid phase) and thus reduce the repulsive forces, leading to
the inhibition effect of NH," was counteracted. Consequently, the adsorption performance of fixed-bed in this
ternary-solute system was better than binary-solute system. This phenomenon indicated that the interaction of different
contaminations under some condition was conducive to enhancing effective of fixed-bed, further research on this
mechanism was important to the development of multiple contaminants simultaneous treatment technology.

In Figure 3d, the influence of different compound system ((OPb**-Zn*-NH,*, @Pb*-Zn?-H,P0O,,
®Pb?*-NH,"-H,P0O,", @Pb**-Zn**-NH,*-H,P0,") on breakthrough curve followed the order as @>@>D>®). In -depth



analysis on this order revealed that the existence of H,PO,” reduced the impact of coexisting contaminations on the Pb**
adsorption in fixed-bed. On the contrary, the multiple systems containing Zn** showed more inhibition effect on the
breakthrough curves than others. The observed phenomenon in this study implied that rational simultaneous dispose of
different categories may helpful to promote effective in treatment technology.
3.4 The parameters of breakthrough curves

For further analysis on numerical relationship between contaminations and fixed-bed systems, the parameters and
variation were calculated and summarized in the Table 2. The t, and t. value presented in Table 2 demonstrated that the
breakthrough and exhaustion time of all multiple systems were reached in shorter time compared to single ion solution.
The variation (i.e. Aty and At.) were all negative, which meant that the coexisting contaminations cancelled out the
adsorption effects of fixed-bed, and made adsorbate breakthrough in less time. Beside the Pb*-H,PO, and
Pb%*-NH,*-H,PO, systems, the higher concentration and the more contaminations in the solutions, the shorter time the
fixed-bed reached its saturation point, and those variation were consistent with the change of breakthrough profiles in
Figure 2 and 3. The My and My, were mainly calculated by the surface integral of breakthrough curves and t,
respectively. As presented in Table 2, the AM,q were all negative, and the changing trend of the M,y and t, were
accordant with each other. But, in view of the great changes of the shape and parameters of breakthrough curves, the
variation of My and My in different systems were unpredictable. Therefore, these two parameters have little
significance in adsorption comparison study. Meanwhile, the removal rate (R) was ratio of Mg t0 My, but AR was also
irregular with the change of different systems. These data indicated that My, Mo and R were not applicable for direct
estimation the fixed-bed adsorption performance in complex environment.

Table 2 The breakthrough curve parameters and variations of Pb?* under impact of Zn**, NH,*, and H,PO,

co-existence ions
ty/ te/ Mg/ M atol/ R/ Aty/ Aty AMyl  AMgo!/ AR/

System concentration/
min min mmol mmol % min min mmol mmol %
mmol/L
Pb?* - 18.30 217.13 0.1915 0.5504 34.79 - - - - -
) ) 0.5 13.98 169.12 0.1855 0.4287 42.07 -4.32 -48.01 -0.0060 -0.1217 7.28
Pb**-zn**
1.0 6.90 150.06 0.1546 0.3804 39.52 -1140 -67.07 -0.0369 -0.1700 4,73
, 0.5 6.33 19256 0.1893 0.5297 35.73 -11.97 -2457 -0.0022 -0.0207 0.94
Pb“*-NH,*
1.0 6.08 129.82 0.1582 0.3571 4429 -12.22 -87.31 -0.0333 -0.1933 9.50
0.5 5.64 158.27 0.1024 0.4354 2351 -12.66 -58.86 -0.0891 -0.1150 -11.28
Pb*-H,PO,
1.0 5.13 167.43 0.1405 0.4606 3050 -13.17 -49.70 -0.0510 -0.0898 -4.29
Pb2+_Zn2+
1.0/1.0 3.34 13234 0.0778 0.3641 21.37 -1496 -84.79 -0.1137 -0.1864 -13.42
-NH,*
Pb2+_Zn2+
1.0/1.0 2.85 12155 0.0364 0.3344 10.88 -1545 -9558 -0.1551 -0.2160 -23.91
-H,PO,
Pb**-NH,*
1.0/1.0 4.07 148.98 0.1087 0.4098 26.53 -14.23 -68.15 -0.0828 -0.1406 -8.26
-H,PO,
Pb2+_Zn2+_

1.0/1.0/1.0 240 126.93 0.0626 0.3492 1792 -15.90 -90.20 -0.1289 -0.2012 -16.87
NH,"-H,PO,




Dynamic adsorption capacity (qq) and the height of mass transfer zone (H) were calculated by Eq. (2) and Eqg. (3),
respectively. These two parameters represent the adsorption performance of unit mass and unit volume, respectively, and
they can be used to describe the adsorption capacity of fixed-bed. Contrast study of q4 and H under the effect of different
factors is help to better understand the quantitative influence of contaminations on fixed-bed system. It can be seen from
Figure 4 that compared to single ion system, the qq4 under effect of different contaminations presented significantly
decreased except the Pb?*-NH," system when c(NH,*)=0.5 mmol/L(the reason for this phenomenon have been analyzed
in section 3.2). The value change of qq revealed that the adsorption capacity for Pb®* of SBB was strongly inhibited by
coexisting ions in system. The highest g4 (0.0638 mmol/g) was observed in single ion system and the lowest g4 (0.0121
mmol/g) was under the effect of Pb?*-Zn?*-H,PO, compound system. These results demonstrated that multiple
components showed a complex interaction in the adsorption process and strong influence on the treatment efficiency.
Therefore, the treatment of coexisting contaminations is an inevitable important issue in design and application of
fixed-bed system.

The height of (H) represents the actual length of adsorbent column which play their adsorption role in the process of
fixed-bed operation. Generally, the shorter H means that the higher utilization efficiency. On the contrary, the longer H
implies that the fixed-bed need the thicker bed to adsorb contaminations [33]. By comparing the Figure 4 and 5, the
results indicated that the variation of H showed opposite tendency to that of qq4 in the corresponding systems, and the
fixed-bed need more adsorbent to adsorb unit mass Pb?* ion in the effect of multiple contaminations. But under the
Pb**-NH,*-H,PO,  system, compared to the other ternary-solute and quarternary-solute solutions, the H and g4 showed
distinct advantage. In this situation, the inhibition effect on SBB was minimal. This result demonstrated that the

simultaneous treatment of Pb**, NH,", and H,PO, in fixed-bed system maybe a viable method.
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Figure 4 The dynamic adsorption capacity (q4) of Figure 5 The height of transfer zone (H) of fixed-bed in
fixed-bed in different systems different systems
3.5 Thomas model and Yoon-Nelson model
The Thomas model and Yoon-Nelson model were used for the in-depth analysis of breakthrough curves. The linear

form of two models were respectively given by equation (11) and (12):

C m
In(gt~D) = Koo = K Cot (11)
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where K, and Kyy are the Thomas model rate constant[10”L/(min-mmol)] and Yoon-Nelson model rate constant
(L/min), respectively, qmg is the maximum dynamic adsorption capacity(mmol/g), 7 is the time required for 50%
adsorbate breakthrough (min). The results of data fitting and model parameters were demonstrated in Figure 7 and Table

4, respectively.
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Figure 6 The fitting curves of Thomas model(a, b, ¢) and Yoon-Nelson model (d, e, f) for breakthrough curves of Pb**

ion in different systems

The data of Pb*" adsorption breakthrough curves were fitted by Thomas model and Yoon-Nelson model (Figure 6),
and model parameters were summarized in Table 3. Dong and Lin[23]and Soto et al [34] have researched the use of
Thomas model in the fixed-bed, their studies have confirmed that this model can be used to describe the adsorption with
neither interaction between the adsorbed molecules nor axial dispersion in adsorption process. It can be seen from Figure
6 and Table 3 that the fitting curves and results (R?2=0.9704~0.9788) were consistent well with the observation data under
the single Pb?" system. Then, as showed in Table 3, under the effect of binary-contaminations, fitting efficiency of
Thomas model was clearly decreased (R2=0.8678~0.9253). And the NH," ion showed strongest influence on R2 variation
among three contaminations. Based on the assumption of Thomas model, this result indicated that the NH,* strongly
affects the interaction effect of adsorbed adsorbate and restricts the fitting effect of Thomas model.

The Yoon-Nelson model was based on the assumption that the decrease of adsorption rate for adsorbate is

proportional to the probability of adsorbate adsorption, and this model can be used to predict the time of 50 % adsorbate



breakthrough the fixed-bed. As seen from Figure 6d, e, f, the data point in fitting curves of Yoon-Nelson model were
more disrupt and far away from fitted straight line compared to corresponding lines in Figure 6a, b, c. According to the
data in Table 3, the rate constant Ky and Kyy were close to each other, but the R2 of Yoon-Nelson model were
obviously lower than Thomas model. Moreover, the parameters’ variation of Yoon-Nelson model was more strongly
affected by complex environment condition than that of Thomas model.

Furthermore, as shown in Table 3, the fitting effect of model was decreased with increasing of contamination
category, and the R2 values of two models, under ternary and quarternary compound systems, were within the range of
0.8729 to 0.8941 and 0.7658 to 0.8867, respectively. Those results manifested that the application of Thomas model and
Yoon-Nelson model was severely restricted by the complex environmental pollutants, and the interaction effect between
adsorbates hindered the prediction performance of model for fixed-bed. Based on the above results and discussion, it can
be concluded that Thomas model can be better used to described the Pb** adsorption process in fixed-bed system.
Whereas, the application result was drastically affected by coexisting contaminations. Consequently, in order to predict
and optimize of fixed-bed operation parameters in natural complex environmental pollutants, it is necessary to further
develop a new extension model containing multi-components factors.

Table 3 The parameters of Thomas model and Yoon-Nelson model

co-existence ions Thomas model Yoon-Nelson model
System .
concentration K Omd R? Kyn 4 R?
pH=3.0 0.0301 0.0391 0.9738 0.0314 69.55 0.9396
Pb?* pH=4.5 0.0225 0.0522 0.9788 0.0275 95.50 0.8403
pH=6.0 0.0185 0.0636 0.9704 0.0185 77.55 0.9485
0.5 0.0234 0.0330 0.9205 0.0293 74.54 0.9515
Pb?*-zn?*
1.0 0.0217 0.0093 0.9253 0.0341 63.98 0.7990
g 0.5 0.0197 0.0370 0.8678 0.0279 79.32 0.7918
Pb**-NH,*
) 1.0 0.0344 0.0281 0.9197 0.0341 54.00 0.8767
0.5 0.0256 0.0243 0.9097 0.0287 46.81 0.8925
Pb?*-H,PO,’
1.0 0.0262 0.0396 0.9216 0.0366 78.08 0.8633
Pb?*-Zn**-NH," 1.0/1.0 0.0202  0.0085  0.8813 0.0244 2575  0.7853
Pb**-Zn*-H,P0O, 1.0/1.0 0.0333 0.0035 0.8729 0.0379 26.58 0.7658
Pb?*-NH,*-H,PO, 1.0/1.0 0.0266 0.0235 0.8941 0.0272 42.55 0.8867
Pb®*-Zn**-NH,"-H,PO, 1.0/1.0/1.0 0.0280 0.0053 0.8750 0.0286 8.72 0.8323
4.conclusion

In this work, a low-cost sludge-based biochar (SSB) was successfully prepared by active sludge and was developed
for removal Pb* from aqueous solutions. A fixed-bed system was constructed by SSB for research the influence of
different contaminations on Pb®* adsorption in continuous flow. The study of the pH effect suggested that dynamic
adsorption capacity qq in pH of 6.0, 4.5, and 3.0 were 0.0732, 0.0638, and 0.0553 mmol/g, respectively. Under
binary-components systems, the inhibition effect of three categories contaminates on Pb?* adsorption follow the order as
NH,*>Zn**>H,P0O,". When H,PO,  ion exist in ternary or quaternary components system, it depressed the inhibition

effect of component systems on Pb?" adsorption. Meanwhile, the systems containing Zn** showed the more significant



impact on the breakthrough curves among all combinations, and the influence of different compound system
(OPb*-Zn?*-NH,*, @Pb*-Zn?*-H,P0O,’, @®Pb*-NH,*-H,P0,", @Pb**-Zn*-NH,*-H,P0,") on breakthrough curves’
parameters followed the order as @>®2>D>(@). In-depth analysis on the variation of g4 and H indicated that complicate
contaminations system lead to fixed-bed adsorption performance degradation. Furthermore, in compared with
Yoon-Nelson model, Thomas model can be better used to described the Pb?* adsorption process in fixed-bed system,
whereas, the application result was drastically affected by co-existing contaminations. The application of model was
severely restricted by the complex contaminants, and the interaction effect between adsorbates hindered the prediction

performance of model for fixed-bed.
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