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Abstract 

Measured data from a kiln equilibration test are analyzed for heavy metal outputs from a 
cement kiln co-fired with hazardous waste fuels. Metal outputs from stack emissions, cement kiln 
dust and cement clinker are considered. Equations are derived for predicting all three metal 
outputs at any hazardous waste feed rate under steady state conditions. Through analysis of two 
steady state conditions, at the beginning and end of the equilibration test, essentially the same 
ratios of metal feed rates are found to he distributed to the kiln dust at either high or low metal 
feed rates. Applying the same distribution ratios in the derived equations, metal concentrations of 
wasted kiln dust are predicted when the kiln is not using hazardous waste fuels. Measured 
concentrations of arsenic, beryllium, cadmium, chromium, and lead in wasted kiln dust, at the 
highest intended hazardous waste feed rates to the kiln, are 68, 10, 72, 18, and 68 times those 
predicted for feed rates with no hazardous waste. In addition, the intermediate, non-steady state 
segment of the equilibration test is analyzed. If metals are assumed not to accumulate in the kiln, 
the intermediate metal concentrations in cement clinker are predicted to be substantially higher 
than those at the final steady state. 

Keywords: Arsenic; Beryllium; Cadmium; Cement clinker; Cement kiln; Cement kiln dust; Chromium; 
Hazardous waste fuel; Heavy metal; Lead 

1. Introduction 

The combustion of hazardous waste fuels (HWF) in cement kilns offers an alternative 
to disposal or incineration of certain waste streams. This practice is intended to 
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decompose hazardous organic compounds. However, some HWF contain not only toxic 
organic compounds but also toxic heavy metals. Heavy metals in fuels may be 
discharged through three separate streams. These include emissions from a kiln through 
exhaust stacks and incorporation into cement kiln dust (CKD) and cement clinker; these 
latter two solids are continuously withdrawn from the kiln. A portion of the CKD may 
be recirculated back to the kiln. Some environmental concerns have been raised 
regarding the metal outputs. Among these concerns are: air pollution by stack emissions, 
groundwater pollution by disposal of CKD in existing quarries, and leaching of heavy 
metals in drinking-water conveyance systems made or lined with cement produced in 
these kilns. 

The high alkali content in cement kilns and the scrubbing action of the high solids 
content favor the retention of metal compounds in the clinker and collected particulate 
matter (including CKD) [ 1,2]. Emissions of refractory metals (such as arsenic, beryllium, 
and chromium) are generally below 0.1% of the input feed rates, and emissions of 
semi-volatile metals (such as cadmium and lead) are generally below 0.5% [1,2]. 

The cement industry [3,4] and the U.S. Environmental Protection Agency [5] have 
collected and analyzed CKD samples for acid-soluble and leachable amounts of metals. 
However, since the operating conditions under which individual CKD samples were 
taken (e.g., waste burning vs. non-waste burning) were not reported in those data sets, 
assessing in detail the impacts on metal outputs of burning HWF is precluded. 

In this paper, analysis of a relatively complete set of measured data from a cement 
kiln is presented. Data for all three outputs of metals, in stack emissions, CKD, and 
cement clinker, are evaluated. 

2. Availability and selection of data for analysis 

For a cement kiln burning HWF, the operator is required, under the Boiler and 
Industrial Furnace (BIF) regulations (40 CFR Part 2661, to submit a Certification of 
Compliance (CoC> Report. The objective of the CoC test is to demonstrate that 
emissions from the kiln, although burning HWF at the maximum rate intended for future 
operation, do not exceed regulatory limits. Prior to the CoC test, the operator is required 
to conduct an equilibration test to demonstrate that the kiln reaches equilibrium (steady 
state) with regard to inputs and outputs of metals within a certain time interval after 
HWF addition to the kiln begins. Therefore, a complete CoC test report provides 
information not only at steady state (during the CoC test) but also at non-steady state 
(during the equilibration test). 

During an equilibration test for metals, metal solutions are spiked (pumped) into the 
kiln and the spiking (pumping) rate is changed from zero to a higher level. Thus, the 
total metal feed rate (sum of the pre-existing metal feed and the metal spike) is increased 
from one, lower level to another higher, constant level (a step rise). During the test, 
samples of metal outputs (either stack emissions or wasted CKD) are taken at least every 
hour and measured until concentrations no longer show a distinct increase. The time 
interval for the sample metal concentration to increase from a lower, constant value to a 
higher, asymptotically constant value is defined as the time interval of equilibration. 
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All CoC test reports are required to provide information on stack emissions, one of 
the three metal outputs from the kiln. During some CoC tests, wasted CKD samples 
were also collected and analyzed to verify their Bevill status. Under current regulations, 
as long as the criteria outlined in BIF 40 CFR 266.112 are met, CKD generated from the 
processing of HWF is excluded from being considered a hazardous waste, which is 
regulated under RCRA Subtitle C. This is known as the Bevill Exclusion. 

Among eight CoC reports examined, the most complete CoC test data available were 
found in the report submitted by the Continental Cement Company (CCC), Hannibal, 
MO [6]. This CCC report provides information on all three metal outputs from stack 
emissions, CKD and clinker during steady state operation. CKD concentrations during 
the equilibration test (non-steady state) were also reported. Therefore, the data of CCC 
were chosen for the present analysis. 

3. Continental cement kiln processing 

CCC produces Portland cement in a wet process rotary kiln in which hazardous 
waste, both liquid and solid, is used as part of the fuel [6]. Fig. 1 depicts a simplified 
process flow diagram of the CCC manufacturing process. The overall length of the kiln 
is 190 m with two distinct zones. Raw materials (clay, shale, limestone, silica) are fed as 
a slurry (32% water) into the cold zone of the kiln. This cold zone (64 m in length by 
5.5 m in diameter) dries the slurry. As raw materials traverse the length of the kiln 
toward the burning zone (126 m in length by 4.9 m in diameter), a series of chemical 
and physical reactions occurs which is critical to clinker production [3,7]. Clinker, after 
cooling, is discharged to holding silos until it is ground. The clinker cooling system is 
not shown in Fig. 1. Clinker is ground in a ball mill with a small amount of gypsum 
added to produce commercial cement. 

The CCC kiln is primarily fueled by coal; however, solid and liquid waste fuels are 
fired at up to a 100% replacement level. Liquid waste fuels are fired at rates up to 
11000 kg h- ’ through an axial pipe within the coal pipe or through a separate pipe 

1 
CEMENT KILN - 

COLD ZONE BURNING ZONE 

CKD - Cement kiln dust 
ESP - Electrostatic precipitator 
HWF - Hazardous waste fuels 

RE CKD - Recirculated CKD 

Fig. 1. Simplified process diagram of the Continental Cement Company kiln. 
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mounted outside the coal pipe. Solid waste fuels are conveyed with the coal through the 
coal pipe. 

An induced-draft fan pulls a countercurrent air stream through the CCC kiln and 
maintains a negative pressure in the kiln. Combustion gases are drawn through an 
electrostatic precipitator (ESP) for particulate control and exhausted to the atmosphere 
through a 46 m stack. Dust collected by the ESP is defined as CKD. CKD from the first 
two ESP compartments is blown into the burning zone of the kiln; this is recirculated 
CKD. The remaining CKD is the wasted CKD. Temperatures in the kiln are typically in 
the ranges 1400-1650°C in the burning zone, 870-980°C in the chain section and 
260-31X at the inlet to the ESP. Overall, gas-residence time in the kiln is 5-10 s. 

4. Metal outputs under steady state conditions 

4.1. Governing equations for mass balance under steady state conditions 

The principle of conservation of mass requires that, under steady state conditions, the 
sum of inputs to a system equals the sum of outputs. Governing equations for the mass 
balance are listed below. In these equations, m stands for the mass input or output rate; 
ME stands for the input or output rate for each individual metal; the subscripts hwf, coa, 
raw, emi, elk, ckd, ckdr, and ckdw stand for I-IWF, coal, raw material, stack emissions, 
clinker, total CKD, recirculated CKD and wasted CKD, respectively. 

The global mass balance for the kiln system (Fig. 1) is governed by the following 
equation 

mhwf + mcoa + mraw = mckdw + memi + mclk 

The global mass balance for each individual metal is 

MEhwf + M&x + MEraw = MEckdw + MEemi + MEclk 

The local mass balance for CKD about the ESP (Fig. 1) is 

(1) 

c-4 

mckd = llzckdw + mckdr 

The local mass balance for each individual metal in CKD is 

(3) 

MEckd = MEckdw + MEckdr (4) 

4.2. Definitions of process and operational parameters 

Dellinger et al. [2] developed empirical models, based on the principle of mass 
conservation, to examine the influence of several process and operational parameters on 
the emissions of metals from two different kiln types. However, some process and 
operational parameters in their models, such as those measuring the entrainment rate of 
solids and the extent of vaporization, cannot be defined with the data available in the 
CoC reports. Therefore, simplified process and operational parameters are defined 
herein. 
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The distribution ratio for metal output to total CKD is defined as 

R ckd = 
MEhwf + MEcoa + MEraw + MEckdr 

(5) 

The denominator is the total, local feed rate of each metal to the cement kiln (Fig. 1) and 
the numerator is the collection rate of each metal in the total CKD. 

The distribution ratio for metal output to stack emissions is defined as 

Remi = 
MEemi 

MEhwf + MEcoa + MEraw + MEckdr 

The distribution ratio for metal output to clinker is defined as 

Rclk = 
MEclk 

ME,,wf + ME,,, + ME,,, + MEckdr 

The CKD mass recirculation ratio is defined as 
m ckdr 

%kdr = - m ckd 

The CKD metal recirculation ratio is defined as 

MEckdr 

RCckdr = - 
MEckd 

(6) 

(7) 

(8) 

(9) 

4.3. Equations for predicting metal outputs under steady state conditions 

If the distribution ratios and the CKD mass and metal recirculation ratios for a kiln 
are constant, explicit equations can be derived to predict all three metal outputs for any 
HWF feed rate. Combining Eqs. (4) and (5) and solving for MEckdw gives 

M&dw = Rckd( MEhwf + MEcoa + ME,,, ) - ( 1 - Rckd) Mckdr (10) 

Combining Eqs. (5) and (9) and solving for MEckdr give 

MEckdr = ( MJ%wf + ME,,, + ME,aw > 

RCckdr Rckd 

’ - RCckdr Rckd 
(11) 

Substituting Eq. (1 I) into Eq. (10) and collecting terms, a predictive equation for wasted 
CKD is obtained 

MEckdw 

(’ - RCckdr) Rckd 

= ( MEhwf + ME,,, + ME,,,) I _ RC 
ckdr 

R 
ckd 

(12) 

If MEckdw and the mass output rate of wasted CKD (m,,,,) are known, the concentra- 
tion of each metal in wasted CKD is 

C 
MEckdw 

ckdw 
=- (13) 

mckdw 
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Substituting Eq. (11) into Eq. (6) the following equation is obtained to predict the 
output rate of each metal from stack emissions 

MEani = ( MEhwf + MEcoa + MEcw ) 
Remi 

1 - Rckd RCck, 
(14) 

If MEemi and the gas flow rate are known, the concentration of each metal can be 
computed. 

The following equation can be derived, by substituting Eq. (11) into Eq. (7) and the 
definition of concentration, to predict the concentration of each metal in clinker CC,,,) 

MEhwf + MEcoa + MEraw R 
cc,, = 

elk 

mclk ’ - Rckd RCckdr 
(15) 

4.4. Analysis of data at the final steady state of an equilibration test 

Feed and output rates of mass and metals for the kiln were not explicitly given for the 
final steady state of the equilibration test in the report [6]. However, according to the 
compliance-test protocol, they should be the same as those during the CoC test. Table 1 
lists all relevant values either reported directly in the original CoC test data sheets or 
computed from the data sheets. Specific locations of CoC data are also given in Table 1. 
Those CoC test data, except the output rate of metal in wasted CKD (Table 1, column 6, 
rows 4-8), were used for the analysis of the final steady state of the equilibration test. 

The output rate of metal in wasted CKD ( MEckdw ) can be calculated by rearranging 
l%+ (13) if C&&, and m&d,,, are known. For the final steady state of the equilibration 
test, the mass output rate of wasted CKD from the CoC test and the metal concentration 
of wasted CKD from the final steady state of the equilibration test are used. Thus 

MEW = mcQc 
ckdw ckdw %%v (16) 

where $zqU is the calculated output rate of metal which is wasted through CKD at the 
final steady state of the equilibration test (Table 1, column 6, rows 4-8 in parentheses), 
m g&, is the mass rate of wasted CKD during the CoC test (Table 1, column 6, row 2), 
and C,TiW is the measured concentration of wasted CKD at the final steady state of the 
equilibration test (Table 2, right-hand column). 

The output rate of metal in wasted CKD calculated for the final steady state of the 
equilibration test (ME$&, > is different from that reported for the CoC test because metal 
concentrations in wasted CKD reported in the two tests are not identical, although in 
theory they should be the same. The concentrations of each metal in wasted CKD from 
the CoC test (steady state) and from the final steady state of the equilibration test are 
listed in Table 2. The disagreement might have been caused by differences in metal feed 
rates; however, the differences are not consistent with the operation of the mechanical 
metal feed systems. Arsenic and cadmium solutions were spiked together through one 
pump, and chromium and lead solutions were spiked together through another pump. If 
the reason for the difference is contrasting feed rates, the As concentration from the 
equilibration test should not be smaller than that from the CoC test, where the Cd 
concentration from the equilibration test exceeds the CoC test value. Furthermore, if 
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Table 2 
Measured metal concentrations of wasted CKD from certification of compliance test (steady state) on May 5, 
1992 and equilibration test (final steady state) on May 4, 1992, Continental Cement Company, Hannibal, MO 

Metal CoC test 
(steady state) a 

Equilibration test 
(final steady state) b 

arsenic/ppm 132 
beryllium/ppm 7.21 
cadmium/ppm 281 
chromium/ppm 383 
lead/ppm 2030 

a From Table 2.1 in CoC report [6]. 
b From Table 7.2 and associated graphs in CoC report [6]. 

90 
8.6 

394 
409 

2740 

caused by a feed rate difference, Cr and Pb concentrations should increase proportion- 
ately. Thus, the concentration differences cannot be reconciled. 

The data in Table 1 are used to evaluate the global mass balance for each individual 
metal as expressed by Eq. (2). Total input rates (the sum of values in columns 2, 3, and 
4) of As, Be, Cd, Cr, and Pb are 9500, 1280, 7220, 45 900, and 46 800 g h- ’ , 
respectively. These are in comparison with the total output rates (the sum of values in 
columns 6, 7, and 81, 8500, 75 1, 6560, 40 300, and 45 600 g hh ’ r. respectively. Total 
input rates for As, Be, Cd, Cr, and Pb exceed output rates by 11.8%, 70.4%, lO.l%, 
13.9%, and 3.0%, respectively. These discrepancies may result in part from the chemical 
analytical methods used. The acid digestion method used to determine the metal content 
of solids (EPA SW-846, method 3050 or 3051) is not aggressive enough to extract all 
metals from certain solids [8]. In contrast, the metals are spiked to the kiln in solution, 
whereby they will be bound much less strongly. X-ray fluorescence (XRP) spectrometry 
is probably a more accurate method for determining total metal contents of silica-rich 
solids. 

Nevertheless, the data in Table 1 can be used to calculate the process and operational 
parameters defined above. All three computed distribution ratios (Eqs. (5)-(7)) for As, 
Be, Cd, Cr, and Pb are listed in Table 3. The variations of these distribution ratios are in 
agreement with the contrasting volatilities of the metals considered. Cd and Pb exhibit 
intermediate volatility, and thus are distributed strongly to the CKD. As, Be, and Cr are 
refractory, and are thus distributed strongly to the clinker. The smallest portion of each 
metal is discharged from stack emissions, because none of them are highly volatile. The 
sum of the three distribution ratios in Table 3 is not equal to one, as the measured metal 
input and output are not balanced, as discussed above. The CKD mass recirculation ratio 
(Eq. (8)) and the CKD metal recirculation ratios (Eq. (9)) for each metal are listed in 
Table 3. The distribution ratios calculated herein are relevant to the kiln considered with 
the fixed metal recirculation ratio. 

4.5. Verification of predicted metal concentrations of wasted CKD at the initial steady 
state of the equilibration test. 

The available data can be used to evaluate the constancy of CKD distribution ratios at 
different metal feed rates. This constancy is critical to predictions of CKD metal 
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Table 3 
Distribution ratios for metal outputs from CKD, stack emissions and clinker and CKD recirculation ratios at 
fmal steady state of equilibration test on May 4, 1992, Continental Cement Company, Hannibal, MO 

Metal Relative 
volatility 

CKD 
distribution 
ratio 

Stack 
emission 
distribution 
ratio 

Clinker 
distribution 
ratio 

CKD metal 
recirculation 
ratio a 

arsenic refractory 0.25 1 0.0000620 0.656 0.451 
beryllium refractory 0.147 0.000301 0.457 0.290 
cadmium intermediate 0.911 0.00452 0.0131 0.233 
chromium refractory 0.206 0.000395 0.679 0.351 
lead intermediate 0.956 0.0045 1 0.0137 0.258 

a CKD mass recirculation ratio (Eq. 8) is 0.402. 

concentrations at alternative feed rates. Eqs. (12) and (13) are applied to predict metal 
concentrations in wasted CKD at the initial steady state of the equilibration test. The 
distribution ratios and the metal recirculation ratio of CKD at the initial steady state are 
assumed to be the same as those at the final steady state (Table 3). Metal feed rates at 
the initial steady state of the equilibration test (Table 4) are equal to those at the final 
steady state (Table 1, column 2, rows 4-8) minus the metal spike rates. The metal feed 
rates from coal and raw material at the initial steady state (Table 4) are assumed to be 
the same as those in the CoC test (Table 1, columns 3 and 41, since they should be 
equivalent. Eqs. (12) and (13) are used to predict the metal output rates and concentra- 
tions, respectively, in wasted CKD. The mass production rate of wasted CKD at the 
initial steady state is assumed to be the same as that at the final steady state (Table 1, 
column 6, row 2); this assumption appears reasonable, as the mass of CKD wasted is 
dependent primarily on the raw material mass feed rate, which is expected to remain the 
same. 

Predicted metal concentrations of wasted CKD at the initial steady state of the 
equilibration test, along with measured values, are given in Table 4. The predicted and 
measured metal concentrations of wasted CKD are similar, especially for metals of 
intermediate volatility (cadmium and lead). This comparison supports the assumption 

Table 4 
Predicted and measured metal concentrations of wasted CKD at the initial steady state of the equilibration test 
on May 4, 1992, Continental Cement Company, Hannibal, MO 

Metal HWF metal Coal metal Raw material Predicted Measured 
feed rate/ feed rate/ metal feed metal metal 
(gh-‘) b (gh-‘Ib rate/(g h- ‘) b concentration concentration 

of wasted of wasted 
CKD (ppm) CKD (ppm) a 

arsenic 84.0 19.8 54.9 1.51 2.30 
beryllium 13.0 11.9 79.0 0.697 0.852 
cadmium 73.0 0.654 97.2 9.32 8.84 
chromium 3890 87.6 2130 54.3 38.6 
lead 5810 54.0 468 368 386 

a From Table 7.2 and associated graphs in CoC report [6]. 
b From Table 8.2.1 in CoC report 161. 
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that distribution ratios are constant at widely varying HWF feed rates, for this particular 
kiln at a fixed metal recirculation ratio. Thus, Eqs. (12) and (13) are verified to predict 
accurately metal concentrations of wasted CKD at widely varying HWF feed rates. 

4.4. Prediction of wasted CKD metal concentrations for burning fossil fuel only 

Wasted CKD metal concentrations also can be predicted for a case in which only 
fossil fuel is used to fire the kiln. Eqs. (12) and (13) are used for these predictive 
calculations. In Eq. (121, the metal feed rates from HWF (MEhwf) are set equal to zero; 
the metal feed rates of raw materials (ME,,) are assumed equal to those at the initial 
steady state (Table 4). However, the metal feed rates from coal (ME,,,) must be 
increased. Additional coal is required to create a thermal input to the kiln identical to 
that at the initial steady state of the equilibration test, conditions near which the kiln is 
normally operated [61. 

The following equation is used to compute the required increase in the coal mass feed 
rate 

Amcoa = Amhwf 
Thermal energy per unit mass of HWF 

Thermal energy per unit mass of Coal (17) 

Here, Amcoa is the required increase in coal mass feed rate to maintain an equivalent 
thermal feed rate with a reduction in the HWF mass feed rate (Am,,,). For the case 
considered, the mass feed of HWF is completely eliminated, thus, the mass feed 
reduction (Am,,,) is the same as the HWF mass feed rate at the initial steady state. The 
HWF mass feed rate at the initial steady state is assumed to be the same as that at the 
final steady state (Table 1, column 2, row 21, as the metal spiking solution of the 
equilibration test contributed minimal additional mass. Thermal energy per unit mass of 
HWF and thermal energy per unit mass of coal are computed from values in Table 1. 

The increases in metal feed rates from coal (AME,,,) are equal to the product of the 
required increase in the coal mass feed rate (Am,,,) and the concentration of the metal 

Table 5 
Predicted metal concentrations of wasted CKD if kiln is not using hazardous waste fuels, Continental Cement 
Company, Hannibal, MO 

Metal HWF Coal metal Raw Predicted metal Range of measured 
metal feed feed rate/ material feed concentration of metal concentration of 
ate/(gh-‘1 (gh-‘ja rate/(g h- ‘) b wasted CKD at zero wasted CKD at zero 

HWP feed rate for the HWP feed rate for 
considered test period other two test periods 

(ppm) (ppm) ’ 
arsenic 0 91.0 54.9 1.32 ND-8.0 
beryllium 0 54.6 79.0 0.868 0.27-0.70 
cadmium 0 3.00 97.2 5.47 3.7-15.4 
chromium 0 402 2130 22.3 14.8-39.0 
lead 0 248 468 40.3 44.0- 192 

a Sum of that in Table 8.2.1 of CoC report [6] and that derived from additional coal feeds required for thermal 
input (see the text). 
b From Table 8.2.1. of CoC report [6]. 
’ From Appendix F of [7] for two five day test periods (August 30 to September 3, 1991 and July 3-7, 1992). 
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Table 6 
Comparisons of metal concentrations of wasted CKD at three different HWF feed rates to Continental Cement 
Company kiln, Hannibal, MO _ . 
Metal Concentration at Concentration at Concentration at Concentration Concentration 

(1) 

zero HWF feed normal HWF feed maximum intended ratio (3)/(2) ratio (4)/(2) 
rate (predicted)/ rate (measured)/ HWF feed rate 
ppm ppm (measured)/ppm 
(2) (3) (4) (5) (6) 

arsenic 1.32 2.30 90.0 1.7 68 
beryllium 0.868 0.852 8.6 0.98 10 
cadmium 5.47 8.84 394 1.6 72 
chromium 22.3 38.6 409 1.7 18 
lead 40.3 386 2740 9.6 68 

in coal. The concentration of each metal in coal is calculated as MEcoa/mcoa from the 
values given in Table 1 (column 3, rows 2 and 4-8). The total thermal adjusted metal 
feed rates from coal are equal to the sum of the coal metal feed rate at the initial steady 
state (Table 4) and AME,,,. The CKD distribution ratios and metal recirculation ratios 
are assumed to remain the same; these assumptions are validated in Section 4.5. In Eq. 
(131, the mass production rate of wasted CKD is assumed to remain constant. 

Predicted metal concentrations of wasted CKD, along with all external metal feed 
rates, are given in Table 5. These are obtained assuming the kiln is not burning HWF 
during the period considered: May 5-27, 1992. Wasted CKD was sampled and analyzed 
for metal concentrations during two other five day test periods (August 30-September 3, 
1991 and July 3-7, 1992) during which no hazardous waste was burned [9]; the reported 
concentrations for these two other test periods are also given in Table 5. Predicted metal 
concentrations of wasted CKD fall either within or close to the range of measured 
values. 

To illustrate the effect of burning HWF, metal concentrations of wasted CKD at three 
different HWF feed rates are listed together in Table 6. Also listed are ratios of wasted 
CKD metal concentrations at the two HWF burning levels over that for the coal-only 
burning condition. At the normal level of HWF feed, concentrations of As, Be, Cd, Cr, 
and Pb in wasted CKD are up to 9.6 times those when only coal is burned. When the 
kiln is burning the maximum intended amount of HWF, concentrations of As, Be, Cd, 
Cr, and Pb in wasted CKD are up to 68 times those when only coal is burned. 

5. Metal outputs under non-steady state conditions 

5.1. Governing equation for metal balance under non-steady state conditions 

Metal balance for the kiln system under unsteady state conditions is governed by the 
following equation 

d Akiln 
- = MEhwf + ME,,, + ME,,, - MEckdw - MEemi - MEclk 

dt 
where Akiln is the total amount of each metal in the kiln system (kiln, ESP, CKD 
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recirculation pipe, etc.) at any time, t is the time, and terms on the right-hand side are 
defined above. The left-hand side represents the time rate of change of the total amount 
of each metal in the kiln system, and the right-hand side represents the difference 
between the metal feed and the output rates for the kiln system. The same definitions of 
process and operational parameters apply for non-steady state conditions. 

5.2. Solutions to the governing equation 

The process of kiln equilibration is a non-steady state process when the HWF feed 
rate is increased from a lower level to a higher level within some time interval. This 
produces CKD concentrations that, overall, increase with time (e.g., Fig. 2). The HWF 
feed rate is assumed to increase linearly from a low level to a high level as expressed by 
the following functions 

MEhwf = MEhwf,, for 0 I t I t, (19 

M&f = M&f, + 
AM%f 
F(t-t,),fort,<t<(t,+AT) (20) 

M&f = MI&z 9 for t 2 ( t, + AT) (21) 
where MEhwf is the HWF metal feed rate at any time, MEhwf, is the HWF metal feed 
rate at the initial steady state of the equilibration test, MEhwfz is the HWF metal feed 
rate at the final steady state of the equilibration test, t is the time, and AT is the time 
interval during which the HWF feed rate is increasing (step rising) from one constant 
level, Mhwfl, to another constant level, Mhwf;?. A time variation of the lead external 

I Measured _ Fitted 

Fig. 2. Measured and fitted time variation of lead concentration in wasted CKD, May 4, 1992 kiln 
equilibration test. 
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Fig. 3. Time variation of lead external feed rate @WF, coal, and raw material) to cement kiln with an assumed 
step rise time interval of 0.5 h. The feed rate increase represents the process of introducing the metal spike. 

(global) feed rate is shown in Fig. 3, in which the external feed rate of lead is assumed 
to increase from a lower to a higher level linearly within one half hour. The two constant 
external feed rates of lead shown in Fig. 3, at the initial and final steady states of the 
equilibration test, include all external sources: HWF, coal, and raw material. 

The complete solution to Eq. (18) will give the time variations of all metal output 
rates from the kiln system and the time change of the amounts of metals which are 
accumulated in the kiln system. For the complete solution, either the metal input and 
output rates during the non-steady state process (right-hand side of Eq. (18)) or the rates 
at which metals accumulate in the kiln system (left-hand side of Eq. (18)) are needed. 
Information sufficient to define uniquely either side of Eq. (18) is not available; thus, a 
complete solution to Eq. (18) is not possible. To obtain a solution to Eq. (181, metals in 
the kiln are assumed not to accumulate, i.e., the left-hand side of Eq. (18) is equal to 
zero. Under this assumption, the total metal output from the kiln is equal to the total 
metal input to the kiln at any instant, even though the external metal feed rate is 
changing with time. 

The lead concentrations in wasted CKD measured during the equilibration test are 
shown in Fig. 2. The time variation of the lead concentration of wasted CKD is fitted as 
follows 

c ckdw=C,,fortS l.Oh (22) 

c ckdw =C,+ (C,,,-C,)e-““,fort> l.Oh (23) 

where C, is set to be the same as that at the initial steady state of the equilibration test 
(= 386 ppm, the first measured data point in Fig. 2); Co, C,,,,, , and k are fitted to be 
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340 ppm, 3790 ppm, and 4.32 h, respectively. This form of regression function typically 
is used by kiln operators during an equilibration test to determine the ultimate, 
equilibrium concentration of CKD. By visually inspecting the measured lead concentra- 
tions in Fig. 2 (especially the last three measured data points), the lead concentration of 
wasted CKD at the final steady state of the equilibration test is estimated to be 2740 
ppm (the last measured data point in Fig. 2 and listed in Table 2, right-hand column). 
This value is smaller than that of the fitted ultimate concentration CC,,,,,). However, the 
values of fitted parameters CC,, C,,, , and k) are dependent on the type of function 
chosen for the fitting. Thus, values of fitted parameters may not have unambiguous 
physical meanings. 

Under the above no-accumulation assumption, Eq. (18) is simplified by setting the 
left-hand side equal to zero. If the very small output from stack emissions is neglected 
and the fitted metal output rate of wasted CKD is used, the metal incorporated into 
clinker can be predicted using the simplified Fq. (18) for the case of no metal 
accumulation in the kiln. For the lead external feed rate in Fig. 3, the predicted clinker 
concentration is shown in Fig. 4. For another lead external feed rate (Fig. 5), the 
predicted clinker concentration is shown in Fig. 6. The difference between these two 
lead external feed rates is the assumed step rise time interval (AT) over which the HWF 
spiking rate increases from one level to another; the assumed time intervals are 0.5 h and 
6 h, respectively. For both time intervals used, the predicted lead concentrations of 
clinker in the intermediate, non-steady state process are much greater (17 and 4 times, 
respectively) than those at the final steady state. 

600 

500 

Fig. 4. Predicted time variation of lead concentration in clinker based on the lead external feed rate with an 
assumed step rise time interval of 0.5 h (Fig. 3) and on the fitted curve for wasted CKD concentrations in Fig. 



Q. GM. J.0. Eckrt, Jr./Journal of Hazardous Materials 51 (19%) 47-65 61 

50 

40 

10 

0 
0 2 4 

TI& (HOURS; 
10 12 14 

Fig. 5. Tie variation of lead external feed rate (HWF, coal, raw material) to cement kiln with an assumed 
step rise time interval of 6 h. The feed rate increase represents the process of introducing the metal spike. 

The assumed 0.5 h step rise time interval intuitively seems more realistic than the 6 h 
interval for the metal spiking operation. The assumed 6 h interval is used herein to 
compensate for the metal accumulation in the kiln. Metals fed into the kiln will either be 

0 2 4 
TIh& (HOURS; 

10 12 14 

Fig. 6. Predicted time variation of lead concentration in clinker based on the lead external feed rate with an 
assumed step rise time interval of 6 h (Fig. 5) and on the fitted curve for wasted CKD concentrations in Fig. 2. 
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discharged directly (through stack emissions, CKD, and clinker) or accumulated (stored) 
in the kiln system (kiln, ESP, CKD recirculation pipe, etc.) for later discharge. As the 
discharge (output) through stack emissions is negligible and the output through wasted 
CKD is known, if the rest of metal that is fed into the kiln does not accumulate, it must 
be discharged into the clinker. If the metal is fed into the kiln too rapidly for the kiln 
system to store, the metal may be discharged through the nearest exit, the clinker exit, 
rather than distributed for discharge to stack emissions and wasted CKD. This could be a 
physical explanation for the higher metal concentration in clinker at intermediate times. 
No measured data are available to verify the predicted higher intermediate metal 
concentration. This result suggests that, during the equilibration test, metal outputs 
through not only stack emissions and wasted CKD, but also through clinker, should be 
monitored. 

6. Discussion 

For the Continental cement kiln considered in this study, using HWF is demonstrated 
to increase the contents of arsenic, cadmium, chromium, and lead in wasted CKD over 
those when the kiln is firing with only coal (Table 6). This results from the higher metal 
content per unit of thermal energy in HWF relative to fossil fuel. Based on the fuel 
information reported by CCC (Tables 1 and 41, for one billion joules (0.95 million 
BTU& this HWF contains 0.22 g As, 0.034 g Be, 0.19 g Cd, 10 g Cr, and 15 g Pb, and 
this coal contains 0.19 g As, 0.11 g Be, 0.0062 g Cd, 0.83 g Cr, and 0.51 g Pb. 

The Toxicity Characteristic Leaching Procedure (TCLP) is currently used to extract 
metal from wasted CKD to assess possible classification as a hazardous material, which 
would be regulated under RCRA Subtitle C. At the maximum HWF feed rate intended 
for future operation, the “total” acid-soluble concentrations of As, Be, Cd, Cr, and Pb 
in wasted CKD were measured to be 90 ppm, 8.6 ppm, 394 ppm, 409 ppm, and 2740 
ppm, respectively (Table 2, right-hand column). No definitive correlation between the 
acid-soluble concentrations and the TCLP concentrations of these metals has been 

Table 7 
Projected TCLP concentrations of wasted CKD when kiln is using the maximum intended amount of HWF for 
future operation, Continental Cement Company, Hannibal, MO 

Metal Measured Mean ratio Projected Maximum 
total cont. between mean TCLP ratio between 
(acid-sol.)/ppm a TCLP and conc./ppm TCLP and 

total cont. b total cont. b 

Projected RCRA 
maximum limit/ppm 
TCLP 
conc./ppm 

0.90 5.0 
0.024 0.007 
5.5 1.0 
9.0 5.0 

14 5.0 

arsenic 90 0.0037 0.33 0.01 
beryllium 8.6 0.00062 0.0053 0.0028 
cadmium 394 0.0028 1.1 0.014 
chromium 409 0.0024 0.98 0.022 
lead 2740 0.0008 2.2 0.005 1 

’ From Table 7.2 and associated graphs in CoC report [6]. 
b Calculated from data in Ref. [3]. 
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published previously 131. However, the mean and maximum ratios of TCLP values to 
acid-soluble concentrations may be used to project TCLP concentrations of wasted 
CKD. This approach is intended, not as a rigorously supported method, but as an 
illustration to place the measured acid-soluble concentrations into a regulatory frame- 
work. These two ratios for each metal are based on an existing data set for CKD [3]; 
they are shown in Table 7. The maximum ratio for lead (0.0051 in Table 7) is obtained 
by dividing a measured TCLP concentration of 9.72 ppm by the corresponding measured 
acid-soluble concentration of 1910 ppm [3]. This maximum ratio is similar to the value 
of 0.0039 obtained by dividing 4.85 ppm (TCLP) by 1250 ppm (acid-soluble), values 
which are available from a separate data set [lo]. 

None of the projected mean TCLP concentrations of metals in wasted CKD exceeds 
significantly the RCRA limits. However, the projected maximum TCLP concentrations 
of Be, Cd, Cr, and Pb would exceed significantly the RCRA limits. This behavior is in 
agreement with relative metal volatilities, whereby those metals of intermediate volatil- 
ity would concentrate more strongly in the CKD. In addition, the TCLP may not be 
adequate for determining the maximum amounts of leachable metals from certain solids, 
especially from alkaline solids [8], and case-specific leaching procedures may be 
required [ll]. Thus, these projected maximum TCLP concentrations could be of 
environmental concern regarding the disposal of wasted CKD in existing quarries or 
unlined landfills. 

The very limited USEPA data [5] appear to indicate that using HWF in cement kilns 
increases not only metal contents, but also leachable amounts of metals in cement 
clinker. USEPA collected and analyzed seven clinker samples from kilns using HWF 
and nine samples from kilns using no HWF. More cement clinker samples must be 
collected and analyzed before any conclusions can be drawn about the impacts on 
clinker. In addition, in the present study, the possibility is raised that intermediate heavy 
metal concentrations in clinker might be much higher than those at the final steady state 
if metals are assumed not to accumulate in the kiln. Cement is widely used in 
applications that impact daily life. A number of concerns have been raised about the 
incorporation of heavy metals in clinker [12]. Of special concern is the use of cement 
with elevated heavy metal contents in drinking-water pipes. Case-specific leaching 
studies are also recommended for the use of cement products. 

7. Conclusions 

A set of measured data from a kiln equilibration test is analyzed for heavy metal 
outputs from a cement kiln co-fired with HWF. All three metal outputs, from stack 
emissions, CKD, and cement clinker, are considered. Distribution ratios for these three 
outputs are found to follow generally the relative volatilities of the individual metals. 
Furthermore, through analysis of two steady state conditions, the CKD distribution ratios 
for each metal, at either high or low HWF feed rates, are found to be essentially the 
same. Consequently, equations are derived for predicting heavy metal outputs at various 
HWF feed rates. The derived equations are applied to predict metal concentrations of 
wasted CKD when the kiln is using, no HWF, but a thermally equivalent amount of 
coal. Measured concentrations of arsenic, beryllium, cadmium, chromium, and lead in 
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wasted CKD, at the highest intended HWF feed rate to the kiln, are 68, 10, 72, 18, and 
68 times those predicted for using no HWF. 

In addition, the metal balance in the kiln under non-steady state conditions is 
analyzed. If metals are assumed not to accumulate in the kiln, the intermediate metal 
concentrations in cement clinker are predicted to be substantially higher than those at the 
final steady state. In conjunction with further studies of metal behavior in cement kilns, 
research is recommended on the leachability of heavy metals from CKD and from 
concrete products made with cement produced in HWF co-fired kilns. 

8. Nomenclature 

Ail” 
C ckdw 

C elk 

m emi 

m ckd 

m ckdr 

m ckdw 

m elk 

m coa 
mhwf 
m 
MEmi 
MEckd 

MEckdr 

MEckdw 

MEclk 

ME,oa 

MEhwf 

ME,, 

Remi 

R ckd 

R elk 

RCckdr 

rm ckdr 

d 
T 
t 
A 

total amount of each metal in the kiln at any time 
concentration of each metal in wasted CKD 
concentration of each metal in clinker 
mass emission rate from stack 
rate of total CKD mass which is collected by the ESP 
mass output rate of recirculated CKD 
mass output rate of wasted CKD 
mass production rate of clinker 
mass feed rate of coal 
mass feed rate of HWF 
mass feed rate of raw material 
output rate of each metal from the air emission stack 
collection rate of each metal in the total CKD by the ESP 
recirculation rate of each metal in CKD to the kiln 
output rate of each metal which is contained in wasted CKD 
output rate of each metal which is contained in clinker 
feed rate of each metal which is contained in coal 
feed rate of each metal which is contained in HWF 
feed rate of each metal which is contained in raw materials 
distribution ratio for metal output from stack emissions 
distribution ratio for metal output from CKD 
distribution ratio for metal output from clinker 
CKD metal recirculation ratio 
CKD mass recirculation ratio 
differential 
time 
time 
variation 
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